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The friction, wear and acoustic emission behaviour of various combinations of alumina,
silicon nitride, and SAE52100 steel, operating under dry sliding conditions, was
investigated. A designed ball-on-flat-disc type of tribometer was used to conduct these
experiments. This apparatus, equipped with a force sensor, using silicon strain gauges,
measured simultaneously the normal load and friction force. Both forces were used to
determine the real-time value of the dynamic coefficient of friction. The AE signal arising
from the interaction of the surfaces in dynamic contact was also detected and a data
acquisition system was used to gather this signal as well as the outputs from the force
sensor, at high frequency. The effects of test duration, sliding speed and normal load on the
above mentioned tribological parameters were evaluated. The interest of this study further
extended to assess the correlations that may exist between the integrated rms acoustic
signal (AE) and the friction mechanisms, wear volume, friction work as well as the material
removal power. Under the specific conditions of the present experiments, no consistent
relation was found between the variations of AE and corresponding dynamic coefficient of
friction (COF) as function of time. The variation of COF and wear rate, obtained considering
a fixed total sliding distance of 500 m, as function of a range of sliding speed (0.05-2.5 m/s)
and normal load (5-40 N) are presented. It was found that the test duration has an important
impact on wear results of the experiments conducted at different sliding speeds and fixed
travelling distance. More expected behaviour was observed when the relationships
between the AE and wear volume, friction work, and material removal power were
investigated considering the data obtained at different loadings and fixed sliding speed.
Some models representing interesting relationships which could be used for predicting
tribological properties in the case of practical applications, similar to the tribo-systems
investigated in this study, are proposed. © 17999 Kluwer Academic Publishers

