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Abstract

In this paper, we investigate the failure mechanism under scratch testing
of glass samples coated with an Si3sN; monolayer deposited by magnetron
sputtering. We demonstrate that applying a thin SizN, layer considerably
compromises the effective glass strength. Contact and fracture mechanics
conspire to produce this result when a stiff and well adherent film is de-
posited on a more compliant substrate. Three major phenomena have been
identified: (i) the SizNy layer generates a high friction coefficient which en-
hances the tensile stress at the trailing edge of the contact zone, (ii) the
stiff film enhances the in-plane tensile stress due to elastic mismatch and
(iii) when a through-thickness crack hits the interface, the elastic mismatch
provides a strong driving force for the crack to cross the interface and pene-
trate into the glass substrate. A specific type of damage, where a hierarchy
of cracks is observed in the trail of the indenter instead of the more usual
homogeneous series of so-called Hertzian cracks, is also discussed.

Key words: Thin film, Scratch testing, Fracture, Sliding friction, Damage
mechanism
PACS: 62.20, 46.55.4+d, 62.25.4+g

1. Introduction

Coatings are often deposited on glass substrates to modify their surface
properties and impart new functionalities. However, thin films suffer from
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specific mechanical problems such as cracking [1, 2, 3, 4], delamination [5, 6],
buckling, etc... In many industrial applications the origin of these failures
comes from the contact between the thin film and the slider. The failure of
a coated system due to a sliding contact is usually investigated by ”scratch
tests”. In a scratch test, a conical or spherical indenter slides over the coating
surface under an increasing or a constant normal load P until some well
defined failure occurs.

Thus, identification of failure mechanisms during scratch test is of great
importance. When thin films are concerned, many different failure modes
can be found in the literature, such as plastic deformation, brittle fracture,
buckling and spallation, etc. In fact, it is usual that several different failure
modes occur at the same time.

Bull [1, 7] has classified the failure modes in terms of the hardness of
substrate and coating. Generally, soft coatings fail by plastic deforma-
tion whether deposited on soft or hard substrates. For hard coatings, the
plastic deformation is minimal, but coating fracture or interfacial fracture
(debonding) dominate the scratch response.The coating fracture can be par-
tial Hertzian cracking or circular Hertzian cracking due to tensile stresses
near the back rim of the contact zone. These cracks initiate within the coat-
ing, run across the coating thickness and often arrest at the interface to form
the so-called ”through-thickness cracks” [1, 2]. Then the through-thickness
cracks usually elongates laterally in the coating to form ”channel cracks”
which are much longer than the coating thickness [8]. The channel cracks
may extend into the substrate or result in interface cracks [9]. Interfacial
debonding can induce buckling, which occurs in response to the compres-
sive stresses generated ahead of the moving indenter [10]. Through-thickness
cracks appear due to the bending stresses of buckles, either forming a series
of conformal cracks in the scratch track or resulting in coating spallation [1].

Of course, this general picture, which relies on the relative hardness of
coating and substrate, is actually affected by a large number of parameters,
including scratching conditions (e.g., indenter shape, loading rate, scratch-
ing speed [11], friction between indenter and coating [12]), substrate proper-
ties (e.g., elastic modulus), and coating properties (e.g., modulus, thickness,
residual stress). Especially for thin films, interfacial properties (e.g., interfa-
cial toughness, flaw size and distribution) are of primary concern.

Brittle fracture of isotropic and homogeneous solids under a spherical con-
tact load have been studied widely. Starting from Hertz (1882) [13], many
researchers such as Roesler (1956) [14], Frank and Lawn (1967) [15], Moug-



inot and Maugis (1985) [16], Chaudhri and Philips (1990) [17], among many
others, investigated the mechanisms for forming cone cracks in homogeneous
solids under normal loads. Contact mechanics and linear elastic fracture me-
chanics were used to predict the conditions necessary to cause fracture and
the subsequent depth and shape of the cracks. When a brittle solid is pressed
with a spherical indenter, a ring crack at the surface appears just outside the
contact rim and propagates away into the solid to form a cone.

The fracture pattern changes if the indenter slides over the surface under
combined normal and tangential loads. A periodic array of partial cone cracks
forms in the wake of the slider, with an inclination almost perpendicular to
the surface [18, 19, 20, 21, 22, 23, 24, 25]. The cracks are initiated at the
trailing edge of the contact, and then propagate both laterally and inside the
substrate. In addition, a characteristic spacing between neighboring cracks
appears. The tangential load exerted by friction affects both the fracture
conditions and the geometry of partial cone cracks.

Once a solid is covered by a coating, both stress fields and fracture behav-
ior are altered. Stress fields in a coated solid for both cylindrical and spherical
contacts have been studied extensively, e.g., Barovich et al. (1964) [26],
Gupta and Walowit (1974) [27], King and O’Sullivan (1987) [28], Jaffar
(1988) [29], among others. These calculations all show that the contact
stresses in a coated solid are strongly influenced by the modulus mismatch of
the coating and substrate, and by the thickness of the coating. Consequently,
the fracture behaviors diversify as coating fracture, substrate fracture and in-
terfacial delamination. For example, Oliveira and Bower (1996) [30] found
that the coating fracture is more likely to occur than the interfacial delam-
ination. In terms of coating failure, fracture is sometimes likely to initiate
just above the interface rather than from the surface, since the location of the
greatest tensile stress can be changed by the modulus mismatch, the friction
coefficient and the ratio of contact size to coating thickness. Holmberg et
al. [31, 32, 33, 34] used finite element analysis to simulate the stress fields
and fracture behavior under various conditions. In these studies, however,
the coating thickness is comparable with the contact size.

