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Abstract

Wear is the progressive loss of material from the operating surface of a body occurring as a result of relative motion at the surface, while
friction is the main means of controlling the input of energy in a system. The tribosystem approach proposes analysing the contact on both
the material and the energetic planes, but the relationships between the different planes are not well established. In this paper, the basis of the
energetic approach is discussed and the application of the model to experimental studies on bulk materials reveals a promising and powerful
tool to analyse experimental results and to use in the mechanical design.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction research work set out to discuss the basis of a new approach
to the wear of materials for experimental studies and to apply

Wear is the progressive loss of material from the operat- it as a design tool.

ing surface of a body, caused by relative motion at the sur-

face. Wear may be broadly classified as mild or severe. In

mild wear, the process occurs at the outer surface layers, they peoretical concepts

surfaces remain smooth and are usually covered by surface

oxides generated during rubbing. Mild wear results in small , ; Development of the model

track debris, down to some nanometers. In severe wear, the

contact is metallic, the surfaces are seriously deformed and 1o \wear in a tribological contact involves a complex

the worn debris consists of particles up to some hundred Mi-jnsardependence between several processes, including chem-
crometers. Therefore, this simplest classification is primarily ;4| 3nd mechanical interactions. and depends on many phys-
a distinction based in the scale of size. _ ical parameters. As it is very difficult to isolate an individual
The more traditional classification of wear is based on the parameter or process, the system approach can be a very
relative type of motion or in the type of wear mechanidi important technique for analysing tribomechanical contacts.
Underthe former classification, wear can be classified as wear Czichos[2] gives a clear description of the principles un-
by sliding, rolling, impact, oscillation angl flow. Concerning  yeryying the application of system concepts to the analysis of
wear mechanisms, the more usual are: adhesion, abrasionyih|ggical contacts. At a qualitative level, at least, concepts
surface fatigue and tribochemical. _ similar to thermodynamic analysis could be applied to con-
The wear in a tribological contact often involves & COM- tact problems. A system may generally be defined as a set
plexinterdependence between several wear mechanisms. Thgs o ements interconnected by structure and function. There-
fore, given a suitable structurd glements withP relevant
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into outputs{Y}. The dynamic behaviour of tribosystems can Therefore, considering the tribosystem approach, the en-
be characterized by means of a generalized balance of energyergy dissipated by friction seems to be the relationship be-
This means that the net energy of the system remains contween the material and the energetic planes.

stant if we consider the process of storing and transforming  The energy dissipated per unit of contact area was first in-

energy. troduced in the 1960s as the friction power intensity concept,
Tribosystems analysis could be carried out using a three- Or [4]. Plint and Alliston-Greinef5] correlated the friction
dimensional approach, takitig]: power intensity with the time of the friction action with the

. L derivation of another concept, the energy pulse, EP. The en-
- the functional aspect, considering the system as an operatorergy pulse only applies in such contacts where the contact
which transforms the set of inpufX} in the outputgY}; y app

- the enerav aspect. analvsing the exchanges and transforpomt is moved relative to both surfaces, and encouraging
. gy aspect, ysing ang values were obtained that could be used to describe contacts
mations between thermal and mechanical energy, as well

S like those occurring with cam-followers and gearing teeth
as the entropy variation;

. . . [5]. As the EP is not suitable for the contacts often used in
- the material aspect, studying the exchange of materials be-tribolo ical characterization, Celis and co-worki8<] in-
tween the two first bodies and the interfacial volume. 9 '

troduced the concept of dissipated energy for the work done
The changes in each of the dimensions (or planes) by the friction force during the entire test, and developed pro-
analysed can affect the balance in the others. For examplecedures to calculate the cumulative energy in fretting tests.
mechanical energy can be affected by temperature andThe suitability of the dissipated energy for explaining the ef-
can influence the behaviour in the material plane. The fect of different environmental parameters has been demon-
complex tribology of mechanical systems results in both the strated for coated materigl§—9]. Hug and Celi§10] have
interdisciplinary nature of the problem, and the complexity shown that the same principle of dissipated energy could be
of the relationships between the different planes (functional, applied successfully to unidirectional tests. In fact, for TiN
energetic and material). In most of the systems, inputs andcoatings tested against alumina balls with normal loads from
outputs include the flow of materials through the system. 3 to 15.8 N, a linear relationship between the wear volume
The wear results from losses of the elements from the and the dissipated energy was fot@].
system, which can lead to property changes in the system Updating the concept of energy dissipated per unit of con-
itself. Considering that friction is the most important process tact area recent papers by Fouvry and co-workéis12]
related to changes in the system’s energy, it inevitably plays introduced a new concept: the energy density parameter. The
an important role in the losses of the system’s elements. relationship between the energy density parameter and the

