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Abstract

It is generally accepted that the critical load generating the first damage in a scratch test is representative of the behaviour of a coating. As

the properties of polymers are time and temperature dependent, a single value of the critical load cannot describe the overall mechanical

behaviour. A new scratch apparatus has been designed which allows scratching over a wide range of velocities and temperatures and record

real time photographs of the in situ contact area. It was observed that cracking appears within the contact area. In the case of thin solid films,

the ratio of the contact radius to the radius of the grooving tip proved to be a pertinent parameter to predict the damage and did not depend on

the scratching velocity or temperature. The ratio of the thickness of the coating to the roughness of the tip is another critical parameter: the

coating prevents the roughness of the diamond tip from creating micro-scratches at the surface of the macro-groove. Therefore, since the

absence of micro-scratches is a condition for relaxation of the macro-groove, the thickness of the coat must be greater than the roughness of

the tip.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Most polymeric glasses are sensitive to scratching and

coating is a common way of improving the scratch

behaviour of these materials. The first solution found to

reduce this scratch sensitivity was to deposit a mineral

coating on the surface of the polymer. This procedure

experienced however little success, at least partly due to the

large difference between the elastic strain domains of the

substrate and coating. A second generation of coatings used

polysiloxane and acrylic materials, where the scratch

resistance is given by the hardness of the coat and the

coatings have elastic strain domains in the same range as the

substrate. The last generation of protective coatings has
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employed nano-materials, in which an organic matrix is

filled with nano-sized particles of silica. The idea behind

this strategy is to associate the large elastic domain of an

elastomeric polymer with the hardness of the filling.

The majority of existing models describing the wear

behaviour of such coatings use the concept of the critical

load. This is the normal load applied to a tip sliding over the

surface of the coat which generates the first damage

(cracking or flaking). Some models recently developed to

analyse the cracking during passage of a sliding tip may be

viewed as improvements on work done in the 1960s. Lawn

[1] analysed the initiation of cracking in an uncoated

material. These authors assumed that bHertzian crackingQ
appeared at the edge of the rear contact area and that the

origin of this cracking was related to the tensile stress.

Veldkamp et al. [2] have developed a model linking the

tangential load to the geometry of a crack or chip and the

toughness of the material. Still for an uncoated polymer,
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Malzbender et al. [3] have related the critical normal load to

the toughness and the tensile stress acting on the rear contact

area. Steinmann et al. give a relationship between the critical

normal load and the shear stress acting at the interface

between the coating and substrate and the list of the

extrinsic and intrinsic parameters acting on the critical

normal load [4], while Burnett and Rickerby [5] have

proposed a link between the crack energy and the critical

load and width of the groove left on the surface for a low

friction coefficient and thick coating. Whereas for Bull et al.

[6] and Thouless [7], the coating chips under the action of

compressive stress in front of the contact area, Malzbender

and de With [8] hold that chipping is the result of a

compressive and buckling stress acting within the coating

and give a relation between the crack interface energy and

the geometry of the chip.

So, mechanical analyses have been performed assuming

that the interface is submitted to shear stress and the

coating to compressive and buckling stress but the

adhesion of the coating has not been correlated with great

success with the critical load. Recently, several scratch-

adhesion models proposed in the literature were compared

to experimental data obtained on polymeric coating [9].

Two of these models seem to give a reasonable description

of the dependency of the critical load on the friction in the

case of scratch adhesion testing at constant sliding speed.

These models always predict that the first damage will

appear behind or in front of the contact area and one may

note that in most cases the normal load was connected to

the crack energy, sometimes also taking into account the

strain energy of the substrate. Still more recently, Bertand-

Lambotte et al. [10] have proposed that the transition from

ductile to brittle scratching of a coating is dependent on a

double condition: a fracture energy criterion and a size

criterion.

As a general rule, however, substrate and coating are not

transparent and it is difficult to locate the start of this first

crack. Moreover, since the mechanical properties of

polymers are time and temperature dependent, a single

value of the critical load cannot describe the overall

mechanical behaviour of a coating. Briscoe and Thomas

[11] and Gauthier and Schirrer [12] have shown that an

analysis of the viscoplastic behaviour of the surface of a

material requires an evaluation of the strain and strain rate

during contact. The average value of the strain rate de/dt
may generally be simply estimated as the tip speed divided

by the groove width [11] or the contact width [12], while the

mean strain is proportional to the ratio of the radius of the

surface contact area to the radius of the tip as originally

defined by Tabor [13]. The mechanical properties of

polymeric materials are usually stress and temperature

activated and follow an Arrhenius law at temperatures

below the glass transition.