When the coating is very thin compared with the contact zone, e.g. three
orders of magnitudes smaller, some simplifications appear, as we may expect
that most of the stress field is correctly described by the half-space solution.
To illustrate and analyze this specific case of thin film, the damage mecha-
nisms which occurs during scratch testing of a thin and stiff film deposited
on a glass substrate is investigated in this paper. First, the stress field in the
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Materials Young’s modulus | Poisson’s ratio | Fracture energy
E (GPa) v [ (J/m?)
Steel 100C6 200 0.27 -
Soda-lime glass 72 0.2 9
SizNy 310 0.22 15 ~ 110

Table 1: Mechanical properties of the materials in the coating-substrate system.

thin coating under a sliding contact is analyzed and an analytical solution
from the half space expressions is proposed. Then, the impact of the modu-
lus mismatch and the friction coefficient is discussed explicitly. The results
of scratch experiments carried out on a Si3sN, monolayer deposited on glass
by magnetron sputtering are described. Based on optical and SEM observa-
tions, the failure mechanisms are analyzed in terms of crack initiation and
propagation. Finally, the observed crack hierarchy and spacing are discussed.

2. Materials and methods

2.1. Tribometer

Scratch tests were performed with a commercial ball-on-plane tribometer
(Plint TE79). The main characteristics of the tribometer are as follows:

s Normal force P: 1 ~ 20N applied as a dead load;
n Sliding speed V: 0.01 ~ 10 mm/s;
m Sliding length: 1 ~ 20 mm.

The tribometer measures the tangential friction force ) with a lateral force
sensor from which the friction coefficient = @ /P is deduced (Fig. 1(a)).

The scratches were carried out with a spherical steel indenter (radius
R = 5mm). The mechanical properties of the indenter are found in Tab. 1.
To obtain reproducible measurements, both the indenter and the specimens
were cleaned in an ultrasonic cleaner subsequently with detergent solution
(Alconox®), distilled water and alcohol, and then dried with compressed
nitrogen gas before each test.

Single-pass mode scratch tests were performed with a constant normal
load maintained during each pass. This single-pass mode is thought to be
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Figure 1: (a) Schematic of ball-on-plane tribometer test. (b) During a tribometer test, a
series of 25 scratches were made under a normal load P of 2N, 4N, 6 N, 8 N and 16N,
respectively; the scratching speed V ranging from 0.2mm/s to 1mm/s were tested for
each load.

reliable for assessing the failure criterion, since the coating response is inte-
grated over a significant sliding distance. However, this mode requires more
experimental work as several scratches must be performed above and be-
low the critical load at which failure occurs to narrow down the ”framing
interval” [35].

A standard procedure was used to carry out the scratch tests. A series of
25 single-pass scratches were made, as shown in Fig. 1(b). The applied loads
P were 2N, 4N, 6 N, 8N and 16 N, respectively; different scratching speeds
ranging from 0.2mm/s to 1 mm/s were tested for each load. The length of
each scratch is about 10 mm.

All the tests were conducted in open air at ambient temperature. For
each sample, at least three series of test were carried out to guarantee the
consistency of the obtained results.

2.2. Sputtered SizNy thin films

In the present study, two types of coatings were deposited on soda-lime
glass substrates (2.1 mm thick) by magnetron sputtering. The first type is
a simple SigN, monolayer with a thickness of 200 nm. In order to study the
effect of a significantly lower friction coefficient, a surface treatment was used
for the second type of samples. A proprietary lubricative oxide (SnZnO,)
overcoat (4nm thick) was deposited by magnetron sputtering on top of the
SigN, layer. The mechanical properties of the substrate and the SizN, film are
found in Tab. 1. For both type of coatings, the surface roughness is slightly
higher than for float glass. The RMS roughness evaluated on 1x1 um? AFM
images is less than 2 nm.



Figure 2: Ball-on-plane problem in Hertzian contact theory.

The SizN,; monolayers were deposited on glass using an Alcatel Lina 350
in-line sputtering system. For lubricated samples, the two layers are de-
posited in-line, without breaking the vacuum, with a pre-sputter time of
3min. SizN, was obtained by reactive sputtering of a polycrystalline Si tar-
get using argon and nitrogen as primary sputtering and reactive gases. For all
the experimental runs, the background pressure before deposition was about
7 x 107" mbar and the total sputtering pressure was 8 x 103 mbar. The
cathodic power applied to the targets was 2000 W. For reactive sputtering,
nitrogen partial pressures were adapted for a full nitridation of SigN4. All
substrates were cleaned by hot demineralized water and mechanical brushing
before deposition.

3. Calculation

3.1. Theoretical background

3.1.1. FElastic contact

Starting from Hertz in 1880s [13], the theory of elastic contact mechanics
aroused considerable interest and has provided fundamental tools to study
the contact and scratch phenomena.

Consider the ball-on-plane contact problem in Fig. 2. The radius of the
spherical indenter is R, the substrate is semi-infinite, and the radius of the
contact area is a. Hertz figured out the analytical solution for the pressure
distribution in terms of the total normal load and the elastic properties of
indenter and substrate, based on the following assumptions:

1. The dimension of the contact area is much smaller than the dimension
of the elastic bodies, i.e. a << R.
2. The contact surfaces are frictionless, i.e. () = 0.



