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Abstract A common way to improve the scratch resis-
tance of a sensitive surface is to coat it with a thin film.
However, the substrate/thin film adhesion must be well
controlled and measurable. The contribution of the present
work is to propose a global energy balance model of the
blistering process for the scratching of a substrate/thin film
system, which permits one to determine the adhesion of the
system. The adhesion can be measured by following the
delaminated area as a function of the scratching distance
during blistering. The particular case of an experimental
stable blistering process was studied and the corresponding
substrate/thin film adhesion was derived using the global
energy balance model.

Nomenclature

Viip Scratching velocity

F,, F, Normal and tangential loads respectively
T Temperature

AW Work provided by the loading indenter

AEg Fracture energy

AEp Energy released in dissipative phenomena other
than fracture

AFEg Elastic energy

d Scratching distance

Mapp Apparent friction coefficient

Mocal Local friction coefficient

AAinerr.  Surface created at the interface

AAgon, Surface created within the material
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Vs—interf. SUrface energy required to create
1 unit of interfacial new surface

Ys—coh. Surface energy required to create
1 unit of cohesive new surface

oWp Dissipative work (fracture excluded) per
unit of scratching distance

oWg Elastic work per unit of scratching distance

oWpp Plastic deformation work of the system
per unit of scratching distance

OWpbEk Work due to the true local friction

oy Yield stress of the substrate

St Cross section of the plastic zone
in the scratching track left on the surface

AAg Area of the blister

Patm Atmospheric pressure

ha Average height of the blister

AA Delaminated area variation

Ad Scratching distance variation

Wiath Width of the blister as defined in Fig. 1
R Radius of curvature of the indenter tip
a Contact radius

e Thickness of the film

L, Width of the groove

& Strain rate

Introduction

Coatings are frequently used nowadays to improve the
mechanical and tribological behavior of engineering and
optical materials. However, the large number of parameters
which influence this improvement demand a fundamental
understanding of the roles played by the adhesion between the
thin film and the underlying substrate and the mechanical
properties of the two materials. The adhesion is characterized
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by the energy associated with an interfacial fracture between
the film and the substrate. A wide variety of methods have
been used to assess the adhesion of the coating [1-6], but
none provides a unique value of the adhesive strength. The
adhesion of the coating still remains to be successfully
determined in a test which can reproduce the damage
undergone by the coated surface during its real lifetime.

A single sliding contact scratch test has been widely used
for some time now to obtain information (most of the time
qualitative) about the scratch resistance of the material on the
macro and micron scales (case of bulk materials) and on the
sub-micron scale (case of thin film/substrate systems tested
by nano-scratching) [7-9]. As the sliding contact neverthe-
less generates a complicated stress field, both materials can
undergo compression, traction, or hydrostatic pressure,
while the interface can be submitted to shear stress and the
coating to buckling or other stresses. In addition, the
behavior of each material plays a fundamental role and
greatly complicates the mechanical models. Thus, sliding or
scratching contacts, especially on coated surfaces, are not
easy to understand, nor to simulate or predict [10].

To model the surface damage of a coated sample, the
fracture mechanics approach using the energy release rate
G. to characterize the interfacial toughness of the material
has met with quantitative success in several cases [2, 4].
The load at which failure occurs, termed the critical load, is
sometimes used to assess qualitatively the coating/substrate
adhesion [11, 12]. Otherwise, another promising quantita-
tive approach employs energy balance modeling to
eliminate the complexity of the problem. Volinsky et al. [5]
have developed an energy balance model for the buckling
of a film which may be summarized as:

Wap = Wa + Us + Us + Usic (1)

with W, p the measured work of adhesion, W, the true
work of adhesion, Uy and Uj the energies spent by plastic
deformation of the film and the substrate, respectively, and
Ut the energy spent by friction.

The present paper proposes a global energy balance
model which permits, among other things, quantitative
assessment of the coating/substrate adhesion during
scratching. The model is applied to an analysis of the
steady state growth of blistering.

The energy balance model

The following model may be used for single-coated or bulk
materials, multi-layered or property-gradient materials so
long as their characteristics are known. The variational
form of the energy balance, i.e., considered between two
distinct arbitrary time points during the blistering process,
can be written as follows:
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AW = AEg + AEp + AEg 2)

AW is the work provided by the loading indenter, while
AEk is the fracture energy which may correspond to frac-
ture within the film and/or the substrate or to fracture at the
film/substrate interface in a delamination phenomenon.
AEp is the energy released in other dissipative phenomena
not taken into account in the other terms of Eq. 2. This
extra dissipation may be due to plastic deformation of the
substrate and/or the thin film, or to local friction between
the surface of the sample and the indenter, etc. AEg is the
elastic energy due to reversible contributions. The loading
indenter, for instance, inputs elastic strain energy into the
material system. Owing to the sliding process, this energy
is constant during the test since the normal force remains
constant. Actually, as the material elastically deforms in
front of the sliding indenter, it elastically relaxes behind
and the resulting elastic energy is nil in the variational
energy balance. Nevertheless, the elastic strain energy
stored in the thin film to keep it in a buckled shape, for
example, is also included in the AEg term and will be
further discussed (§ 3.2). Reversible contributions like the
work of the atmospheric pressure on a blister do not appear
in the energy balance since these are rigorously written as
the equilibrium of variations of the energies considered.
Eq. 2 is somewhat similar to the variational form of Eq. 1
cited in the introduction.