1. Introduction Although, the literature does reveal a good understand-
Many studies have so far been carried out to investiing of the mechanisms of wear in sliding contacts and
gate the friction and wear behaviour of different ce-how these mechanisms are affected by the variation
ramic materials when in dynamic contact with them-of the operating conditions. It is recognized that under
selves or with metallic surfaces especially hard steeltmoderate load and sliding speed conditions ceramics
Various tribological conditions have been consideredexhibit mild wear, characterized by essentially micro-
with a focus on the effect of the testing environmentcracking of the sub-surface. In some situations increas-
(dry, humid, lubricated with water, alcohol or conven- ing the contact parameters can produce severe wear
tional lubricants also with additives). The majority of regimes with a drastic increase of the wear rate [1]. Al-
experimental set-ups used were in the from of pin-onternatively, layers of low mechanical strength formed
disc arrangements equipped in some cases with featur®m compacted smaller fragments and particles [2]
that allow the removal from the contact zone of wearor more coherent thin layers of enhanced mechanical
debris generated during sliding. Despite the considerproperties can protect the rubbing surfaces. In the case
able effort undertaken by the researchers some corof silicon nitride, these layers are mainly composed
flicting and sometimes unexpected results were foun@f oxidation elements. This tribochemical reaction re-
which did not contribute to finding useful correlations, sponsible for the oxidation occurs even at room tem-
between the friction and wear properties, and the opperature with an obvious effect of the humidity of the
erating conditions, that characterize these materialsnvironment as reported among others by Lancaster
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et al.[3]. Plastic flow phenomenon was also revealedefforts in this field have so far been dedicated to study-
by worn surfaces of silicon nitride, despite their knowning metallic materials under dry or lubricated condi-
brittle behaviour, attributed to the decrease of the yieldions [5, 6].
strength of the material due to high temperature gen-
eration at the contact during sliding. In a ceramic-steel
sliding contact, hard debris of carbide so formed act a2. Experimental procedure, samples
abrasive particles of the steel surface but at the same preparation and materials
time any accumulation of these particles can be benefithe designed apparatus used in this study is shown in
cial in separating the contacting surfaces [4]. In generaFig. 1. Configured as ball-on-disc, it is powered by a
it is well known that friction and wear depend on the 1 kW brushless motor equipped with a servo amplifier
properties and configuration of the entire tribosystemand controlled by a computer. This assembly provides
as well as measurement techniques of the different pahe rotating movement and torque to the disc through
rameters, characteristics of the tribometer (vibrationsa flexible coupling that prevents vibrations from being
precision of its mechanical parts), materials in contactransmitted to the tribo-system. Sliding speeds corre-
and the environment. The range of dynamic coefficiensponding to a range of rotating speeds varying between
of friction reported so far for ceramics varies betweenl and 1400 rpm can be obtained with an accuracy equiv-
as low as 0.1 and even slightly higher than 1.0, whilealent to£0.1 rpm. The sample (ball) holder is attached
the wear rate has a magnitude of about®m?/N/m  to a very rigid arm which is linked to the rig support by
with a marked influence of the sliding speed. The liter-means of a horizontal pivot, mounted on precision bear-
ature reports that silicon nitride is a good candidate tdngs, whose axis lies in the interfacial plane of initial
be used in sliding applications in air. contact between the ball and the disc and thus elimi-
The aim of the present study is the investigation of thenating any moment that would otherwise be created by
influence of individual test parameters such as slidinghe friction force in dynamic state. The arm is balanced
speed, normal load, test duration on the friction, weaby a counterweight. Care was taken in order to ensure
and acoustic emission properties in the case of continuthat the arm was perfectly horizontal at the beginning of
ous dry sliding for four materials combinations namely each test. A force sensor equipped with silicon strain
SizN4/SigNg4, Al,03/SisN4, SisN4/SAES2100 steeland gauges was used to measure simultaneously the nor-
Al,O3/SAES52100. Any tested combination will be re- mal load and friction force with a resolution of at least
ferred to hereafter by the two considered materials th®.05 N. It should be pointed out that although a dead
first being always the ball (sample) the second being theveight was utilized to apply the normal load, due to in-
disc. It is believed that this work would contribute to ertia effects the instantaneous values of this force was
understanding the tribological process that occurs unnot constant during testing. The corresponding fric-
der the selected conditions and the generation of somigon force and normal force measured by the sensor,
reproducible data. The interest in the acoustic emiswere adopted in the calculation of the realtime value of
sion (AE) generated from sliding contact processes inthe dynamic coefficient of friction. The signals from the
volving ceramic materials is relatively new and mostsensor were filtered and amplified by a controller whose
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Figure 1 Tribometer in operation and diagram of acoustic emission circuit.
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outputs were fed into a computer through a 12 bits datand perpendicular to the sliding direction, were mea-
acquisition board that could sample simultaneously alsured with a resolution af5 um. These measurements
channels at a frequency range of 1 to 1000 Hz. Thignabled the determination of the wear volume of the ball
controller contains also a biasing internal software thataccording to the following equation:
provides a way to offset the output signals at the begin-
ning of the test. nd?d?

Generally, AE signals fall into two categories: tran- Y=T64R 1)
sient pulses (burst emissions) and pseudocontinuous
emissions. The most common measurements used far which, R is the ball radius (6.35 mm).
burst emissions is what is known as ringdown counts Three different materials were considered in this
which consists of counting the number of times the am-study namely: silicon nitride (8N4) in the form
plified AE signal crosses a preset trigger level voltageof commercially available balls and discs, alumina
The second category was selected for the present stu@pl,O3) in the form of commercially available balls
without considering any threshold level for measure-as well as SAE52100 steel in the from of in-house ma-
ment of AE signals. Accordingly, the AE signal arising chined and heat-treated discs. The specifications along
from the interaction of the surfaces in dynamic contactwith pertinent properties of these materials are reported
was detected by means of an acoustic emission tran# Table .
ducer with a resonant frequency of 750 kHz acousti- The following mating combinations were investi-
cally coupled to the sample (ball) holder with silicon gated: SiN4/SisNg4, Al,O3/SizNg4, SisN4/SAE52100
grease. The signal from the transducer was fed into ateel and AJO3/SAE52100. As pointed out earlier, any
pre-amplifier (60 dB gain with a frequency range of tested combination will be referred to hereafter by the
300-1000 kHz) and then channelled to an rms-metetwo considered materials the first being always the ball
that in turn outputs the signal in the form of a voltage (sample) the second being the disc.
which is sent to the computer through the same data Before testing all samples were placed into a beaker
acquisition board discussed earlier. containirg a 1 to Imixture of iso-octane and iso-propy!

