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bstract

n this study, the scratch resistance of several monolithic structural ceramics and soda lime glass was investigated using repeated scratching.
ockwell indentation was used to perform unidirectional multi-pass scratches at progressive loads. It is shown that there is a build up of sample
amage as the number of scratches increases, the severity of which being assessed by measuring the depth of the scratches and by performing
ptical observations of the worn tracks. For each applied load, there is a critical number of passes above which the material removal rate increases
ramatically through chipping. By plotting the critical number of passes against the applied load, strength/number of cycles (S/N) like diagrams
an be obtained. Although soda lime glass exhibits a lower resistance than most of ceramics for single scratch tests, the glass removal rate becomes
imilar to that of ceramics when repeated scratch tests are considered. It is suggested that the material resistance to multiple scratch tests rely on
he presence of a thin layer of re-compacted and plastically deformed material under the action of the indenter. The absence of such a layer in

ilicon carbide may explain the surprisingly poor resistance of this material for high applied forces and important number of cycles. It is suggested
hat this layer improves the material resistance against scratching by decreasing the friction coefficient, thereby diminishing the level of stresses
enerated within the specimen.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Abrasive wear relates to the damage produced by sliding con-
act of hard particles or asperities onto a brittle surface. The

aterial properties and the pressure at the contact area dictate
he form of damages. At limited contact pressures, the mate-
ial is deformed in a plastic way and a residual groove is left
n its surface. At higher loads, cracking becomes the predomi-
ant mechanism and material removal may occur by chipping.
s sliding contact can ultimately produce material rupture (and
ecause it is the major cause of wear in service), it is a matter of
rimary importance to quantify the material resistance against

liding indentation. Unfortunately, the problem is often com-
licated by the fact that abrasion proceeds through successive
liding contacts and does not arise from a single scratch event.

∗ Corresponding author. Tel.: +32 65 40 34 64; fax: +32 65 40 34 60.
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o obtain relevant information, it is therefore necessary to com-
ine the sliding resistance of the material with its mechanical
atigue behaviour.

For many years, scratch testing has been shown to be a pow-
rful technique to estimate the materials resistance to scratching
aused by single-pass1–3 or repeated scratch tests.4–7 In both
ases, the indenter tip is considered as a model of contact-
ng asperity.8,9 Since experimental conditions of scratch testing
an be chosen in a wide range of parameters (sliding speed,
pplied force, constant or progressive load, single of repeated
cratch. . .), the technique offers the opportunity to study the
aterial resistance in conditions mimicking low or severe abra-

ion. In recent works, it was shown that repeated scratch tests
an be used to study the fatigue like behaviour of coatings on
ubstrate.10 The authors have demonstrated that such testing

rocess generates coating failure for a large enough number of
ycles Nc. This number that depends on the contact pressure
through the applied load) and the friction coefficient between
he indenter and the specimen is an intrinsic characteristic of the

mailto:f.petit@bcrc.be
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1300 F. Petit et al. / Journal of the European Ce

Table 1
Experimental conditions for repeated scratch tests at progressive load.

Material Experimental conditions: number of
cycles/{applied load}

Alumina 60/{0, 30 N}
Silicon carbide 60/{0, 30 N}
Z
S
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irconia 500/{0, 30 N}
oda lime glass 60/{0, 25 N}

oating/substrate couple. To determine Nc, a two-step procedure
s usually applied. First, a scratch is performed at progressive
oad in order to determine the critical load for cracking. Sec-
nd, unidirectional or reciprocating multi-pass scratches are
erformed at a load below the critical value found in the first
tep. The number Nc is then given by the number of cycles
equired to generate failure as in the single scratch test case.

The present paper extends further this approach by applying
he procedure to various monolithic structural ceramics and a
oda lime glass.

. Experimental

.1. Materials and conventional characterizations

Several brittle materials have been used in this work includ-
ng some hard ceramics and a soft soda lime glass. Ceramic

aterials are an ultra pure alumina (99.9% post-hipped Metoxit
Switzerland), an Yttria stabilized zirconia (Metoxit – Switzer-

and) and a silicon carbide (ESK). The soda lime glass originates
rom tin float processed glass windows (AGC glass–B).