Hence we have built an apparatus to investigate the

scratch properties of polymers over temperatures ranging

from�70 to +120 8C and scratching speeds of 1 to 104 Am/s.
In the case of transparent polymers, the scratch may be

viewed with a microscope during the scratching procedure

[12]. In previous work, transitions from viscoplastic scratch-

ing to viscoelastic sliding were observed and temperature,

strain, and strain rate were found to be important parameters

controlling the type of scratching on polymers. The role of

ratio between the yield scratch hardness and the contact

pressure was demonstrated and these parameters were

compared to the yield stress. The strain and strain rate

during contact had to be taken into account to predict the

geometry of the contact area and three domains were

apparent, corresponding to a viscoelastic, viscoelastic visco-

plastic, or fully viscoplastic behaviour of the material

[14,15].

Increasing the scratch resistance is equivalent to intro-

ducing an elastic contribution into a fully plastic behaviour

or to increasing the elastic component in an elastic plastic

behaviour. There are three ways to improve the scratch

resistance:

-1 by decreasing the ratio E\ryield, although this carries the

major risk of decreasing the Young’s modulus with

subsequent loss of the macroscopic mechanical proper-

ties of the structure. One may note that an elastomeric

material, which has a low E\ryield ratio, is not sensitive to

scratching but only to cutting, cracking and wear.

-2 by introducing a strain-hardening effect into the stress–

strain relationship of the bulk material, which is a

means of increasing the elastic unloading in an elastic

plastic strain [16]. Such polymers are generally brittle

and sensitive to the influence of a local geometrical

flaw.

-3 by coating the material.

The aim of this paper is to present an analysis of the

scratch behaviour of organic coatings deposited on organic

ophthalmic glasses.
2. Experimental details

The material was an amorphous thermoset polymer

[diethylene glycol bis(allyl carbonate)] called CR39. The

Young’s modulus of this resin is typically 2 GPa at 20 8C
and 1 Hz. Stress/strain curves have been determined

previously in compression tests and the behaviour shows

important strain hardening. The coating was a spin coating

of a nano-composite material, a thermoset matrix filled to

about 20% of its volume with sub-micron silica particles

(about 10 nm in diameter). The Young’s modulus of this

coating is about 4 GPa at 20 8C and 1 Hz. Since it is

partially filled with mineral particles, it does not have a very

marked time or temperature dependency. Coats of different

thicknesses in the range 0.4 to 5 Am were tested and

scratches were made with diamond spheres and conical tips

using the apparatus described in [12,14]. The radii of the



Fig. 1. Typical topography of the tops of the sliding tips used. Illustrated

tips have mean radius (R tip) and maximum roughness (Rt) of (a) 116 Am
and 0.6 Am, (b) 110 Am and 2.5 Am, (c) 240 Am and 0.3 Am, respectively.

Fig. 3. In situ observations confirm that the action of the thin solid coat is to

prevent the micro-scratches generated by the roughness of the tip along the

macro-groove left on the surface.

I. Demirci et al. / Thin Solid Films 479 (2005) 207–215 209
tips ranged from 30 to 240 Am and their roughness is

specified when necessary. Scratching experiments were

performed at various normal loads, sliding speeds, and

temperatures. A typical procedure was: after setting the

experimental conditions (temperature, sliding speed, and

geometry of the tip), a first scratch was made to find the

critical normal load triggering cracking of the coating. In

subsequent tests, the tip started moving at 1 Am/s and its

speed was increased stepwise. As the material was

viscoelastic, at constant normal load the contact radius

decreases when the sliding speed increases. In consequence

the mean contact strain decreases. The constant normal load

was selected in the range 0.5–1.3 N.
3. Results and discussion

3.1. Relation between the roughness of the tip and the

thickness of the coating

To determine the critical thickness of the coating to avoid

scratching, coats of variable thickness deposited on CR39

glasses were scratched at constant normal load and tip

speed. The sliding tip was a sphere with a radius of 110 Am
Fig. 2. Effect of the thickness of the coating on the true contact area (angle