The loaded sample was carefully brought into con-alcohol then put into an ultrasonic cleaner for 15 min.
tactwith the rotating disc after the motor has acceleratedfter they were rinsed with acetone and dried, they were
and reached the constant pre-set speed. The data acgsiered in a desiccator. Special care was taken in order
sition process is started few seconds prior to the actuab ensure that the tribosurfaces were not contaminated
contact between the two tribo-elements. The tribomewhen removed from the desiccator and mounted onto
ter was enclosed during testing in a plexiglass box fothe testing apparatus.
safety reasons but also to maintain the relative humid-
ity of the environment to a value close to 50% and the
temperature close to 22 (72°F). 3. Results and discussion

After each test, the wear scar of the ball as well adviany preliminary tests under similar conditions to
the wear track of disc were observed by an optical mithose already available in the literature especially for
croscope (in some cases SEM examinations were pesteel on steel in dry and lubricated environments were
formed). The diameters of wear sarandd,, along  performed in order to verify the accuracy of the results

TABLE | Specifications and pertinent properties of the samples

SisNg Al;03 SAE52100

Ball (ceramic) Diameter 12.7 mm (1/2 in.), sphericity Q.6n, diameter
tolerancet2.5 pm, maximum surface roughness
Ra=0.05 um. These were sed as received
from the manufacturer.

Disc External diameter: 50 mm,

diameter of centred hole

Same dimensions as ceramic
discs, polished according

Chemical content

Hardness

Elastic modulus
Poisson’s ratio

for holding purpose 25 mm,
thickness 8.5 mm, contacting
surface grinded then polished
according to Buehler Dialog
Method #10.01 to a maximum
surface roughness

Ra=0.05 um.

8% XO3, less than 0.5% A3

15.5 GPa (from Vickers test)

310 GPa
0.24

99.95% AbO3

17 GPa (from
Vickers test)

400 GPa
0.26

to standard method for
grain size determination to
a maximum surface roughness
Ra=0.04 pm.

Close to 1.0% C, 1.5% Cr,
0.25% Ni, 0.35% Mn,
0.1% Mo.

61 to 64 Rockwell C
obtained through
appropriate heat treatment
of austenitizing,
quenching then tempering.
205 GPa
0.33
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obtained following the present experimental procedureall four considered material combinations tested at the
Fine tuning of the apparatus and data acquisition systersame conditions of normal load10 N, sliding speed
was also conducted until satisfactory reproducibility ofv =0.1 m/s and test duratioh=5000 s (equivalent
phenomena, generally observed for similar tribologicatlto a sliding distance =500 m). Fig. 2 shows clearly
systems, and experimental results were obtained aftehat distinct patterns characterise each material com-
a reasonable number of trials carried out at repeatetination. The depicted data suggest that there is no
testing conditions. All data subsequently reported areevidence of the existence of the three noticeable char-
average values derived from repeated tests whose nuraeteristic states (running-in, steady state, catastrophic
ber was increased if repeatability was not found to belamage) that distinguish the variation of the COF with
satisfactory. respect to sliding distance, in the case of metal to metal
contact [7], when ceramics are involved even when in
contact with steel. At the same time, these data show

3.1. Time dependance of dynamic
coefficient of friction and
acoustic emissions

that COF is not constant and that no peak generally
associated with the running-in period was detected at
a data acquisition frequency of 10 Hz, as it was also