Small plates of typical size 20 mm × 20 mm × 4 mm were
iamond cut from larger blocks. After cutting, the ceramic spec-
mens were machined to become ground flat and polished with
iamond pastes down to a 1 �m finish. The original faces of
lass specimen were not machined in order to prevent any mod-
fication of the density and size of surface flaws. The tin face was
dentified using a UV lamp, all the scratch tests were carried out
n the air face.
Young’s modulus was determined through Impulse Exci-
ation Technique (IET) measurements on a RFDA-HT1750

achine (IMCE – Belgium). Small rectangular bars of size
mm × 4 mm × 45 mm were prepared to this end. At least,

l
i
o
a

Fig. 1. Single scratch test on (a) alumina and (b) silicon carbide—the bl
ramic Society 29 (2009) 1299–1307

ve different measurements were done per specimen in order
o get reliable results. Toughness was determined right after
oung’s modulus measurements using the SEVNB (Single Edge
-Notched Beam) method. A small sharp V-notch was saw cut
ithin the specimen and sharpened using diamond paste and a

eciprocated razor blade. The resistance of the sample was then
etermined using a three-point bending test apparatus using a
niversal testing machine (Zwick Z100 – crosshead speed of
.1 mm/min).

.2. Scratch testing instruments

Two scratch testers have been used in this study. A Revetest
rom CSEM instruments equipped with a Rockwell C diamond
ndenter (tip radius curvature = 0.2 mm) was used to perform
ingle scratch test. The load was progressively raised up to
00 N over a distance of 15 mm. As usually, the critical load
or chipping was determined through acoustic emission (AE)
easurements and optical observations of the scratch.
To perform repeated scratch tests, a micro-combi tester

�CT) from CSM instruments was used. A Rockwell C diamond
ndenter (tip radius curvature = 0.2 mm) was mounted on the

achine which also comprises a video microscope to perform
ost-scratching observations and damage diagnosis. Any scratch
est was realised according to a three steps procedure. First, a
pre-scan” was performed at a very low load (0.1 N) to determine
he sample profile. The “true” scratch test was realised in the
econd step. Finally, a “post-scan” was performed (still at load
.1 N) to determine the depth of the residual groove after the elas-
ic recovery. For each scratch test, several results are displayed
ncluding the applied normal load, the indenter displacement, the
angential force, the friction coefficient, the acoustic emission,
he residual penetration depth and the specimen profile.

.3. Repeated scratch test operation

The material resistance to repeated scratch tests was assessed
y performing repeated unidirectional scratches at a progressive

oad. The load starts at 0.1 N at the beginning of the scratch and
ncreases up to a pre-defined maximum load after a displacement
f 15 mm. The final load was chosen below the critical load
s determined by the single scratch test experiments. For the

ack arrows indicate the transition between cracking and chipping.
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Table 2
Critical chipping load determined by single-pass scratch test.

Material Critical chipping load (N)

Alumina 182
Silicon carbide 101
Z
S
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irconia >200
oda lime glass 23

onduction of these tests, 30 N was chosen for alumina, silicon
arbide and zirconia while a slightly lower value (e.g. 25 N) was
elected for glass. For the cyclic tests, the number of passes
as experimentally adapted to exceed the threshold required for

hipping. Table 1 summarizes the necessary number of cycles.

. Results and discussion

.1. Single-pass scratch tests

The critical load for chipping was easily determined from the
coustic emission signals. When the lateral cracks pop out at the
urface of the material, a sharp increase of the acoustic emission
ntensity is recorded. Optical observations after scratching show
hat the first chips are produced simultaneously with the AE
ising up. Some examples are shown in Fig. 1 for alumina and
ilicon carbide.

Table 2 reports the values of the critical loads for the single-
ass scratch tests after averaging individual results of three
ifferent scratches. It is worth noting that these values rank in the
ame order than the materials toughness measured by SEVNB
same table). As there was no chipping in zirconia at 200 N, it
as impossible to determine the critical chipping load for this
aterial. Anyway, the strong damage observed by SEM and the

eavily deformed scratches at 200 N suggest that the critical
oad does not exceed much this value, therefore, throughout this
aper, we will consider that 200 N is a consistent estimation of
he critical load for zirconia.