Then, the radius of the circular contact a is given by

3 (1—v2 1-v2\]"
o= [3er (S 125 0

where F is Young’s modulus and v Poisson’s ratio. The subscripts ¢ and s
refer to the indenter and the substrate, respectively.
The distribution of contact pressure, p, is axisymmetric:

p(r) =po/1— (r/a)? , (2)

where r is the radial coordinate, the origin being the center of the contact,
and pg is the peak contact pressure at the center given by

3P

2ma?

Po (3)
3.1.2. Sliding contact on homogeneous solids

Following Hertz theory on normal contact for frictionless bodies, the first
studies of elastic contact under the influence of tangential forces were pub-
lished by Cattaneo in 1938 [36] and Mindlin in 1949 [37]. They made the
assumption that the shear stress due to frictional sliding ¢(r) on the surface is
everywhere proportional to the normal pressure p(r), the constant of propor-
tionality being the same as the coefficient of friction between the bounding
solids. That is,

p=Q/P=q(r)/p(r) (4)
for the whole contact area r < a.

The Cattaneo-Mindlin friction law was confirmed by experiments [38,
39, 40]. However, Mindlin was mainly interested in the problem of surface
compliance and partial slip, and did not investigate the stress field beneath
the surface. This was achieved by Hamilton and Goodman in 1966 [41], again
with the restriction of a circular area of contact. They gave the equations
for the stresses in an implicit form, which involved taking the imaginary
parts of a series of complicated algebraic expressions. While this can be
done easily enough on a computer it does mean that explicit expressions
were not available, which complicated subsequent attempts to study fracture
mechanics and plastic shakedown.

Hamilton in 1983 [42] extracted the imaginary parts explicitly and gave
the stress distribution of ¢, on the surface as a function of friction coefficients.
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When the contact surfaces are frictionless, i.e. pu = 0, one reverts to the
Hertz problem and the stresses are symmetric with respect to the center of
contact. By contrast, when friction is considered, the stress distribution is
asymmetric. Clearly, friction adds compressive stresses to the leading edge
of the contact and intensifies the tensile stresses at the trailing edge. The
maximum tensile stress occurs at the trailing edge where z = —a.

The stress field in a coated solid under a sliding contact may result from
a complex combination of various effects [32]:

1. external loading, e.g., the normal pressure and surface shear between
the sliding indenter and the coating surface;

2. internal loading, e.g., the residual stress generated during the coating
deposition process or due to the thermal expansion mismatch;

3. mechanical properties of coating and substrate, e.g., Young’s modulus,
plastic yield strength, fracture toughness, etc.

The impact of a coating in various conditions has been frequently studied
in the literature. Since the stress field in the coating/substrate system is
very complicated, it is hard to find an analytical solution [43, 44]. Some
progress has been made with finite element analysis (FEA) [45, 46, 47| and
experimental validation [48, 33] particularly in cases where both coating and
substrate remain elastic. All these studies show that the contact stresses in
a coated solid are strongly influenced by the friction coefficient, the elastic
mismatch between coating and substrate, and the ratio of coating thickness
to contact radius.

3.2. Stress field in a thin coating under a sliding contact

As just shown, the quasistatic stress field around a spherical sliding con-
tact area in an uncoated homogeneous solid is well defined and has been
solved analytically by Hamilton and Goodman (1966,1983) [41, 42]. In this
paper,the analytical solution for the stress field in a thin coating under a slid-
ing contact will be derived from Hamilton’s equation based on the following
arguments:

1. Compared with the thickness of glass substrate and the size of the
indenter, the SizN, coating is so thin as to be treated as the skin of
the substrate. Therefore, the stresses and strains in the coating are
assumed not to vary across the coating thickness.



2. The coating is well bonded on the glass substrate, and so deforms
compatibly with the substrate. Therefore, the in-plane strains in the
coating are the same as the in-plane strains in the top surface of sub-
strate.

The derivation begins by defining the Cartesian coordinate (z,y,z) in
the thin coating. The coating surface coincides with the coordinate plane
(x,y); the direction perpendicular to the surface is the z-axis. The sliding
direction is pointing to the positive x-axis direction. The stress components
in the coating, o/, O'?J;y, Tgfy are in the z-y plane. The pressure p and shear
traction ¢ are applied by the indenter on the top surface of the coating.
Correspondingly, the reactive pressure p and shear traction ¢ are applied
by substrate with equal magnitudes but opposite directions on its bottom
surface.

Accepting the simplification introduced by Hertz (1882) [13], Cattaneo
(1938) and Mindlin (1949) [37], the pressure p is given by Eq. 2 and frictional

traction g in the contact zone r < a is:

q = ppoy/1— (r/a)? (5)

where r = /2?2 4+ y?; a the radius of contact zone; u the friction coefficient
between steel indenter and Si3N, coating; and py = 3P/(27a?) the peak
Hertzian pressure at the center of contact under the normal load P.

The contact zone is completely determined by the indenter and substrate,
regardless of the coating effect [49]. Hence, the radius of the contact zone, a,
is given by Hertz theory (Eq. 1).