As pointed out in the introduction section, the inter-reported by Czichost al. [8]. Instabilities of the in-
est of some researchers has so far mainly focussed darfacial conditions that translate to frequent seizures
the correlation between acoustic emission signals (AEand releases (stick-slip phenomenon) produce marked
and wear mechanisms or wear volume with very lim-variations of the magnitude of COF with time. Fur-
ited published findings about its possible relationshipthermore, the AE variation gives a clear indication that
with friction. Therefore, it was decided first to try to there is no relationship between the frequency of ap-
find out if there was any relationship that did exist be-pearance of these peaks and any quantifiable property
tween the time dependent variation of AE and the dy-of the surface which may have created them. In addi-
namic coefficient of friction (COF). In this study, the tion, there is no apparent link between the friction and
friction coefficient was determined directly as the ratio AE behaviour as function of sliding time, and it is be-
of the simultaneously measured friction force and thdieved that the information contained in AE variations
instantaneous normal load. The abbreviation AE refergs more related to wear mechanisms occurring in rub-
to the acoustic emission rms output voltage which wasing contacts as found by Bonestsal.[9]. Finally, the
measured according to the schematic diagram of thpresent results demonstrate that drastic changes in the
acoustic emission equipment also depicted in Fig. 1. phenomena taking place at the interface of contact hap-
The data of Fig. 2 were chosen as an example to ilpen when AjOs is involved as the mating material as
lustrate the time variations of both these parameters fandicated by the AE variations.
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Figure 2 Variations of AE and COF with respect to testing time.

4998



3.2. Stress analysis at the contact region 1or
The contact stress distributions can affect the crack ini
tiation process and further propagation leading to weaig 08y
especially in the case of sliding contact where surfac
fatigue takes place. Hamilton and Goodman [10] haves
considered the sliding contact between a sphere and.§
flat surface, simulated by a circular contact region car§

rying a hemispherical Hertzian normal pressure and 2 osl

proportional distributed shearing traction. Using an an-é RIS ®
alytical approach, they developed all equations neces” os} A i v L=10N

sary to define the complete stress field for the surface O MOl Sy

inside and outside the contact zone. These equatior 04 - 05 o e 20 o

were used here in order to determine the state of stre:
at points of the contacting surface during sliding for
SiaN4/SizNg, L=10 N,v=0.1 m/s using an average Figure 3 Relationship between sliding speed and COF for all combina-
value of COF=0.65. The required mechanical prop- tions:
erties were take from Table I. The initial (static state)
radius of the circle of contact and maximum pressure '0f
at the centre of contact, adopted in these calculations %/
were found to beag = 0.067 mm andPy = 1058 MPa. 08 i
Briefly, these data taken as an example, showed the o7
emergence of an important tensile stress at the onset ¢ os
the contact zone. In order to investigate the impact 0f§ 05
these stresses on the eventual failure of the surface, th ¢4
von Mises stress in a Cartesian form was also evaluated ,,

v (m/s)

A maximum value of 1570 MPa was obtained for this | g Z\lf?j/:'sf;iiﬂ%% v 04 mis
case which is a clear indication that at least localized o1 O MO ISIN,
plastic deformation occurs at that location. 00 ‘ , , ,
0 10 20 30 40
Norninal normal load (N)
3.3. Coefficient of friction as function Figure 4 Relationship between normal load and COF for all combina-

of sliding speed and normal load tions.

These results are depicted in Figs 4 and 5 and each

data point represents an average value obtained fromaterial combinations, reaching values as low as 0.3 at

the variation of COF over a constant sliding distancel. =40 N. In general, for the case ofs8i4/SAE52100

of 500 m considering at least two consecutive tests persystem higher values of COF ranging from 0.9 to about

formed at either a constant nominal load of 10 N (for0.5 were found. As can be see from Fig. 4, all data

the tests at different sliding speeds) or sliding speed oould be associated with two distinct groups of results

0.1 m/s (for the tests at different normal loads). Val-and therefore two separate models were considered to

ues of COF varying from about 0.5 to 0.9 were foundbest fit these data with reasonable accuracy, as shown

depending on the material combination and the slidby the solid and dashed lines in the figure. For loads

ing speed which varied from 0.05 to 2.5 m/s. Fig. 3lower than 5 N, only predictions obtained from these

shows that in all combinations excepgSi/SisNs an  models are shown. This curve fitting has permitted to

increase of COF takes place reaching a peak value glerive the following empirical equations:

about 0.5 m/s, followed by a substantial decrease ator SgN4/SisNy:

higher sliding speeds. Conversely, in the case of self-

mated couple SN4/SizN4 the increase is followed by

a steady state characterized by a higher value of COF. COF = 0.85L014-007In() (2a)