.2. Repeated scratch tests at progressive loads

Unlike the single-pass scratch tests, acoustic emission sig-
als are useless to determine the critical forces for chipping
r cracking in cyclic loading conditions. The great amount of
ignals arising from indenter motions in damaged grooves, pro-
ibits any meaningful assessment of the critical load. The only
xception concerns glass for which the acoustic emission curves
omprise typically three different stages (hereafter referenced as
, II and III in Fig. 2).

In the first stage (I), the AE intensity is close to zero. Opti-
al observations of the scratch reveal the presence of a residual
lastic groove only (plastic ploughing, cf. Fig. 3a). Next, the
E rises abruptly at a load which corresponds to the begin-
ing of the second stage (part II, Fig. 2.). Observations show

hat the first cracks appear at this moment (Fig. 3b). They take
he form of partial (due to the indenter motion) or complete
ertzian cracks which can be easily recognized through their

ypical circular shape. The third stage of damage (III) corre-

s
w
t
l

ig. 2. Typical scratch test in glass (25 N – 10 cycles)—note the existence of
hree distinct behaviours (I, II and III).

ponds to a combination of both spalling and chipping. Some
oose debris can be seen inside the scratch groove and on its
ateral sides (Fig. 3c and d). Also, the acoustic emission signal
hows a distinctive oscillatory like behaviour in this stage (part
II, Fig. 2). When chipping occurs, the residual scratch depth is
imilarly affected by a typical oscillatory behaviour. These oscil-
ations can be explained by the progressive building up of the
amage inside the scratch groove as the load increases. Practi-
ally, the material fails along the scratch at some weakest points.

hen local rupture occurs, there is an increase of the material
ompliance and then, the indenter penetrates deeper within the
ample. Acoustic emission peaks and oscillations of the pen-
tration depth can be explained by such resulting increases of
enetration depth. It must be stressed that the material removal
uring the third stage remains limited for low number of cycles.
ost of the debris are still partially bonded to the underly-

ng material and stay within the groove. The mean residual
epth increases significantly only for large number of cycles
hrough the removal of the debris generated during the first few
asses.

By considering the change of damaging mode between two
onsecutives stages, the determination of the critical loads for
racking (transition between the first and second stage) and chip-
ing (transition between the second and third stage) is possible.
hese evolutions are reported for the soda lime glass in Fig. 4
s a function of the number of scratches.

As expected, the number of passes required to produce sig-
ificant material damaging increases as the indentation load
ecreases. The curves in Fig. 4 are typical for strength/number
f cycles diagrams, commonly found in fatigue studies. During
he first few passes, the critical force drops dramatically as a con-
equence of the rapid degradation of the mechanical properties
f glass. After a significant number of repeats (>6 for crack-
ng and >8 for chipping), the curves flatten out and the critical
orces seem to reach two distinct asymptotic values. This result

uggests that there might be a threshold indentation load below
hich neither cracking nor chipping occurs no matter how long

he indenter is drawn onto the material surface. The asymptotic
oad for chipping can be seen as the endurance limit of soda lime
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but, obviously, their incidence on the penetration depth is com-
pletely obscured by the measurement accuracy. By contrast, if
the load increases over a threshold value, the residual penetration
depth increases suddenly as shown in Fig. 5. SEM observations
ig. 3. Evolution of damage in glass for repeated scratch tests performed at prog
ormation of chips; (c) material chipping at moderate loads; (d) end of scratch:

lass for the chosen set of experimental conditions: indenter tip
adius, scratch velocity. . .