The stresses in the surface of substrate were explicitly given by Hamilton
(1983) [42]. When inside the contact r < a and z = 0, the stress components

in the substrate, o3, o, , and 7., are of relatively simple formula:

2 279 _
o )
—(m +2Vsy)(a —r)l/Q}—u?(%—i-l)]

e
- (v

Y + 2,2 (a® — r2)l/2} — M—SWSVS‘T]
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For the solutions outside the contact and the variation in z direction, please
refer to Hamilton (1983) [42].
By applying Hooke’s law and the following compatibility equations:

s _ f s _ f s _ f
Coz = gxam gyy - Eyy’ gwy - gwy (9)

then, the in-plane stresses in the coating are given as follows:

FEe/1—vev Vi — U v FE v
ro_ br Vs s f Vs s pvs (Lf Vi 10
Oz E8<1—y2 am+1—yzayy>+1—yf<E5 I/S) (10)
f f
E:/1—v:v Ve — U v E v
= fYs s f— " s _bvs (Lp Yy 11
Ty E8<1—1/]2c Uyy—i_l—yfcam)—i_l—uf(Es VS) (11)

Ef1—|—1/5
o ==L T3
W B I+

where E' and v are Young’s modulus and Poisson’s ratio; subscript or super-
script f and s refer to coating and substrate.

As for the out-of-plane stress components, o/,
obtained based on argument 1. That is,

(12)

7/ and TJZ, are directly

ng =D Tzfx =4dq, T;fy =0 (13)

As noted by Hamilton (1983) [42], the maximum tensile stress in the

substrate is at the trailing edge, i.e., © = —a and y = z = 0, with magnitude
as follows: Lo 4 )
s — 2Vg (4 + Vs

Y (S AL TEA) »

Similarly, the maximum tensile stress in the coating is also at the trailing
edge with magnitude:

g Ey 1+, [1—321/S+M.7T(4—31/5—1/fys)} (15)

max = PO T 8(1—vy)
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Figure 3: Typical curves of friction coefficient with a normal load of 2N versus sliding
distance for the five scratching speeds V' in the range of 0.2 to 1 mm/s and the associated
optical images of scratch track for the SizN4 monolayer without (top) and with (bottom)
surface treatment.

In order to evaluate the fracture initiation, the in-plane first principal
stress oy in the surface of the thin coating is given by the following equation:

2 2
(O-ajvcw + O{y) + \/<ng - Ugy> + 4(7—:ify> ]

! (16)

o1 =

4. results

4.1. Intrinsic friction coefficient — scratch

To understand the scratch process, we want to characterize the intrinsic
friction coefficient between coating surface and indenter. The friction coef-
ficient 1 was measured with the tribometer as a function of normal load P
and scratching speed V. Typical curves of u versus sliding distance for the
SigN, monolayer with and without surface treatment, integrated with the
corresponding typical optical images of scratch tracks, are shown in Fig. 3.
In this figure, only the measurements for the first 5 scratches under P = 2N
with a scratching speed V of 0.2, 0.4, 0.6, 0.8 and 1 mm/s, respectively, are
presented.

For the SizN, monolayer coatings, the curve of friction coefficient fluctu-
ates remarkably, which is related to the presence of a series of cracks (top
image in Fig. 3). The friction coefficient of the Si3N,; monolayer coatings
reaches 0.9 £ 0.39. It is not an intrinsic friction coefficient which is recorded
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Figure 4: Mean friction coefficient p versus normal load P for SisN4 monolayer with and
without lubricative surface treatment. At each load, the five points correspond to the
mean friction coefficient measured for the five scratching speeds V' in the range of 0.2 to
Imm/s.

but only an effective one. The type of damage observed on Fig. 3 for the
SizN,; monolayer will be discussed below in detail. Nevertheless, we will
assume that this type of damage does not significantly affect the friction co-
efficient. Therefore, we take the friction coefficient of the SisN, monolayer as
u=0.9. To avoid such scratch damage, one must reduce the applied pressure
p, either by reducing the normal load P (< 2N) or by increasing the radius
of the indenter R (> 5mm). However, none of them is feasible due to the
measurement limitations of the tribometer.

For the second type of specimen with lubricative surface treatment, the
friction coefficient falls down to 0.140.02. In most cases, no visible damage or
just very superficial damage were observed (bottom image in Fig. 3). Scratch
failure rarely and randomly appeared when a higher load was applied which
was probably due to some defects in the coating or a third body under the
contact.

The statistical results of all the tests are summarized in Fig. 4. The
friction coefficient p is plotted as a function of normal load P. For one
coating system, five data are plotted at each normal load, corresponding
to average values of five scratching speeds (0.2, 0.4, 0.6, 0.8 and 1mm/s),
respectively. As expected, pu is affected neither by P nor by V.

4.2. Scratch tests: multiple hertzian cracking

A single SigNy layer, with thickness 200 nm, was deposited on a glass
substrate and scratched by a spherical steel indenter with a radius of 5 mm.
The applied normal loads were 2N, 4 N, 8 N and 16 N respectively. To observe
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Figure 5: Optical top views of multiple Hertzian cracks in the SizN, monolayer coated
glass after scratching by a spherical steel indenter. The applied normal load is (a) 2N,
(b) 4N, (c¢) 8N and (d) 16N, respectively. The black circle represents the boundary of
the contact zone. The ”primary cracks” that extend outside the contact area are pointed
by black arrows; the ”secondary cracks” between the primary cracks are pointed by white
arrow. The scratching direction is from left to right.

damages and understand their origin, optical and SEM observations of the
scratch track and section were performed.

To evaluate the effect of the coating and respectively of lowering the fric-
tion coefficient, bare glass substrates and lubricated SisN, coated samples
were scratched under the same loading conditions. In most cases, no dam-
age were observed neither for bare glass or lubricated samples. These two
important results will be discussed in next section.