Classical theories give the wear volunid proportional wear depth was demonstrated for coated surfaces under fret-
to the normal loadX), the sliding distanceS) and the in- ting contactd12]. The ability of the energy density param-
verse of the hardnesél), Eq. (1). The wear coefficienk eter to predict the wear evolution proves that the energetic

establishes the proportionality and can be used as a measurapproach could be a promising design tool for contacting
of the material wear behavio{8]. Both K andH reveal the surfaces.

material response and thus can be grouped in a single param- The friction energy in the contact is dissipated mainly
eter, called the specific wear rates V/SN, that can be used  through three processes: rise in temperature; wear particle

instead of the wear coefficiet, giving Eq.(2): generation; and the entropy changes associated with mate-
SN rial transformation in the interface. By numerical simulation,

V=K— () Fouvry et al[11] concludes that the particle generation and
H oxidation were the contact processes that consume more en-

V =kSN 2) ergy. The postulate on which the dissipated energy model is

The Coulomb friction model, Eq(3), establishes that the based is that if the wear mechanism remains the same, the
friction force is proportional to the normal applied loag, ~ INPut of energy in the tribosystem is divided in such a way
Therefore, assuming a constant friction coefficient, a pro- that the relative amounts of the different main parts of the

portional relationship, can be established between the wearSN€rgy consumption remain constant. Nowadays, the use of
volume and the friction force, E¢4): energetic concepts, particularly the use of #élimit as a

design criterion, is well established in tribology. In fact for
F=uN 3) a wide range of materials, a relationship can be established
v betweenPV and the wear rate. Assuming a constant friction

x FS (4) o : i 2 .

coefficient PVis proportional to the specific power dissipated
For unidirectional sliding, the second term of expresgin by friction, with Sl units of W/ng. In reciprocated tests, espe-
represents the work of the friction force. Therefore, from the cially in fretting tests, the energy dissipated by friction also
energetic approach, the volume of wear appears to be directlyis now widely used to characterize the material response.
proportional to the energy dissipated by friction. This fact Therefore, this study uses energetic concepts to develop a
demonstrates the existence of arelationship between the weasystematic procedure that can be used to analyse the results
and the friction. of unidirectional sliding tests.
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The energetic approach is more than a new way to analyse This experimental study was designed to determine
the wear data, itis actually acomplete approach to the study ofwhether an energetic approach can be used to characterise the
tribological contacts. The major advantages of that approachwear resistance of materials under sliding contacts. Three dif-
are: ferent bulk materials were thus selected, namely: mild steel

. R . . o AISI 1037, hard steel AlSI 52100 and tungsten carbide with
e its suitability as design tool. In fact, if the friction coef- 14\t 9% of cobalt. The rotating specimen was always the

ficient is available, the relationship between energy and same, hard high-speed-steel AISI M2.

wear volume being known, the loss of material through  1he normal load ranged from 1 to 6 N and the test dura-

wear _COUI_d_ be.prec'iicted; . ) _ tion was from 20 to 90 min, which corresponds to a sliding
e the simplification in wear testing. Using the energetic jistance of 600-2700 m.

model, the classical experi_mental dataanalysis procedures, pgafore testing, the specimens were cleaned with ethyl al-

where the same test conditions are repeated to calculate aqpo). pyring the test, the friction force value was acquired

average value, can be replaced by a new approach whereyeriggically, at time intervals ofvz. In each acquisition, a

different test parameters, including test duration, can be ey of several thousand of values was collected, correspond-

compared because they affect both the input of energy andi 14 an acquisition time greater than the rotation period.

the wear volume in the same way. Therefore, the average value of the friction forée,calcu-
lated from the acquired friction force data, corresponds to the
average of the friction during a rotation.

3. Experimental work The energy dissipated in the contact can be calculated as
' ) the work of the friction force. For each time interved, which
3.1. Experimental details corresponds to a displacement, the dissipated energyE

can be found with E(5). Considering the mean value of the

tally using a sliding tribometer with crossed cylinder contact, ~an pe used:

Fig. 1 The equipment includes a rotating cylinder (3) and a

cylindrical stationary specimen (5). The normal load is ap- Al Al
plied by means of a screw/spring system (4) and is measuredA £ = / Fdx = / FV dt (5)
by a load cell (1). The stationary specimen, whose diameter 0 0

is 10 mm, is supported by a free rotating system, which is
equilibrated by a load cell used to measure the friction force

(2). The diameter of the rotating disc was 60 mm and the rota- 1 o1 energy dissipated throughout the test can be calcu-
tion speed was 159 rpm, and the sliding speed was thereforg e by adding all the\ £ calculated during the course of the
0.5m/s. test. At the end of the test, the stationary specimen shows an
elliptical wear scarfFig. 2 In addition, the wear produces a
track in the rotating specimen.