For ceramics, the interpretation of the results cannot be done
s straightforwardly as for glass due to several complications
rising from microstructural effects. As said previously, the crit-
cal cracking load for glass was determined using the AE signal
ombined with the optical observations of the scratches. For
eramics however, the detection of the first cracks by optical
eans remains a tough task. Specimen machining and polishing

nduces significant matrix grains pullouts which degrade the sur-
ace and make the observation of small cracks (created during
cratching) a major challenge. Therefore, it was almost impos-
ible to determine the first occurrence of cracking in alumina
nd only chipping was undoubtedly identified in this material.
espite the coarser microstructure of silicon carbide, the tran-

ition between the plastic deformation (at low loads) and the
ppearance of the first Hertzian cracks was still possible through
ptical means. However, such a measurement still suffers from a
ignificant uncertainty and the variability of the results obtained
hat way was troublesome. To tackle all these difficulties, it was
herefore necessary to consider another criterion to assess the
eramic resistance to multiple scratch tests.

Usually, the evolution of scratch width is considered to char-
cterize the material resistance against repeated scratches. In our
ase however, the presence of multiple lateral damages (elon-
ated cracks, small chips) makes this procedure not relevant. The
rooves sidewalls are generally too wavy to expect obtaining
eliable results, especially for shallow scratches for which sur-

ace features are sometimes undistinguishable from the scratch
tself. Therefore, this procedure was not retained. It was found
hat the damage severity could be more efficiently described by
onsidering the evolution of the residual depth.

F
a

e loads; (a) first transition: appearance of the first cracks; (b) second transition:
tion of large chips.

Quantitative damage assessments have been undertaken by
orrelating the penetration depth to the applied force and the
umber of scratches. Our results show clearly the existence of
wo distinct stages for each material. For low loads and few
epeated scratches, there is almost no residual penetration depth.
he material deforms in a purely elastic way and a complete

ecovery results just after the indenter retraction. The appear-
nce of some cracks is of course possible during this stage,
ig. 4. Critical loads for cracking (transition I/II) and chipping (transition II/III)
s a function of the number of cycles (in glass).
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ig. 5. Evolution of the residual penetration depth in soda lime glass for various
umbers of cycles and forces.

evealed that the transition between the two stages is concomi-
ant with the formation of the first chips. Matter is removed
rom within the scratch and the debris formed are pushed away
rom the groove to accumulate along its lateral sides. It can be
oted that after the transition, the penetration depth increases
lmost linearly with the number of passes (Fig. 6). Thanks
o these observations, the position of the inflection point in
he penetration depth curve can be seen as a good signal of
he transition from the deformation-controlled process to the
racture-controlled process.

To measure accurately this critical load, a graphical procedure
as been used. The position of the inflexion point was determined
y considering the intercept of two linear fits corresponding
espectively to the first and last 15% parts of the curve (example
ig. 6).

This procedure was repeated for each number of cycles and
he evolutions of the critical load against the number of cycles

btained for each material are reported in Fig. 7. It is worth
oting that although the curve related to glass has been obtained
y a graphical means, it is quite similar to that plotted in Fig. 4

ig. 6. Illustration of the graphical procedure used to determine the critical
racking load. For the example shown, the critical load at the intercept of the
wo linear fits is ∼=8 N.
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Fig. 7. Critical loads as a function of the number of cycles.

hich was deduced from the AE signal only. The good matching
f these two curves can be therefore considered as an indication
f the validity of the proposed graphical procedure for the critical
oad determination.

As expected, all the curves exhibit a typical S–N like dia-
ram aspect. The curves show a sharp decrease of the critical
orce after a few scratches, followed by a stabilization shortly
fterwards.

Previously, it was also noted that the critical loads for single
cratch tests rank in the same order than the materials toughness,
.g. zirconia > alumina > silicon carbide > glass. From curves
hown in Fig. 7, it can be checked that such a behaviour is
till observed after a few cycles. This behaviour is classically
elated to the fact that the critical cracking load for a Hertzian
ike configuration (which is similar to that involving a Rock-
ell indenter) varies like K3

Ic/E
2. This ratio was calculated for

he different materials under study and the results were noted to
onform to the experimental observations (Table 3).

However, the comparison of the material resistance (as deter-
ined by the critical load) at large numbers of cycles was

nexpected, especially for SiC. It can be noted that the SiC crit-
cal load is decreasing very rapidly with the number of repeats
hile the curves obtained for the other materials flatten out gen-

ly after only few number of repeats. At 60 cycles, the glass
ritical load is larger than that of silicon carbide. Obviously,
he damage building up progresses more rapidly in SiC than

n any of the other materials considered here. This observation
s in contradiction with the traditional rule according to which
he tougher and the harder the ceramic is, the better the wear
esistance is.

able 3
stimation of the K3

Ic/E
2 ratio for a single scratch test.