The decrease of COF could be explained by the for- - . S

mation of oxides at the interface of contact, that act agor the remaining materials combinations:

“artificial lubricants”, as a consequence of tribochemi- COF = 0.927,(0.04-0.08In(z)) (2b)

cal reactions activated by the interfacial increase of the

temperature with the sliding speed. Similar behaviour

has been reported by Woydt and Habig [11] for self-3.4. Wear properties

mated ZrQ. The decrease of COF at higher speeds isThe interest was first focussed on the investigation

also evidentin the results obtained by Usatal.[12].  of the time variation of the wear volume. It is im-

Finally, it should realised that the low values of COF portant to note that fresh contact conditions for every

gquotedinthe literature were generally obtained at loweexperimented sliding distance was preferred rather than

sliding speeds and shorter test durations. assessing the variation of the same wear scar which re-
On the other hand, for the tests conducted at differenguires interruptions of testing for the measurement of

loadings, a very clear decrease of COF with increasingts corresponding dimensions to a considered sliding

normal load is indicated by the data of Fig. 4 for all four distance. The later procedure requires also special care

4999



0.05
g
0.04 Z
(';.\ o
€
3 :
£ i 0]
E 0.03 E
3 5
g E
“;’ 0.02 =
Si,N, / Si N 107 SN, / SAE52100
37477 F [--O- ALO,/ SAES2100
F - SN, I SN, L= 10N
0.01 1 L=10N;v=0.1m/s " = ALO, / SN,
0.1 1
0.00 . " " . ‘ Sliding speed (m /s)
o 100 200 300 400 500

travelled distance (m) Figure 6 Influence of sliding speed on wear rate.

Figure 5 Wear volume of the ball for §N4/SisN4 as function of sliding .
time. two parameters was found however not to be consis-

tent for all combinations. The same behaviour is also
. , ) . valid in the case oK. It should be emphasized that at
in order to ensure that the integrity of the contact iShigher speeds the testing time was obviously shortened
preserved when the sample (ball) is placed back intq, \eep the total sliding distance (500 m) the same for
the tribometer after the evaluation of the wear scar. I, 5. experiment and that the point contact present at
should also be pointed out that the wear damage of thg,e pheginning of the test expands to a flat contact area
disc, in terms of material loss (groove formation), was,g \wear progresses which would contribute to a drop
insignificant in the case of the present study and theregs the contact pressure as function of time. These two
fore was not taken into account in the evaluation of thephenomena have certainly an impact on the reported
wear volume. Self-mated $N, couple was selected as eqits put the recognized tribo-oxidation as predomi-
reference to |r_1vest|g§1te this process of progression dhant wear mechanism at high speed and room condi-
wear as function of time at constant load and slidingjons could explain the increaselofvith v for the case
speed. To that end, the average wear volume of the ballt mated ceramic materials. According to our results
was evaluated considering three consecutive tests, eaghys -ombination AJO3/SAE52100 is the most advan-
conducted at. =10 N andv _=O.1 m/s. The variation tageous giving a value & slightly higher than 107
of the average values of this parameter as function of,,3/N/m at high speed, on the contrary»®/SisN,
sliding distance is illustrated in Fig. 5. These reSUItSperformed the poorest especially at speeds higher than

demonstrate that a relationship of proportionality ex-3,,5ut 0.3 m/s in which cadereached values as high
ists between these two parameters despite the effect g 164 mm3/N/m.

the related net pressure decrease during testing. Different behaviour and trends take place when wear

The wear rate and wear coefficient were used Qggis were conducted at different nominal loads, ranging
compare the wear properties for each tribosystem. Thg,m 5 t0 40 N and constant sliding speee: 0.1 m/s

first parameter is defined as usual by the following,g reported in Fig. 7. The tendency of slight decrease of

equation: k with L is fairly evident for all material combinations
w with the exception of AIO3/SAE52100 that shows a
k= s (3) more noticeable increase. The decreadeisfn agree-

mentwith the decrease of COF as function of the normal
load, which was presented earlier. Optical observation

in which w is the wear volumel. the normal load and :
of the surface revealed that a plowing effect was more

s the sliding distance. The non-dimensional fornkpf
commonly called wear coefficier, is obtained by
normalisation using the indentation hardness (at room
temperature) according to the following equation:

2w
T

K = kH 4)

w
T

inwhich H is the indentation hardness expressed in the
form of a stress.