For the stationary specimen, the volume of the wear scar
can be calculated assuming an imposed wear shape using the
approximate expressiqft) derived by Ramalh$l13]. This

AE = FVAt (6)

Fig. 1. Sliding tribometer with crossed cylinder contact. Fig. 2. Typical wear scar for the stationary specimen.
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Table 1
Wear results of all the performed tests

Materials Case Normal load (N) Rotations Wear volumé)(m Dissipated energy (J)
AISI M2-AISI 1037 1 1 4770 3.36E11 60392
2 2 4770 5.99E11 103909
3 3 3180 9.64E11 99602
4 4 3180 1.31E10 133376
5 5 3180 1.86E10 180078
AISI M2-AISI 52100 6 2 3180 8.40E12 49393
7 2 14310 1.22E10 343411
8 4 3180 4.56E11 130905
9 4 14310 1.83E10 623335
10 6 3180 7.16E11 269457
AISI M2-WC 11 4 14310 5.40E12 653711
12 5 4770 3.90E12 33577
13 5 14310 7.60E12 1161832
14 6 4770 4.50E12 303047
15 6 9540 5.40E12 582089

very simple equation is very accurate with errors of less than 3.2. Results and discussion

0.2%[13]:

The wear of the moving specimens was very low, whatever
the test conditions, so accurate measurement was not possi-
ble. There were two reasons for this: highly wear-resistant

material was selected for the moving specimen; and the wear

Whered, is the diameter of the stationary specimanthe was not point-concentrated as for the stationary specimen, it

diameter of the rotating specimen; @ntthe depth of the scar.
Each scar is measured by taking the largeand the smaller,

. . 0.8
b, dimensions of the wear surface. The value of scar depth .
H «~ 0.754
can be calculated either by E(B) or (9). The mean wear ¢
depth,k, can be evaluated using the average valug eind g il
h, Eq.(10). g 0651
o 061
o
di /a £ 055
hy = > 1 — cos| arcsin & (8) = 05
0.45-
do (b 0.4 ‘ : : - - ;
2=—(1- 0 500 1000 1500 2000 2500 3000 3500
h > 1 — cos| arcsin 7 9
2 Rotations
. h1+ ho (10) [—AISI 1037 — AISI 52100 —WC |
Fig. 4. Evolution of the friction coefficient during the test.
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Fig. 3. Wear volume againstV for the three tested materials.

[ AISI 1037 mAISI 52100 AWC |

Fig. 5. Wear volume against dissipated energy for the three tested materials.
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Fig. 6. Morphology of wear surfaces: (a) AlSI 52100 steel; (b) AISI 1037 steel; (c) tungsten carbide.

was spread throughout the external perimeter of the moving Table 2
specimen. Therefore onIy the wear of the Stationary speci- Specific wear rates as a function of (sliding distaragrmal load) or dis-
men has been calculated, using 4. The dissipated energy ~ SP3ted energy

has been calculated for each test, using(Bjjand the pro- C""z‘/sﬁic approactt, E”f/ﬁy approactie,
cedure described abovEable 1shows the results for all the (m“/N) (m“/N)
tests AISI 1037 7.36x 10714 1.30x 10718
' - . AISI 52100 1.76x< 10714 3.02x 10714
In order to evaluate the ability of the energetic approach, WG+ Co 3.32¢ 10-16 3,99 10-16

the results were first analysed by means of the classical ap
proach. Thus, based on the Archard equation, the specific

wear rate can be calculated fas V/SN, whereS andN are achieved fronk, by the quotient ok by the average value of
respectively the sliding distance and the normal Id&ag. 3 the friction coefficient.

shows the results obtained using that approach. The specific Despite the big difference of the wear coefficients of the
wear rate varies from 1.30 10~ 13m?2/N for the mild steel,  several tested materials, the morphology of the wear surfaces
to 3.99x 10~ 16m2/N for tungsten carbide. reveals that the wear occurs in all cases by abrasiion,6.