SEVNB toughness
(MPa m1/2)

IET Young’s
modulus (GPa)

K3
Ic/E

2

lumina 3.6 380 3.2
ilicon carbide 3.1 450 1.47
irconia 7.1 210 81.1
oda lime glass 0.7 70 0.7
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Fig. 8. Scratch grooves in glass (25 N after 30 cycles). Note the p

Although the superiority of glass to silicon carbide may
eem surprising, these results are in good agreement with those
eported previously by Gee11 who compared ceramics and hard
etals resistance to low load multiple scratch tests. He observed

hat although the initial ability of some ceramics to withstand
cratching damage is better than most of hard metals, the latter
aterials prove to be better at withstanding repeated abrasion

amage by scratch test. As a possible explanation, this author
uggested that an altered surface layer was formed in hard
etals which might exhibit a better resistance against scratch-

ng. The good mechanical properties of this layer could arise
hrough plastic deformation processes (work hardening) or by

echanical compaction of crushed material. In order to deter-
ine whether such explanation may apply in our case, a number

f SEM observations were undertaken.
In glass, the existence of a thin layer of plastically deformed

aterial appears as a very plausible explanation. Because slid-
ng contact entails significant contact pressure and shear stresses,
arge plastic strains are expected especially in materials having
ow yield stress. SEM observations reveal only a few little signs
f brittle damaging within the glass scratch grooves (Fig. 8).
ontrarily, the tracks exhibit a typical smooth aspect which
uggests that there is a well-adhered thin layer of plastically
eformed glass. The worn surfaces show many flat areas delin-
ated by networks of cracks and, in some rare places, rougher
epressed areas (Fig. 8b).

ig. 9. Scratch groove in zirconia at 30 N (after 500 cycles)—note the presence
f large flat areas of worn matter.
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ce of a well-adhered smooth surface layer delineated by cracks.

A very similar pattern was also noted in zirconia. As shown
n Fig. 9, large flat areas can be identified and the pictures also
upport the existence of a thin layer of plastically deformed
aterial.
For comparison purposes, Figs. 10 and 11 show the obser-

ations carried out in alumina and silicon carbide in similar
xperimental conditions (force and number of cycles). Although
here is still some evidence suggesting that plastic deformation
ccurs in those materials, the materials exhibit now important
pallation; the thin surface layer is either partly visible (alu-
ina) or totally absent (SiC). In the latter case, the subsurface
icrostructure is easily detected. Similar observations made

fter different number of cycles suggest that no such similar
ayer forms in silicon carbide.

At higher magnification, the flat areas observed in the wear
racks of glass, alumina and zirconia reveal a complex structure.
he observations show that they are partly obtained through the
gglomeration of very small debris, obviously formed during the
rst passes of the indenter. Moreover, there is clear evidence that

his crushed matter has been subsequently compacted and heated
nder the repeated action of the indenter. The vitreous like aspect
f the crushed matter (Fig. 12) is typical from a local melting (or
intering). All these observations suggest that the observed flat
reas result probably from the combination of crushed material
ompaction and plastic deformation at high temperatures and
ressures, as suggested previously by Gee for hard metals.

It is interesting to compare those results with those obtained
or SiC. For large number of cycles, SEM observations of SiC
rooves reveal that the material becomes increasingly frag-
ented and there are strong evidences that damage occurs
ainly through intergranular fracture (Fig. 13).
It is reasonable to assume that the important decrease of

he SiC resistance arises from a significant material fragmen-
ation, not followed by re-compaction and plastification. The
nfluence of microstructure and grain size has to be consid-
red as a first possible explanation of this specific behaviour.
n ref. 12 it was underscored that the matrix grain size exerts a
onsiderable influence on the damaging mode during repeated
cratching. Although the results were established for alumina,

e can reasonably extrapolate them to the case of SiC also. In

his reference, it was sketched that for fine-grained alumina, sub-
urface damage consists mainly of intra-grain twin/slips bands
ithin the plastically deformed zone. On the contrary, the nature
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Fig. 10. Scratch grooves observed on ceramics. (a) Some remnants of the plastically deformed layer are still visible on alumina. (b) On silicon carbide, no plastic
layer is observed and only very small areas of smooth surface are noticed.