x); Rtip=110 Am; Rt=2.5 Am; Fn in the range 0.63 N–0.8 N; a/Rtip roughly

constant.
having a mean square roughness Ra of 0.43 Am and a

maximum roughness Rt of 2.5 Am. Fig. 1 shows the

topography given by a mechanical profile recording for the

tips used to study the influence of roughness. The recovery

of the groove and the symmetry of the contact area may be

estimated in terms of an angle x varying from 0 (perfectly

plastic scratching) to k/2 (elastic sliding). As seen in the in

situ photographs of Fig. 2, when the thickness of the coat

exceeds the total roughness of the sliding tip (coating N2.5

Am thick), there are no micro-scratches along the macro-

groove, x increases slightly and most importantly, the

groove can relax easily. The coating prevents the roughness

of the diamond tip from creating micro-scratches at the

surface of the macro-groove. These micro-scratches cer-

tainly generated or increased plastic deformations at the

surface of the glasses. Therefore, since the absence of

micro-scratches is a condition for relaxation of the macro-

groove, the thickness of the coat must be greater than the

roughness of the tip.
Fig. 4. Mean contact strain (top) and mean contact pressure (bottom) versus

strain rate in scratch tests employing a wide range of coat thicknesses, the

rough sliding tip and a constant normal load of 1.1 N.



Fig. 5. Transition from cracking to smooth grooving at a constant normal load; Fn=0.9 N; Rtip=110 Am; Rt=2.5 Am; 25 8C; 5.3 Am thick coat.
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Fig. 3 compares the groove left on the surface of the

substrate by the smooth tip having a maximum roughness Rt

of 0.6 Am (right) with the groove left on a 4.4 Am thick

coating by the rough tip having a maximum roughness Rt of

2.5 Am (left). These in situ observations confirm that the

action of the thin solid coat is to avoid the micro-scratches

generated by the roughness of the tip along the macro-

groove left on the surface.

A thin polymeric coating deposited on a polymeric

substrate (typically less than 5 Am thick for a contact width

of about 100 Am) will not modify the global mechanical

indentation behaviour. O’Sullivan and King [17] have

shown that for a spherical tip sliding over a layered elastic

half-space, the radius of the contact zone and the pressure

under the center of the indenter differ significantly from the

Hertzian case only when the Young’s modulus of the

coating differs significantly from that of the substrate. The

scratch resistance conferred by the coating is not found on

the macroscopic scale of the contact but on the local scale of

the roughness of the tip.

As the ratio of the contact width to the thickness of the

coat is greater than 30 and the Young’s moduli of the two

materials are of the same order, the coating does not

influence the bulk behaviour, the contact geometry, or the

contact pressure. In Fig. 4, the ratio of the contact width to

the radius of the tip (which is related to the contact strain)

and the mean contact pressure are plotted as functions of the

strain rate for different thicknesses. The contact radius

decreases and the mean contact pressure increases linearly

with the logarithm of the strain rate and exhibits no

dependency on the thickness of the coat. The mean contact

pressure is the ratio between the normal load and the true
Fig. 6. Apparent friction coefficient versus sliding speed during the scratch

test of sample with a 5.3 Am thick coat, for different normal loads and

temperatures; R tip=110 Am; Rt=2.5 Am; T=25 8C.
Fig. 7. Inverse of the distance between two successive cracks versus sliding

speed; 25 8C; Rtip=110 Am; Rt=2.5 Am; 5.3 Am thick coat.
contact area, which is the sum of the front and rear area [14].

The strain rate is defined by the ratio of the sliding tip to the

width of the contact [12]. The contact pressure varies

linearly in a log(time) plot over several decades and follows

an Arrhenius law below the glass transition temperature like

every mechanical properties which are stress and temper-

ature activated.

3.2. Analysis of the cracking of a coating

The aim of this part of this work was thus to identify a set

of parameters controlling the onset of damage, using

information obtained by in situ observation of the true

contact area.

A first scratch was made to find the critical normal load

triggering cracking of the coating. In subsequent tests, the

moving tip was started at 1 Am/s and its speed was increased

stepwise up to 10 mm/s. Cracking disappeared at a critical

sliding speed and this critical speed depended on the normal

load applied to the tip for given values of the temperature

and tip radius. Fig. 5 shows this transition for a test where

the constant normal load was set to 0.9 N and using the most

rough tip.