The log-log plot in Fig. 6 displays a stronger influ-
ence of the sliding speed on k (which is evaluated
here from the wear volume of the ball only) when
Al,O3 is involved as mating material (AD3/SizN4
and ALO3/SAE52100). Also a closer look at the data
suggests that evident wear transitions occur for thes
same combinations, generally interpreted by changes
in wear mechanisms. The relationship between thesggure 7 Influence of nominal normal load on wear rate.

2 b
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evident in the case of AD3;/SAE52100 combination. TABLE Il Values of the constants for the power law relationships
In general, the microscopic morphology of the worn Petweerk and int AE

surfaces has revealed that in all cases, polishing and K[mme/N/m] = c(int AE)"
groove formation were the main transformations of the
contacting surface. c n
Al,03/SAE52100 125x 10710 1.23
SisN4/SAE52100 11077 0.183
3.5. Relationship between AE, wear, friction SigNa4/SizNa 38x 10°° -0.72
work and material removal power Al203/SizNg 2.56 —213

Despite the serious interest and considerable effort to
find a way in incorporating AE techniques in tribolog-
ical applications, there is still no firm conclusions as to :
whether or not useful correlation could be establishec o o

between AE and wear. For example, Bedyial. [13] 0HE O e L-1ON
have determined that AE energy is illustrative of the i

rate) mm’/ N/m

wear expressed as mass loss in the case of polyme & 105t
metal friction pairs. Empirical models between inte- i
grated AE rms and wear volume have also been de §  t

veloped for steel on steel systems [6]. On the otheiz g
hand, there are suggestions of the existence of close r C

AL,O, / SAE52100 A
Si3N, / SAE52100

. . . e o SN/ Sigh, A A
lationship between AE and friction work from sliding 107 ¢ " RaOs ! SNy
contact of pairs of materials. In this section an attemp f 5 . IS
is made to investigate the possibility of identifying any ! i AB !

useful relationships between integrated AE rms, wear,
friction work and material removal power for the caseFigure 8 Relationship between wear rate and int AE.
of the tribosystems considered in this study in which

ceramic materials are involved. These parameters ai 2}

[SERRIS

defined by the following equations: «g PE SN, /SN, P
Integrated AE rms = | reeNse=100s lor S
g ] 5
P z
. : z JES P2
int AE = | (AE rms signaldt (5) 8 S > %
S of J10° E
. 8 102} k|
Fiction work 2 g 1. &
r A —@— Wearvolume 13 =

; 3 A - Mat.rem Power E Y

F.= [ Fods 6 e -

int AE

Whiph is th_e real t_ime Variation of the friction force Figure 9 Wear volume and material removal power as function of
during testingF (t), integrated with respect to the total int AE for SigN4/SizNa.
sliding distance.

constants are included in Table II. These results reveal
the occurrence of arather surprising phenomenon caus-

$h5e ;.né\fat?gaulirreegt,::/eaé]gvoev;ecrertain volume of ma[ng the decrease & with the increase of the AE inte-
terial apgr{)xir?qated here by the wear volumean be grated rms signal that was detected in the case of sliding

estimated by the following equation, proposed initiall ceramic pairs, as evidenced by the negative values of
by Shaw [12’]_ 9eq »brop yreported in Table Il. The most plausible explanation is

the predominant effect of testing time which decreases
with the increase of speed, as these experiments were
E=uwH () performed at fixed sliding distance.
] . ) The justification for modelling of wear volume and
inwhich H is the hardness. On the other hand the prodmaterial removal power as function of the integrated
uct (wH) can be related to the wear coeffici¢husing  AE signal with straight lines is evident from Fig. 9 that
Equation 4 aswH = K Lsand knowing that the power depicts the results for §il4/SisN, obtained at constant
is the derivative of the energy with respect to time onejpad, different sliding speeds (whose trend is indicated