The evolution of the friction coefficient was analysed for However, some differences were observed: the AISI 52100
tests where conditions were the same for all the tested pairssteel reveals only a plastic deformation mechanism with fine
thatis, normal load of 4 N and test duration of 3180 rotations, scratches parallel to the sliding directidfig. 6a; the AlSI
Fig. 4. The tungsten carbide shows the highest friction value. 1037 steel displays a severe grooving superposed with some
While the AISI 1037 steel shows a very irregular friction oxidation,Fig. &b; finally, the tungsten carbide shows a mild
coefficient all through the test; the other two tested materi- abrasion with some grain detachmédfig. 6c.
als tend to a steady state regime after about the first 1000 One important advantage of the energetic approach is that
rotations. it can be applied to thin-coated surfaces. In fact, at least in

The procedure described previously, based on the dissi-theory, the model can always be applied, regardless of the test

pated energy, was applied to all the tested cases. The resultduration, and so tests of different duration can be compared,
presented irFig. 5 reveal linear relationships between the evenwhen a steady state regime has notyetbeenreached. Ac-
volumes removed by wear and the dissipated energy,kwith  tually the energetic approach takes into account the evolution
being the specific wear-rate in terms of dissipated energy. Theof the friction coefficient; therefore present higher stability
existence of a linear relationship between the volume and thethan the Archard formulation. Thus, the energetic approach
dissipated energy makes a new approach to the wear design obffer special advantages to study contacts with unstable fric-
sliding surfaces possible. In fact, if there is an accurate valuetion.
for the friction coefficient, and if the contact conditions are
properly established, the energy dissipated can be calculated
and, finally, the wear volume can be achieved usingkthe 4. Conclusions
value. Comparison dfigs. 3 and Shows that the correlation
of the linear fit is even better for the energetic approach than In this paper, the basis of the energetic approach is dis-
for the classical approacfiable 2presents the specific wear cussed in order to support its use as a general method to
rates for both approaches, i.e. function of #évalue and characterize the tribological material response.
function of the energy. The difference between the biggest The energetic approach is a powerful tool for analysing
values, obtained for the 1037 steel, and the lowest, for the the data of experimental studies.
WC in both cases, is of three orders of magnitude in ener-  One important advantage of the energetic approach is that
getic approach and only two orders in the classic approach.itcan be applied to thin-coated surfaces to compare the results
In terms of units, the two approaches are similar and have of tests of different duration, even if a steady state regime has
the same units (AN), while an average value &g can be not yet been reached.
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The energy approach is also a very useful tool for mechan-
ical design. Although it shares the same basis aBWfactor,
the energetic model is more powerful because a prediction of
working life can be made directly.
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Appendix A. Influence of measurement errors on the
resulting values of wear

The effect of the uncertainty of the measurements of the
wear scars and of the specimens on the wear volume has bee
analysed by applying the general theory of errors propagatlon
[14]to Egs(8-10) In the notation used, the same letters used
foreachvalue, preceded by delta, represents the errors of eac
term:

Ahy = |t Ay o |9 A
Y5 ear |, m T ea |,
oho 3h2
Ahp = |—=| Adi+ Ab,
2= 3da |, 2
oh oh
Ah=|—| Ah — | Aho,
1|y Lt dhz|,, °
AV = ov Ah + Adq + ov Ad
~ o ady |y T adz |,
where
oh 1
T _ - 1 — cos| arcsin
3d1 2 dl
—sin (arcsm( > 1/ 1
% —} 1 — cos| arcsin b
ad, 2 d2
—sin | arcsin[ — -
d2 ds — b?
oh1 di . . [ a 1
— = Esm arcsin o _—
da 1 d:%—a2
oh
T2 _ @sin arcsin 2 !
ob 2 do d _ 2
on  oh 1
dh1  ohp 2
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Table 3
Influence of the measurement errors on the wear volume

Case 5 Case 12

Error (%) Error Error (%) Error
Ahy 0.26 1.82E-04 0.90 6.22E-05
Ahy 0.71 4.93E-04 1.50 1.56E04
Ah 0.48 3.37E-04 1.13 1.09E04
AV 1.03 1.91E-03 2.32 9.04E-05
4 h+/d1d:
- =T 142
oh
vV mh?do
ady 4./drd>
BV wh’dy

Ay  aJdidy

flaking into account the procedures used to measure the spec-
imens and the scar, the measurement errors are

Ad1, Ady = 10pm Aa, Ab=5pum

Applying the error analysis to the results obtained in the
present study, the maximum and the minimum errors cor-
respond to the cases 5 and 12, respectivEdple 3.

The errors in the volume range from 1.03 to 2.32%, and
S0, taking into account the error of the approximate Equation
(8), the main source of the uncertainty is the measurement
and not the approximation.
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