4.2.1. Top views of scratch track

The top views of crack patterns on SizNy/glass after scratching, observed
by optical microscopy, are displayed in Fig. 5. For the respective load values,
the expected diameters of the contact zones (depicted by black circles on the
figure) were 100 um, 130 pum, 160 pm and 205 um, as derived from Eq.(1).

When 2N is applied, a series of evenly spaced Hertzian cracks is left in
the scratch track (Fig. 5(a)). The cracks, which extend outside the contact
area, are designated as ”primary cracks” and denoted by a black arrow. As
the load increases to 4N, the primary cracks grow longer along with the
contact zone and have a larger interval (Fig. 5(b)). Besides, several fine
cracks appear between the primary ones and seem to be confined within the
contact. Since these cracks initiate at higher loads, they are designated as
" secondary cracks”, and pointed by a white arrow. When the load doubles
from 4N to 8N, the secondary cracks become denser and longer, but are

13
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Figure 6: (a) Transverse cross section (y-z plane) optical images of a scratch at 16N
performed on a SizN4 monolayer (200 nm thick) coated glass sample. The scratch is along
the z-axis direction.(b) Transverse cross section view with a tilt angle of about 10° around
the y axis. (c) Schematics of inverted Hertzian cracks in SisN4 monolayer coated glass.

still confined within the contact (Fig. 5(c)). The primary and the secondary
cracks keep growing as the load increases up to 16 N (Fig. 5(d)).

The dependence of the primary crack spacing upon the applied normal
load P can be observed on Fig. 5. It jumps up by a factor of about 3 as P
increases from 2N to 4 N. Subsequently, at higher loads, it increases slightly.
The average spacing of the primary cracks normalized by the contact radius
as a function of normal load is summarized in Fig. 14 and will be discussed
in Section 5.3.2.

4.2.2. Cross section views of scratch track

Some samples were cut along the scratch track direction or normal to it
and the cross sections were observed by optical microscopy and SEM.

In Fig. 6, optical images of the transverse cross section of a scratch at
16 N for the SizNy coated sample are displayed. The primary cracks are
clearly identified and their shape in Fig. 6(a) are very similar to the Hertzian
cone crack under indentation [50]. The secondary cracks cannot be clearly
identified due to the cutting damage and low magnification. As expected,
the primary cracks penetrate through the coating/substrate interface deep
into the glass substrate(see Fig. 6(a)). The penetration depth of the primary
cracks is approximately 70um. Moreover on Fig. 6(b), on which a cross
section of a tilted sample is displayed, the simultaneous view of the top
surface allows to better observe the extension of the primary crack outside
the contact area. The cracked surface appears in relief in the contact area
and is an inverted conical surface (Fig. 6(c)).

14



Figure 7: Longitudinal cross section (z-z plane) SEM images at two magnification of a
scratch at 6 N performed on a SizN,4 monolayer (200 nm thick) coated glass sample. The
sample is tilted at an angle of about 10° around the x axis. (a) Both the primary and
the secondary Hertzian cracks penetrate in the glass substrate.(b) Detailed view of the
secondary cracks.

In Fig. 7, SEM images of the longitudinal cross section of a scratch at
6 N for the SizNy coated sample are displayed. Both the primary cracks and
the secondary cracks in between are identified. As for the primary ones,
the secondary cracks are not confined to the SizNy4 coating but do penetrate
deep into the glass substrate with a smaller depth of around 15um. The
inclination of these two types of cracks is very similar with an angle of about
60° to the surface toward the scratch direction.

4.2.3. Irreversible elastic deformation

The surface details of the crack trail has also been investigated by SEM.
On Fig. 8, the morphologies of both primary and secondary cracks is observ-
able on the tilted surface of the sample. As the two cracked surfaces did not
perfectly recover after the indenter has slide away, a permanent step of about
160 nm in height for the primary crack is observable and can also be measured
by AFM (Fig. 8(c)). For the secondary cracks (Fig. 8(b)), the recovery is also
not perfect but the height of the residual step is significantly smaller (some
nanometers). The protruding surface inclines towards the sliding direction
(Fig. 8(a)), which is in accordance with the inclination in Fig. 7.

The origin of this residual deformation is linked to the evolution of the
stress distribution at the trailing edge of the contact (see section3.2). SizNy
and glass, belonging to typical brittle materials, are expected to deform
purely elastically. So no plasticity effect can be the origin of such perma-
nent step. Nevertheless, as the indenter slides away from the crack, the
external force is expected to gradually withdrawn until null which is actually
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Figure 8: Surface SEM images of a scratch performed on a Si3N4 monolayer (200 nm thick)
coated glass sample. The morphology of the primary crack (a) and the secondary crack
(b) after scratching shows an imperfect permanent recovery. The residual step height in
the middle region of a primary crack can be measured by AFM (c).

the case in absence of cracks. But in our case, as the indenter is sliding over
the coating surface, the primary crack initiates at the trailing edge of the
contact and propagates. Thus during unloading, the presence of the new free
surfaces (i.e: the two crack surfaces) modify the stress field at the rear of
the contact zone and the deformation of the surface is different for each side
of the cracks. The rear side of the crack is unloaded first and start touch-
ing the other side before this last one is fully unloaded. Static friction then
partly locks the surfaces, leading to this irreversible elastic deformation of
the cracked material.