can obtain the material removal poweras follow: on the figure) and fixed sliding time of 1000 s. On the
contrary, there was no readily tangible evidence of any
P=KLv (8)  coherent relationship between and int AE nor be-

tween the frictional work dobE,, and int AE according
As shown in Fig. 8, reasonably good correlations existto the data obtained from the experiments conducted
between the wear rateand int AE represented by em- at the considered range of sliding speeds, fixed slid-
pirical equations, each in the form of a power law whoseing distance (500 m) and normal load of 10 N. Widely
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Figure 10 int AE as function of material removal power for the experi- Figure 12 int AE as function of friction work at constant speed of

ments conducted at different sliding speeds, same normal load of 10 NQ'l m/s.
ooy 500 m) a consistentincrease of int AE witlhwas found
g A0} SAESa100 for every tested material combination. Based on Fig. 11
ALD3 SN & thatillustrates all obtained data for the experiments con-
ducted at different normal loads, the following empiri-
cal equation in the form of a second order polynomial
best fit forced through the origine was derived:

3000

o
A
|
®

int AE = 124L — 1.32L.2 (9)

Contrary to the earlier drawn conclusion based on the
0 10 2 30 0 results pertaining to variable sliding speed conditions,
Nominal Normal Load (N) the data derived at variable normal loads (fixed speed
of 0.1 m/s allowing a fixed test duration of 5000 s), that
permitted to construct Fig. 12, show the existence of
a reasonable correlation between int AE dhgthat
could be approximated by a linear relationship having
scattered points which appeared in random distributio@ proportionality constant of 0.41. Itis at this stage per-
characterised the plots of these data that we chose nottiment to mention the work of Lingard and Ng [15] who
include in this paper. Furthermore, when all these datéound a systematic relationship between cumulative AE
are summarized as shown in Fig. 10 a decrease of int AEount and frictional work, using disc on disc (one fixed)
with the material removal powd? was observed. This configuration to conduct dry friction experiments at a
unexpected behaviour could be attributed, once moreyide range of tribological conditions on six different
to the effect of shorter testing time at higher sliding metallic materials.
speeds which also suggests that the shear strain associFurthermore, some meaningful behaviour is reflected
ated with plastic deformation of the rubbing surfaces isoy the plots of Fig. 13 that represents the variation of
inthis case more predominant than the material removatach of the two parameters of interest, the material re-
process, the later being associated with the generatiomoval powerP and wear volumev, as function of the
of higher Ae signals. One should anticipate a decreasit AE. The tribo-elements are identified by the legend
of int AE for smaller values oP than those obtained of the graph and all dashed lines and filled symbols per-
in this study. tain to the data illustrating the variationof Although
At constant speed of 0.1 m/s (constant test duratiomll results show an increase Bfandw with int AE, a
of 5000 s equivalent as before to a sliding distance ofmore accentuated trend applies to the@¥/SAE52100

Figure 11 int AE as function of nominal normal load at constant speed
of 0.1 m/s.

TABLE Ill General form and values of the constants for models representing the correlations betareemt AE as well as and int AE

w[mm3] = ¢y (int AE), P[W] = ca(int AE)

C1 C2
SisN4/SAE52100 2718 x 1079 1.405x 1075
SiaN4/SisNg 3.38x10°° 1.69x 10°°
Al,03/SizNg4 14x10°8 4.69x 1076
w[mmS] — (il’lt AE)(Cg +C4In(intAE))’ P[W] — (int AE)(C5+06In(intAE))
C3 Ca Cs Ce
Al,03/SAE52100 -9.8 1.21 —11.93 1.34
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ALO, / SAES2100
Si;N, / SAE52100
SiyN, / SigN,

ALO, / SN,

Material removal power (W)
Wear volume (mm3)

int AE

Figure 13 Material removal power and wear volume as function of
int AE for all tests at constant sliding speed.