Let d be the scratching distance covered by the indenter
in the lapse of time considered in the variational energy
balance. The period of interest in the present case is a part
of the time elapsed between the initiation of the blister and
the end of the test (both excluded).

The expression describing the work corresponding to the
indenter loading is clearly:

AW = Fd = pypFod (3)

with F,, and F, the normal and tangential loads, respec-
tively, and p,,, the apparent friction coefficient, i.e.,
Uapp = F/Fh.

The fracture energy AEg may be due to: (i) interfacial
fracture (between the thin film and the substrate) and/or (ii)
cohesive fracture within the material (film and/or sub-
strate). Hence, the fracture energy may be written as:

AEF = 2(AAimerf.Vs—inten‘l + AAcohf/s—coh.) (4)

where AAj,.rr. (respectively, AA o) is the area created at
the interface (resp., within the material) and y_jyerr. (r€SP.,
Ys-coh.) 18 the surface energy required to create 1 unit of
interfacial (resp., cohesive) new surface.

The energy dissipation AEp may be divided into as
many terms as there are dissipative sources, or simply
written as a function of the scratching distance d:

AEp = 6Wpd (5)
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with 0Wp the associated dissipative work per unit of
scratching distance.

The stored elastic energy AEg can be written in its
elementary form, introducing the associated elastic work
per unit of scratching distance dWkg:

AEg = 6Wed (6)

Finally, the energy balance in the general case is given
by:

2
.uaPPFn = 2 (AAimerf.ys—interf. + AAcoh.ysfcoh.) +0Wp

Experimental blistering process
Description of the experimental blistering process

The experimental procedure must generate a blister as large
as possible in order to have convenient images to analyze.
A blister which grows slowly and extensively during
scratching is therefore suitable, and the newly identified
“crescent blister” (compared to blister kinetics reported in
literature [13]) illustrated in Fig. 1 and described previ-
ously [14] was chosen.

Blistering was obtained on a coated sample scratched at
80 °C with a spherical indenter of radius 116 pm at a
scratching speed of 10 pwm/s. The sample was an amorphous

Fig. 1 Chronological sequence
of the crescent blistering
process as the indenter scratches
the material. The dashed curves
delimit the area of the thin film
which sticks back onto the
substrate. The width of blister is
shown in the picture @

150 um @

polycarbonate substrate coated (by the dip coating tech-
nique) with a 3.5 um thick thermoset matrix filled to about
20% of its volume with nano-sized silica particles (about
10 nm in diameter). Since the adherence was not optimized
during the coating procedure, the interfacial strength was
expected to be weak. The scratch test apparatus has been
fully described elsewhere [15]. The normal load F, (kept
constant), tangential load F;, scratching speed Vi, and
temperature 7 are continuously monitored and recorded
during experiments. A built-in microscope allows in situ
observation of the indenter/sample contact through the
transparent specimen.

The blistering process can be described with the help of
the images shown in Fig. 1 which were taken from the
video sequence of a scratching experiment. Chronologi-
cally, the interfacial crack triggered by buckling
corresponds to initiation of the blister (see picture @ in
Fig. 1), after which a large delaminated circular-shaped
blister appears ahead of the indenter and at the outer edges
of the scratching track left on the surface (see pictures @
and ®). After a few micrometers of indenter displacement,
the rear part of the blister separates from the scratching
track on both sides (see pictures @ and ®). This unusual-
shaped blister (called a “crescent” blister) moves with the
indenter and becomes progressively larger (see pictures ®
to ®). One should note that the thin film sticks back onto
the surface of the sample behind the blister. This sticking-
back phenomenon is not incompatible with the global
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energy balance model because the energy returned to the
system is of chemical origin, and therefore does not have to
appear in the mechanical energy balance given in § 2. The
stuck-back surface together with the blistered surface
constitutes the total delaminated area, which has the
approximate shape of a sector of a circle (see pictures @ to
®) with an apparent radius corresponding to the scratching
distance from the starting point of blistering and an average
half angle defined by the scratching direction and the
dashed curve drawn in Fig. 1. When the blister has reached
a certain size, it propagates with the indenter without
increasing further in size (see picture ®@). Thus, propaga-
tion of the crescent blister ends when the test finishes or
when cohesive cracking suddenly occurs within the film. In
the latter case, the final damage pattern is a chip ahead of
the indenter and a large delaminated surface behind as the
cracks propagate and demarcate part of the blister.

The energy balance
Work of the indenter: AW

The work AW provided by the indenter during scratching
may be written as in Eq. 3, and AW is easily accessible
since d, F,, and F; are continuously recorded during a test.
The experimental apparent friction coefficient, given by the
ratio of F, to F,, is roughly 0.25 and constant throughout
the test. Thus, Eq. 3 reduces to a proportional relation
between the work of the indenter and the scratching
distance.