5. Discussion : Analysis of failure mechanisms

As just shown in previous section, the scratch failure morphologies for
the SizN, coated glass are very similar to what has been already observed
on uncoated soda-lime glass [50]. Indeed a scratch leaves behind a trail of
periodic (partial) hertzian cracks. However, the presence of a tough and stiff
thin film with a good adhesion, such as SizNy, has notable effects on the
process especially concerning the minimum load that is required to initiate
such failure mechanism. For example, in the present study, no cracks were
observed during scratching of bare glass specimen even for the highest load
we used (16N) whereas SizNycoated specimen were already damaged for the
lowest one (2N). This dramatic reduction of the scratch resistance can be
explained as we will see in this section by two successive effects. First, crack
initiation is facilitate by the enhancement of the surface stresses and second,
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Figure 9: Spatial distribution of in-plane first principal stress in SigNy4 coating (Eq. 16)
within and around the contact zone (black circle). The indenter slides in the z direction,
and p = 0.9. The applied normal load are (a) 2N and (b) 16 N.

unstable crack propagation in the substrate occurs.

Before proceeding, let us also note that the stress distribution under a
sliding contact scales in a very simple manner. When the load increases, all
spatial coordinates scale with the contact radius while all stresses scale with
po (Section 3.2). For example, the spacial distribution of the in-plane first
principal stress o7 (Eq. 16) in the SisNy4 coating (; = 0.9) is plotted in Fig. 9
for the two extremal normal loads in this study P = 2N and 16N. All the
lengths are normalized by the radius of contact a, but the stresses remain as
absolute values. Obviously, the spatial distribution between compressive and
tensile regions does not vary with P. However, the magnitude naturally in-
creases with increasing normal load. In this figure, the dark circle represents
the boundary of the contact zone and the indenter slides in the x direction
from left to right. The stress level is displayed with a rainbow spectrum; blue
colors correspond to compressive regions and red to tensile regions.

5.1. Crack initiation by enhancement of surface stresses
For any materials, the energy release rate of a surface flaw with size [, i.e
the driving force for crack to propagate, is:
0521
G~ = 17
: a7)

S

Therefore, a crack will propagate if this energy release rate reaches the frac-
ture energy (equivalent to the toughness) of the material. It means that at a
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Figure 10: Spatial distribution of in-plane first principal stress o7 (Eq. 16) in the SigNy
coating within and around the contact zone (black circle) for coatings with (1 = 0.1) and
without (= 0.9) the lubricative surface treatment. The stresses are normalized by the
peak Hertzian pressure pg. The indenter slides in the z direction.

given load, the surface flaws must have a minimum size and at a given flaw
size, the stresses have to be sufficiently high.

In our SizNy coated glass specimens, we have shown that Hertzian cracks
initiate at the trailing edge of the contact, where the maximum tensile stress
at the coating surface o _ is located. Thus, the main driving force G for

max
crack initiation depends on the value of o _ which is a function of the
peak pressure pg, the friction coefficient and the modulus mismatch (see.
Eq. 15). From this classical fracture initiation analysis, it is obvious that
crack initiation is more likely to occur at higher loads. However, the effect of

the two other parameters is less trivial and will be discussed in the following.

5.1.1. Effect of friction coefficient

To demonstrate the effect of the friction coefficient, the distribution of
the calculated in-plane fist principle stress oy in the Si3N, coating (Eq. 16)
is plotted in Fig. 10 for coatings with (u = 0.1) and without (x = 0.9) the
lubricative surface treatment. In these plots, the stresses are normalized by
the peak Hertzian pressure pg and all the lengths are normalized by the radius
of the contact zone a.

As for bulk materials [42], the increase of friction coefficient redistributes
the stress field at the surface of a coating. For low friction (Fig. 10(a)),
nearly all the contact zone is under compression. Very little tension appears
at the trailing edge. When the friction coefficient increases to a value as
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high as 0.9 (Fig. 10(b)), the distribution of o; becomes heavily skewed: the
compressive region shrinks to the front part of the contact; the tensile region
develops from the trailing edge to the rear part. In addition, the friction has
a significant effect on the magnitude of the tensile stress, which is scaled up
from 1.5pg to 7pg when p goes from 0.1 to 0.9. In term of energy release rate
(Eq. 17), it means scaling up by a factor of about 20. So, the lubricative
specimen have much less chances to cracked in the same loading conditions
than the SigNymonolayer. Therefore, the lowering of the friction coefficient is
the main reason for the absence of damage observed on lubricated specimens.

5.1.2. Effect of modulus mismatch

Besides the exact solutions given in Eq. 10 and Eq. 12, the effect of the
modulus mismatch between coating and substrate on stress distribution in a
sliding contact can be investigated in a simpler manner by looking at scaling
effects. Due to the continuity of the tangential displacements, the in-plane
stresses in the thin coating are roughly scaled (up or down) by a factor equal
to the modulus ratio, i.e.:

of ~ 08 Ef/E, with a=xx,yy or xy (18)

This result suggests that for a given normal load, the presence of a stiff
thin coating compared to his substrate intensifies the in-plane stresses at the
surface.

Take the current coated system as an example: the Young’s modulus of
SizNy is 310 GPa and that of soda-lime glass is 72 GPa (see. Table 1). Thus,
the stresses in the surface of coated glass with SizN, layer are roughly scaled
up by a factor of 4.3, compared with uncoated glass.