combination. This distinct behaviour was also reflecte:
by the findings reported earlier. In order to establisti
relationships that could be used for predicting the tri- (@)
bological behaviour of similar tribo-systems, if on-line

monitoring of AE signal is possible, these data wereg
expressed in the form of either a linear equation off
power law. Table Ill summarizes the general form of
these empirical models that best fit the experimente§
data, which were forced to go through the origin of the
graph for physical meaning, awell as the correspondin
values of the constants that apply to each tribo-elemen

3.6. Microscopy

Examinations of ball scars and disc wear tracks reveale
a broad range of differences in appearance when tr
effects of the experimental conditions on the worn sur
faces were assessed using optical microscopy at diffe
ent magnifications. In the case of the wear ball scars the
most common observed transformation was the result
of polishing process that occurs at the early stage of
sliding followed by a mixed behaviour with some cen-
tral rough areas characterized by deep grooving arisin
from the combination of abrasion and transfer of mate- §
rial mechanisms. The pairing with like materials, i.e.,
SizsN4/SizNgwas chosentoillustrate briefly these some-'%
what complicated and difficult to quantify phenomena
that occur fairly randomly. A constant period of rubbing "
time of 3600 s was selected as a basis of comparisc ==
in order to investigate the individual effects of sliding EsE-57
speed and normal load on the appearance of the wol 3
surface at the end of the test. Fig. 14a shows clearly th
final stage of the polishing process of the ball scar thaj
took place at a slow speed of 0.05 m/s and load of 10 N
At higher speeds of 0.3 and 0.6 mis£ 10 N) whose &8
results are depicted by the photographs of Figs 140
and c combinations of rough track portions, darkly

(©
coloured on the pictures and smoother regions becomﬁgure 14 Photograph of the ball wear scar forsBi/SisN4 system:

evident. According to the early reported results, thefa)v=0.05 m/s,L =10 N,t=3600 s, arrow showing the direction of
above described processes seem not to have a signifie sliding disk, (b) =0.3m/s,L =10N,t =3600s, arrow showing the

icant impact on the COF and wear rate as evidenceff"ection of the sliding disk, and (@)= 0.6 m/s,L =10 N,t=3600s,
arrow showing the direction of the sliding disk.

by the fairly constant values of these two parameters
obtained at different sliding speeds, when grooving

and material transfer mechanisms become predomand b for loads of 20 and 40 N & 0.1 m/s) suggesting
nant. Different transformations occur when the load isthe predominance of the mechanism of adhesion which
increased (sliding speed kept constant) during whictwould explain the decrease of COF with load reported
smoothing of the surface prevails as shown by Figs 15aarlier.
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(b)

Figure 15 Photograph of the ball wear scar forsNiy/SizN4 system:
(a)v=0.1m/s,L =20 N,t =3600 s, arrow showing the direction of the
sliding disk, (b)v =0.1 m/s,L =40 N, t =3600 s, arrow showing the
direction of the sliding disk.

The present results display a stronger influence of
the sliding speed on the wear rate, as well as wear co-
efficient, when A}Oj3 is involved as mating material
(Al,03/Si3N4 and ALO3/SAE52100). The experimen-
tal results also suggest that evident wear transitions,
generally interpreted by changes in wear mechanisms,
occur for these same combinations.

Reasonably good correlations between the wear rate
and the integrated AE rms signal were developed, but
surprisingly a decrease kiwvith int AE was detected in
the case of sliding ceramic pairs based on the tests con-
ducted at different sliding speeds and constant sliding
distance.

There was no readily tangible evidence of any coher-
ent relationship between the wear volume and int AE
nor between the frictional work done and int AE ac-
cording to the data obtained from the experiments con-
ducted at the considered range of sliding speeds, fixed
sliding distance (500 m) and normal load of 10 N. On
the contrary, the data derived at variable normal loads
(fixed sliding speed and test duration) showed the ex-
istence of a reasonable correlation between int AE and
the friction work, that was approximated by a linear
relationship having a proportionality constant of 0.41.

Relationships that could be used for predicting inter-
esting tribological behaviour of practical applications
based on similar tribo-systems, if on-line monitoring
of AE signal is possible, were expressed in the form of
either a linear equation or power law for each materials
combination.
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