Fig. 11. Some views of a groove in silicon carbide showing important intergranular fracture.

Fig. 12. Higher magnifications of the scratch grooves in (a) glass and (b) alumina showing the presence of re-compacted crushed material.

Fig. 13. Views of the inside of the grooves in alumina and silicon carbide after 20 cycles.
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f subsurface damage in coarse-grained alumina was reported to
e of a different nature and more severe. For such material, dam-
ge consists primarily of intergranular microcracks and grains
islodgments. When considering the SiC curve in Fig. 7, it can
e noted that critical loads never reaches a plateau as in the
ther S/N curve. In fact, it decreases continuously to reach val-
es well below 1 N. If the mechanism of SiC damaging is similar
o that reported in literature for coarse-grained alumina, then it
ould explain the observed continuous damage building up with
he number of cycles. On the contrary, our fine-grained alumina
nd zirconia are clearly less sensitive to grain dislodgment and
aterial removal.
The rapid degradation of SiC prohibits any rigorous assess-

ent of the fatigue limit of this material. For the other materials,
he existence of an endurance limit appears more relevant. For
irconia, alumina and glass, the fatigue limit, determined by the
symptotic value of the curves shown in Fig. 7 is estimated to
e 64 N, 9.8 N and 6.2 N, respectively. A tentative evaluation for
ilicon carbide gives a value below 0.5 N. Except for this mate-
ial, the resistance of the other grades rank in the conventional
rder given by the K3

Ic/E
2 ratio.

It may be noted that the hardest the material is or the coarsest
he microstructure is, the fastest the material degrades with the
umber of passes (alumina and silicon carbide). Traditionally, a
igh hardness and a coarse grain size (which governs the grain
oundaries strength) are considered as unfavourable characteris-
ics for obtaining a satisfying smooth polishing state. Therefore,
ne may wonder whether the fast degradation of silicon carbide
oes not arise from the presence of residual asperities at the
urface, not fully eliminated during the polishing stage. When
hose asperities come into contact with the indenter, very high
ressures are generated since the true contact area differs then
rom the load bearing one. Those high pressures should certainly
e large enough to form cracks just below the material surface.
hen, when the indenter is driven back again at the same place,

he material breaks up more easily and the penetration depth
ncreases subsequently. Moreover, during repeated scratching,
he debris formed by grains dislodgment are entrapped within
he scratch groove. This matter exerts certainly an additional
ontribution to wear through third body abrasion. Although this
xplanation is probably not consistent for glass, zirconia or alu-
ina where smooth scratch grooves have been observed, it could

e relevant for explaining the results in SiC where considerable
racture occurs.

In order to better understand the singular behaviour of SiC, it
s also useful to consider the evolution of the friction coefficient
ith the number of cycles. These results are reported in Fig. 14

nd compared with measurements performed on the other mate-
ials. Since our goal was a qualitative assessment of the friction
oefficients, this graph was simply obtained by considering the
veraged value of the friction coefficient taken along the whole
cratch length (regardless of the applied force and/or damage
ccurrence).
Silicon carbide exhibits a much higher coefficient of fric-
ion. It can be as high as 0.55 after 20 cycles to decrease slowly
fterwards. Such huge value can be related either to the larger
urface roughness developed by wear, to a slip-stick mecha-

e
r
f
c

ig. 14. Evolution of the coefficients of friction with the number of repeats.

ism and/or more probably to the injection of wear debris at
he indenter/material interface as suggested above. Anyway, it
s well known that the effect of sliding with friction is to add
compressive stress to the front edge and to increase the ten-

ile stress at the trailing edge. A simple Hertz contact analysis
hen shows that the magnitude of the developed tensile stress is
irectly related to the applied normal force and the coefficient
f friction. Therefore, as the coefficient of friction increases,
lower force is needed to initiate fracture by microcracking.
s a consequence of the large friction coefficient in SiC, crack
ucleation occurs probably more easily in this material.