From previous analysis, we have seen that high friction coefficient also
intensified the tensile stress at the surface. On a glass substrate, the pres-
ence of a SigNy coating not only generates a high elastic mismatch but also
increases the friction coefficient from 0.2 (between steel indenter and glass)
up to 0.9 (between steel indenter and SigNy). Therefore, the tensile stress at
the coating surface is considerably enhanced due to the combination of the
two effects. As a result, the maximum in-plane tensile stress at the surface
for a steel/glass contact under a 2N normal load is a{ ~ 200 MPa while it
climbs up to a{ ~ 3 GPa for the SizNy coated glass. Inserted in Eq. 17,
the impact of the coating is a gain of more than two orders of magnitude,
provided the flaw size [ stays constant. This consideration explains why a
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Figure 11: (a) A through-thickness crack intersecting the SizNycoating/glass substrate
interface; (b) penetrating crack in the substrate.

2N load is enough to induce a trail of hertzian cracks on a SisN,4 coated glass
even if for bulk materials Si3N, fracture energy or toughness is higher (see
Table 1). Indeed the fracture energy ratio between SizN, and glass is of the
order of 10 whereas their energy release rate ratio is of the order of 200.

5.2. Unstable crack penetration into the substrate

After initiation in the thin coating, the crack meets the interface (Fig. 11).
As observed in the previous experiments, the crack penetrates into the glass
substrate.

Consider a through-thickness crack sitting on the interface, as in Fig.11(a).
The stress field around the crack tip is singular:

Uij ~ ?”7)\ (19>

where A € (0,1) is the singularity exponent [51]. The value of A depends on
the modulus mismatch. If the materials of the coating and substrate have
identical elastic properties, A is equal to 1/2, i.e. we recover the well-known
square-root singularity.

If there is a small penetrating flaw of size ¢ as in Fig. 11(b), the energy
release rate at the penetrating crack tip scales as [52]:

o%h fce\1-2
G, ~ 22 (—) 20
When the condition [53]:

& . (1 + Vs)(3 B 4”5)
B U+v)B—dv) " (21)
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is satisfied, the singularity exponent A value is less than 1/2, and the energy
release rate GG, goes to zero if the penetrating flaw size is infinitesimally small.
Thus, in the case of a compliant coating on stiff substrate, the energy release
rate of penetrating crack starts from zero. Hence, a minimum flaw size in
the substrate is required. Otherwise, the penetration in the substrate will be
shielded.

Conversely, if the inequality in Eq.(21) is reversed, the singularity expo-
nent A\ becomes higher than 1/2 and G, goes to infinity when the flaw size
c goes to zero. This is actually the case in the current system SizNy/glass
where SigNy is stiffer than glass. Therefore once a surface crack in the SizNy
coating is initiated, the crack penetrates across the interface and propagates
into the glass substrate unstably to a certain depth, at which the energy re-
lease rate drops below the fracture toughness of glass. Cracks in the coating
acts as a flaw for the substrate and renucleation is not necessary. It is ex-
pected that this effect, combined with the stress enhacement due to modulus
mismatch and friction, is also very effective for the reduction of the scratch
resistance for coated specimen with thin stiff materials.

5.8. Crack propagation

Beyond the general idea that a stiff adhesive film will enhance the sensi-
tivity to scratching, we would like to better understand the cracking process.
This requires predictions of the observed crack paths and the crack size hi-
erarchy. However, both depend on the stress field inside or at the surface of
the solid after cracking has occurred, an obviously difficult issue.

5.3.1. Crack path

For the prediction of the crack path, the issue of the stress field in the
cracked solid has often been successfully circumvented by neglecting the
impact of the cracks on the stress field. This is the traditional method
to study the crack path in homogenous solids under spherical sliding con-
tact [18, 19, 20, 21, 34]. Because it is expected that the crack propagation
follows pure mode-I, to an excellent first approximation [18], the cracking is
expected to proceed orthogonally to the first principal tensile stress! o, thus
following a surface delineated by the trajectories of the other two principal
stresses o5 and ;. For example, Fig. 12 plots the stress trajectories of the

'We take the usual convention that the three principal stresses in glass substrate are
denoted by of, 03, 03 and o > 05 > 03.
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Figure 12: Stress trajectories of the second and third principal stresses (u = Q/P = 0
and 1.0, broken lines). Above the horizontal black line is half-surface view, and below the
line is side view. The dark gray broken line is the stress trajectory of the second principal
stress starting from the middle point of trailing edge. The light gray broken line is the
stress trajectory of the third principal stress.

second and third principal stresses [22, 24]. Above the horizontal black line
is the top view of the half surface, and below the line is the side view. The
dark grey broken line is the stress trajectory of o3, starting from the middle
point of trailing edge. The light grey broken line is the stress trajectory of
o5. When a crack proceeds from the middle point of the trailing edge, the o3
trajectory carries the crack forwards laterally, and the o3 trajectory carries
the crack downwards with an inclination angle.

The inclination angle of the crack with the surface depends on the friction
coefficient, i.e., the ratio of shear to normal load, p = @Q/P, as depicted
by the schematics in Fig. 12 [22, 24]. If there is no friction, i.e. Q/P =
0, the ring crack forms (dark grey broken line) and propagates downwards
with an inclination backwards (light grey broken line), and finally a cone
crack forms [15]. When /P increases, the partial cone crack forms with
an inclination angle varying from backwards to forwards. In our case, for
Q/P = 0.9, the inclination angle is approximately 60° [22, 23]. This estimate
is completely consistent with the crack inclination observed on the cross
sections (Fig. 7).