Values of the apparent friction coefficient (ratio of the

tangential and normal loads), elastic modulus, contact

pressure, and contact radius change during a scratch test

and these variations are not independent. Fig. 6 shows the

apparent friction coefficient versus the sliding speed for

several normal loads, temperatures and for one thickness of

the coating. The boundary between scratching with and

without cracking has been drawn and it was clear that the

apparent friction coefficient and normal load are not

pertinent to the behaviour of a coating.



Fig. 8. In situ photographs of the transition from cracking to smooth

grooving at various normal loads; Rtip=110 Am; Rt=2.5 Am; 5.3 Am thick

coat.

Fig. 10. Inverse of the distance between two consecutive cracks versus the

contact width (2a) for tip radii of 30 Am (top) and 110 Am (bottom). On a

coating of a given thickness, cracking appears for a critical value of the

contact width (5.3 Am coat).
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Two other parameters may be defined, the length of the

cracks and the distance between two consecutive cracks.

The distance between successive cracks is very regular and

seems to depend on the temperature and thickness of the

coating. It is preferable to analyse the inverse of this

distance with 1/d equal to zero if there is no cracking. In a

first analysis, the cracking also appears to depend on the

sliding speed (Fig. 7), whereas the normal load is not a good

parameter to describe the surface damage (Fig. 8). Fig. 9

shows 1/d versus the contact pressure. At low sliding speed,

i.e. low strain rate, cracking exists while the contact pressure

is low. But at high strain rate, the width of the contact

decreases, the mean contact pressure increases and the

cracking disappears. There is no simple correlation between

stress and cracking.

In fact, for a given tip radius, a cracking transition is

always observed at the same contact width, whatever the

normal load. The distance between two consecutive cracks

increases with temperature, while the contact width at the

cracking transition remains constant. Fig. 10 shows the

inverse of the distance between successive cracks as a

function of the contact radius for one thickness of the

coating, two tip radii (30 and 110 Am) and wide ranges of
Fig. 9. Inverse of the distance between two successive cracks versus contact

pressure. Coatings have been scratched at several normal loads; Rtip=110

Am; Rt=2.5 Am; 5.3 Am thick coat.
temperature, tip velocity, and normal load. The number of

cracks observed on the in situ photography varied abruptly

from a few units to zero when the groove becomes smooth.

The same transition at higher temperature seems to be more

gradual. The boundary of the cracking domain is easily

discerned: cracking occurs if the contact strain is greater

than a critical value. Hence the mechanical behaviour of a

coating on a viscoelastic material should not be analysed in

terms of the critical load (or contact pressure), but in terms

of the shape of the strain field which is dependant on the

ratio a/R, and on the true friction coefficient between the

moving tip and the coat. The ratio of the local shear to the

local pressure is called btrue friction coefficient Q l, and the

apparent friction coefficient may be written as Ft
Fn

l app ¼
CþDl
AþBl [18]. Solving this relation between the true and
Fig. 11. Contact width at the transition from cracking to smooth grooving as

a function of the thickness of the coating for scratching tips of different

radius and roughness as showed in Fig. 1.



Table 1

Mean contact mechanical parameters at the boundary between cracking and smooth contacts for a sample with a coat of thickness 2.25 Am

R tip (Am) Rt (Am) Fn (N) Mean contact

pressure pmean

(MPa)

Apparent friction

coefficient

lapparent

Apparent interfacial

shear stress

sapp (MPa)

Mean local friction

coefficient l
Mean local

interfacial shear

stress s int (MPa)

240 0.3 4.6 124 0.31 38 0.22 27

116 0.6 2 165 0.34 56 0.24 40

110 2.5 1.1 181 0.38 71 0.31 56
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apparent friction coefficients requires the calculation of four

integrals A, B, C, and D, which are the local pressure and

shear elementary action integrals. The knowledge of the rear

angle x, the real contact area and the geometry of the tip are

also required. A, B, C, and D take into account the

macroscopic contact shape. The true friction coefficient

referred to a smooth tip. If the tip is rough, this true friction

coefficient between the moving tip and the surface of the

sample must be named blocal friction coefficientQ, because
the roughness effect cannot be removed.