The reason why there is no re-compacted/plastically
eformed layer in SiC is not really fully clarified. It could be
elated to the presence of a thin layer of brittle SiO2 at surface
nd/or to the high hardness and thermal properties of SiC. The
uge hardness of SiC (Hv > 2500) limits the material ability to
lastification even at high contact pressures. Moreover, the high
hermal conductivity of SiC favours the rapid cooling of the sur-
ace when repeated scratch tests are performed. Therefore, the
onditions of local melting or sintering of the crushed mate-
ial can hardly be reached on the contrary to the other studied
aterials. The problem of the thermal exchange between sliding

odies was discussed in literature a long time ago. For friction
ontact between two bodies, elevation of temperature is related
o the Peclet number Pe given by:

e = Vl

2χ
(1)

here V is the displacement velocity of the moving thermal
ource (the indenter in our case), l is one half of the thermal
ource length and χ is the thermal diffusivity. The temperature
ncrease can be assessed by considering the mean temperature
levation θm and the local temperature elevation at the interface,
he so-called “flash temperature” θM. Derivation of analytical

xpressions of both θm and θM are possible and each value is
elated to Pe. For a large Peclet number (corresponding to a
ast displacement velocity), the generated heat at the interface
annot diffuse easily through the material thickness. The heat
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ux stays confined close to the surface on a very thin layer
nd the temperature of this small volume of matter increases
onsiderably. For a circular contact between the two bodies and
arge Peclet number, θm and θM are given by13:

θm = π

3.251

q

λ

(
χl

V

)1/2

and

θM = 0.726γμσy

[
V

λρC

√
FN

σy

]1/2

(2)

here q is the density of the thermal flux, λ and ρ are the thermal
onductivity and the density of the substrate, respectively and
N and σy are the normal load and the material yield stress,

espectively. γ is related to the Peclet number but changes only
lightly. Typical values range between γ = 0.72 for Pe = 5 and
= 0.92 for Pe = 100.
If one considers that “crushed material re-compaction”

ccurs at high temperatures, then we are mainly interested in
M. It is worth noting that θM increases with the friction coeffi-
ient and with the material yield stress (which can be considered
s roughly proportional to the hardness Hv). Moreover, it is
nversely proportional to the material density and thermal con-
uctivity. Therefore, the “ability” of material re-compaction
ith formation of news bonds between crushed pieces can be

stimated by the parameter:

= (μH
3/4
v )

(λρ)
(3)

Calculation of η gives 0.36, 1.77, 0.08 and 13.32 for alumina,
irconia, silicon carbide and glass, respectively. It is remark-
ble that despite all roughness of this calculation, the obtained
values are perfectly consistent with our experimental results.
ccording to the η values, the material ability for the formation
f bonds (or which is the same, for the formation of a thin sur-
ace layer with specific mechanical properties) between crushed
ieces, rank in the order glass > zirconia > alumina > silicon car-
ide. Therefore, it is confirmed that silicon carbide is particularly
eficient in conditions of severe scratching.

. Conclusions
In this paper, the resistance of several ceramics and glass
o multiple scratch tests was studied. A graphical method to
etermine the critical load from the deformation-controlled to
racture-controlled process was proposed. It was shown that

1

1
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he curve of the critical load against the number of passes
xhibits a typical S/N aspect, thereby demonstrating that a
atigue like mechanism is involved in the damaging. Distinct
aterial behaviours were observed. In zirconia, glass and, in

ome extent, in alumina, the presence of a thin layer of re-
ompacted crushed material was suggested to be beneficial to
he material resistance by limiting the friction. By contrast, the
amaging of SiC was noted to mainly result from intergranu-
ar cracking in conjunction with a dramatic increase of friction.
ince obtaining a complete S–N curve using conventional tech-
iques is a tedious and expensive procedure, the multiple scratch
est method can be seen, in some cases, as a very attractive
lternative.
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