5.3.2. Crack spacing and hierarchy

Crack spacing results from the elastic interactions between cracks. Un-
derstanding the spacing requires to calculate crack paths from the stress field
of the cracked material. This phenomenon has been studied in details for
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homogenous solids [21, 22, 24]. In their 2D model, Bower and Fleck [22]
modeled the crack as a line distribution of dislocations superposed on the
contact displacement field. For crack propagation they also adopted the cri-
terion that the crack front is opened purely by local tensile stress o7 at the
crack front and they proposed the following scratch generation mechanism
(Fig.13(a)). Assume a dense distribution of surface flaws (Fig.13(a-1)). a
first crack propagates at the trailing edge of the indenter (Fig.13(a-2)). The
stress field around the slider is significantly altered by the presence of this
first crack: the tensile stresses are substantially reduced. If a second surface
flaw is close to the crack, it will not propagate (Fig.13(a-3)): it is shielded and
growth is inhibited. A new crack will be generated after the indenter moves
forward beyond a critical spacing (Fig.13(a-4)). In the end, the scratch leaves
a trail of evenly spaced partial cone cracks (Fig.5(a)). Bower and Fleck [22]
have shown that the spacing, normalized to the contact size, is a monoton-
ically decreasing function of the applied load. The spacing is much larger
than the contact zone when the applied load is close to the critical load and
decreases rapidly when the load increases.

In this paper, when the load is relatively low, a single series of regu-
larly spaced primary cracks is observed (Fig. 5(a)) in complete agreement
with the Bower and Fleck model. However, at higher loads, a series of sec-
ondary cracks appears between the primary cracks (Fig.5). This hierarchy
of Hertzian cracks has seldom been reported [54]. In our case, the secondary
cracks do penetrate into the substrate (Fig. 7) but are shorter than the pri-
mary cracks. A second specific feature in our system is that the spacing of the
primary cracks as a function of load is not monotonic (Fig. 14) which is in con-
tradiction with the behavior predicted for a homogeneous half-space [22]. We
note that the normalized crack spacing starts to increase when the secondary
cracks appear. An obvious interpretation is that the secondary cracks relax a
fraction of the in-plane tensile stress, resulting in larger spacing between the
primary cracks. The non monotonic behavior for the spacing is simply trig-
gered by the impact of the secondary cracks on the surface in-plane tensile
stress. Moreover, the presence of the SigN, coating, which facilitates crack
nucleation, has an impact on the crack size distribution. Roughly speaking,
the SisNy coating will allow cracks to propagate where no crack would appear
in the absence of coating. But this mechanism will be confined to regions
close to the surface as argued previously (Section 5.2).

Taking into account of all these observations, Fig.13(b) gives a qualitative
explanation for the crack hierarchy. After a through-thickness crack close to
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Figure 13: The fracture hierarchy of Hertzian cracks. (a) Only primary cracks form in the
track of scratch when a relatively low load is applied; (b) secondary cracks form between
the primary ones if the load becomes high.
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as a function of peak pressure py. The dash lines are drawn schematically according to
Bower and Fleck (1994).
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trailing edge has formed a primary crack (Fig.13(b-2)), the tensile stress near
the primary crack is significantly reduced. However, due to the presence of
the SisN4 coating, and when the load is large enough, other surface flaws
propagate into the glass substrate to a smaller depth, forming a secondary
crack (Fig.13(b-3)). As the slider passes, a number of secondary cracks form.
However, as the slider moves away from the primary crack, the impact of
the primary crack decreases and the conditions are such that a new primary
crack, with a deeper penetration into the substrate, can be formed (Fig.13(b-
4)), a process analogous to the original mechanism [21] (Fig.13(a-4)).

6. Conclusion

In this paper, we have studied the failure mechanism of a SigNy coating on
glass undergoing scratch testing by a spherical steel indenter. As usual with
elastic and brittle materials the failure starts from cracking at the trailing
edge of the contact zone, followed by the unstable penetration across the
interface with continuous deepening and widening propagation into the glass
substrate, finally forming a partial cone crack, with crack depth and width
comparable to the contact zone.

However, compared with a homogeneous glass specimen, the SizNy-coated
glass is more susceptible to cracking for two mains reasons. First the larger
friction coefficient enhances the in-plane tensile stresses which cause the rup-
ture. Second, the modulus of SizN, is much higher than glass. The stress
level in the SizNy coating is further magnified (here by a factor of 4.3) by this
elastic mismatch. This phenomenon makes it easier for flaws in the coating
to grow into through-thickness cracks. Furthermore, these through-thickness
cracks readily penetrate into the glass substrate. Indeed a crack propagating
in a stiffer material and approaching a more compliant one is in an unsta-
ble configuration. Crossing the interface does not require any minimum flaw
size in the glass substrate (i.e. any renucleation), in contrast to the cases of
homogeneous glass or compliant coatings.

Once a partial cone crack is present, the stresses nearby are released.
Therefore, a new crack will form after the indenter slides forward beyond
a critical spacing. In the end, the scratch leaves a trace of evenly spaced
partial cone cracks. This standard scenario has been found to be valid at
low loads. At higher loads, our experiments show that a hierarchy of partial
cone cracks forms. The primary cracks observe a larger spacing compared to
the low load case, which is unexpected. The appearance of secondary cracks
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is ascribed to the impact of the coating which facilitates crack propagation
close to the surface. However, the secondary cracks relax a fraction of the
in-plane tensile stresses resulting in the anomalous load dependence of the
primary crack spacing.
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