3.3. Influence of the thickness of the coating

The evolution of the contact width at the transition from

cracking to smooth grooving is shown as a function of the

thickness of the coat in Fig. 11 and the profiles of the three

tips used are given in Fig. 1. A wide range of tip roughness

was employed to test the crack sensitivity of coats of various

thicknesses. As previously, the transition contact width

depends on the radius of the tip. In a first approach, where

the tip roughness may be neglected, the contact width at the

transition increases with the thickness of the coat. This is the

case for the tips having radii of 240 and 116 Am and total

roughness of 0.3 and 0.6 Am, respectively, on coats of

thickness exceeding 0.6 Am. On very thin coatings, the

transition contact width does not increase with coat thick-

ness for the rough tip of 110 Am radius, but as the thickness

of the coat becomes equal to the roughness of the tip, the

transition width begins to be thickness dependent. At a coat

thickness of 2.25 Am, the transition width is still different
Fig. 12. If the total roughness of the tip is less than the thickness of the coat,

each crack is continuous; Rt=0.3 Am for Rtip=240 Am; Rt=0.6 Am for

R tip=116 Am; Rt=2.5 Am for R tip=110 Am.
for the two tips of small radius (110 and 116 Am) and greater

for the tip of smaller roughness. Using the method described

in [18], the local friction coefficients for the rough and

smooth tips may be estimated from the apparent friction at

the boundary between cracking contact and smooth contact.

Results are given in Table 1 and show that increasing the

roughness of a tip increases the local friction between the tip

and the surface of the coat. There is no evident correlation

between the onset of cracking and the apparent and local

friction coefficients and interfacial shear stresses. Moreover

for the roughest tip, the local friction coefficient was up than

0.3, and it is well known that yielding appears on the contact

surface and not in the sub-surface like in the case of lower

local friction coefficients. As a consequence, the normal

load acting on a tip during the transition from cracking to

smooth grooving decreases strongly if the local friction

increases, because high strain may exist.

3.4. Relation between the roughness of the tip and the

geometry of the cracking

The roughness of the tip has an effect on the appearance

of cracking, and also influences the crack geometry. Fig. 12

shows smooth (upper panel) and cracked grooves (lower

panel) left on a coating of thickness 2.25 Am. Whereas for

the smooth tips each crack is continuous and traverses the

groove, for the rough tip no crack is continuous.

It can be seen in Fig. 13 that for the rough tip the number

of segments along each crack decreases as the thickness of

the coat increases and tends to a continuous crack if the
Fig. 13. The number of segment of each crack decreases as the thickness of

the coat increases; Rtip=110 Am.



Fig. 14. Distance between two consecutive cracks versus thickness of the

coat for the three geometries of scratching tip employed in the present

study.

Fig. 15. The two contact scales. The macroscopic contact scale is the usual

scale and the local scale has two geometric parameters (the roughness of the

tip and the thickness of the coat). Note: tcoating and Rt are one or two orders

of magnitude smaller than Rtip. The drawing does not reflect the true size of

the roughness and coating.
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thickness of the coat is greater than the roughness of the tip.

One may assume that so long as the thickness of the coating

is less than the roughness of the tip, each asperity on the tip
Fig. 16. Master curve of the damage left on the surface. Note: tcoating
acts as an obstacle to crack propagation through the contact

area by generating a local contact point between the tip and

the substrate under high hydrostatic pressure.

Consequently, the distance between two consecutive

cracks depends on the thickness of the coat and on the

roughness of the scratching tip. This distance is depicted in

Fig. 14 for all three tip geometries and appears to be

thickness dependent for the highest values of coat thickness

and the lowest values of tip roughness.

Fig. 15 shows the geometric parameters of the contact

problem. A dimensional analysis of the characteristic

lengths of the contact between a rough tip and a layered

surface reveals two scales:

5 a macroscopic scale with the usual dimensions of a

mechanical contact: the contact width and the radius of

the tip. The associated mechanical parameters are the

mean contact pressure, the mean contact strain, and the

mean bulk strain rate. At this scale the contact geometry

is related to the bulk mechanical properties.

5 a microscopic or local scale with two geometric

parameters: the thickness of the coat and the roughness

of the tip. If friction is to be studied, one may also

consider the unknown value of the thickness of the

interfacial volume between the tip and the surface.

To analyse the influence of the roughness of the tip on

the cracking geometry, the coat thickness was normalised to

the tip roughness. The distance between two consecutive

cracks is plotted in Fig. 16 against the normalised coat

thickness and is seen to be thickness dependent provided the

tip roughness remains smaller than the coat thickness. The

slope of unity drawn on the figure is a guideline for

comparison.
and Rt are one or two orders of magnitude smaller than Rtip.
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For the highest ratio thickness of the coat to roughness of

the tip, cracking only depends on the macroscopic scale. In

consequence an asymptotic behaviour may be realistic. The

level of this horizontal asymptote depends on a set of

geometrical parameters (radius of the tip and contact radius),
Fig. 17. On the upper panels, a sequence of in situ photographs without post

treatment shows the cracking kinetics. In the centre the images have been

post treated (contrast modified) to increase the visibility of the cracks. The

lower panels give a schematic drawing of the contact area, the groove and

the successive positions and sizes of the cracks. The circle and the cross

drawn on the photographs clearly shows that cracking appears under the

contact area. No viscoelastic recovery has been drawn between the contact

area and the groove but the positions and shapes of the cracks are shown as

exactly as possible.
on the local friction coefficient and on the materials

properties which govern the sliding distance reloading the

stresses before a new crack is generated.

3.5. Localisation of the cracking

It is generally assumed that cracking is a Hertzian

process related to the tensile stress at the rear edge of the

contact area. In the case of a very thin film, a first estimation

of this tensile stress may be made using Hamilton and

Goodman’s [19] solution for an uncoated material, while for

a layered elastic substrate O’Sullivan and King [17] give the

analytical solution of the strain and stress fields. The

underlying assumption is that the contact strain remains

elastic, and these calculus have been made in the case of

thick films. The understanding of the cracking was

essentially established in the case of an elastic contact.

The position of the critical point in the contact was

estimated by O’Sullivan and King: when the ratio of the

Young’s modulus of the coating to that of the substrate is

equal to 2, the highest value of the Von Mises stress is under

the tip in the contact area, while the maximum principal

stress stay on the rear border. A scratch resistant thin coating

cannot prevent yielding at the macroscopic scale of the

contact. In situ photographs show macro-grooves with

parallel edges. This shows that yielding occurred during

the contact.

Cracking does not appear at the edge of the contact area

but under the contact area. Fig. 17 presents a sequence of in

situ photographs of cracking which shows that the kinetics

of this process involve three steps. Cracking first appears in

the rear half of the contact area at a time of less than 20 ms

(the time between two consecutive images), whatever the tip

velocity. The extremities of the crack then progress with the

velocity of the sliding tip to stop in all cases at the top of the

frontal pad. Finally, when the extremities of the crack reach

the lateral edges of the contact area, the direction of crack

propagation changes and forms a 458 angle with the sliding

direction. This modification of the cracking direction is

more apparent on a previous crack left on the surface of the

coat.
4. Conclusions

The present work shows that a single value of the critical

load cannot describe the damage behaviour of a coating on a

polymeric material. It was observed that cracking of the

coating appears within the contact area. On thin solid films,

the ratio of the contact radius to the radius of the scratching

tip proved to be a pertinent parameter to predict the damage

and did not depend on the scratching velocity or temper-

ature. The ratio of the thickness of the coating to the

roughness of the tip is another critical parameter, which

enables one to increase the scratch resistance in the case of a

thin coating.
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The geometry of the tip and the contact geometry may be

described on two scales. The first is the macroscopic contact

scale, on which the mean contact strain, mean contact

pressure, and mean strain rate are defined. The second is a

local scale having two geometric parameters: the roughness

of the tip and the thickness of the coat. The ratio of these

two parameters is an important factor controlling the shape

of the cracks left on the surface.

The mechanical behaviour of a coating on a viscoelastic

material should not be analysed in terms of the critical load,

but in terms of the shape of the stress field, modified by the

effect of the local friction between a scratching tip and the

coat, where this local friction will depend on the roughness

of the tip. The mechanical analysis must take into account

the real stress–strain behaviour of the coating under tensile,

shear, and compressive tests, including strain hardening at

high strain.

The kinetics of the micro-mechanisms of cracking is

presented for thin solid films having a Young’s modulus

twice that of the substrate.
Symbols

T Temperature

Vtip Sliding speed

de/dt Strain rate

pmean Mean contact pressure

ryield Yield stress

E Young’s modulus

a Contact radius

Rtip Radius of the sphere tip

Ra Mean square roughness

Rt Maximum roughness

Fn Normal load

x Rear angle of the contact area

d Distance between successive cracks

l bTrueQ local friction coefficient

lapp Mean apparent friction coefficient
sapp Apparent interfacial shear stress

sint Mean local interfacial shear stress

tcoating Thickness of the coating
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