Fracture energy: AEg

In the present case, the fracture energy AEg corresponds to
the energy dissipated by growth of the blister arising from
fracture at the interface between the substrate and the thin
film. Since during the blistering process neither blister
initiation nor eventual final cracking within the film are
taken into consideration, Eq. 4 reduces to the first term
corresponding to the interfacial phenomenon:

AEr = 2AAinterf.Vs—imerf. (8)

Therefore, AEr is expressed as a function of the
interfacial energy 7Vs.inwerr, Of the substrate/thin film system
and the fracture area AA;,., this delaminated area being
an unknown variable in the equation. The areas of interest
were quantified by image analysis of the video sequence
and in Fig. 2 the total delaminated area is plotted as a
function of the scratching distance. After its initiation, the
growth of the blister proceeds in two different states.
Firstly, a transient state where the total delaminated area
seems to follow a polynomial evolution with respect to the
scratching distance. According to Fig. 1 (see pictures @ to
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Fig. 2 Total delaminated area as a function of the scratching
distance. The initiation step and the transient and steady states are
defined and indexes @ to © relating to Fig. 1 are indicated for
convenience

®), this polynomial evolution is coherent with the shape of
the delamination (approximately a sector of a circle of
radius equal to the scratch length). Secondly, a steady state
where the total delaminated area follows a linear evolution,
as shown by the asymptote in Fig. 2. This state corresponds
to the propagation of a stabilized blister with constant
shape and size (see picture @ in Fig. 1).

The quantitative energy balance model will be applied
only from the beginning of the transient state (step @ in
Figs. 1 and 2) to the end of the scratching process,
excluding the initiation step from the analysis for the sake
of simplicity. Moreover, as reported by Dupeux [16], the
initiation of interfacial cracking requires an energy which
would appear to be hardly reproducible. Hence, the prop-
agation of the delaminated area and the evolution of the
energy involved can be more precisely determined in the
transient and steady states.

Dissipated energy: AEp

As mentioned in § 2, the associated dissipative work per
unit length of displacement (i.e., infinitesimal variation in
space) O0Wp given in Eq. 5 may be divided into as many
terms as there are dissipative sources. In the present case, it
can be reduced in a first approximation to two terms: éWpp
corresponding to the plastic deformation of the system and
0WpE corresponding to the contribution of the true local
friction. The coating deposited on the polycarbonate sub-
strate is known to have a large elastic domain relative to
the substrate. As a consequence, the plastic energy dissi-
pated in the coating will be negligible as compared to the
plastic energy dissipated in the substrate. To determine the
dissipative work arising from the plasticity of the substrate,
the volume of the residual plastic zone must be estimated
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since it contains the work dissipated by plasticity in the
material due to the normal and tangential contributions of
the loading. The plastic work spent per unit length of
scratching may be written as:

oWpp = 0,5, )

with oy the yield stress of the substrate and S, the cross
section of the plastic zone in the scratching track left on the
surface.

The term dWpp arises from the true local friction at the
indenter/coating interface and also from friction between
the coating and substrate. However, since in situ visuali-
zation shows that the thin film does not slide on the
substrate, the latter contribution does not exist in our
experiments. As a result, the friction contribution may be
quantified as:

OWpF = Filliocal (10)

which gives in our case:
AE’D = (O—in]dS[ + Fn,ulocal>d (1 1)

Elastic energy: AEg

The elastic energy needed to maintain a blister in its
buckled shape appears in the global energy balance in the
transient growth state of the blister. Actually, in the tran-
sient state the blister area grows linearly, whereas the total
delaminated area scales as the square of its apparent radius,
which is the displacement since the start of the blistering
process. This proportional growth of the blister area in the
transient state has also been demonstrated by direct mea-
surement [14]. Since in this state the blister grows linearly,
part of the elastic energy is continuously stored in the
growing buckled blister and thus appears in the global
energy balance. The amount of energy is easily estimated
as follows: the maximum amount of elastic strain energy
stored to keep the film in its buckled shape is the opposite
of the work spent by the atmospheric pressure to maintain
it. The energy dissipated in deformation within the film can
be neglected to a first order approximation in view of the
low Young’s modulus of the coating. Hence, in the present
case the elastic strain energy AEg g, stored in the film can
be approximated by:

AEg_giim = AAppamhad  if the transient state is part of
the analysis

AEg_Fim =0 otherwise

(12)

where AAg is the area of the blister, p,, the atmospheric
pressure, and /, the average height of the blister, 4, being a
function of time and location.

On the contrary, the elastic energy needed to keep the
blister buckled during the steady state of its growth does

not appear in the energy balance because the blister prop-
agates, while its buckled shape remains the same.

Global energy balance

The global energy balance (see Eq. 7) reduces in the
present case to:

+ OWp + oW (13)

with the notations described above.

Results and discussion

Determination of the local friction using the global
energy balance model

First of all, an interesting result appears when writing the
global energy balance of Eq. 13 in the particular case
where cracking does not occur (bulk or coated elasto-
plastic material):

Fy = 0Wpg + 0Wpp (14)
Using Eq. 10 and Eq. 9, Eq. 14 divided by F,, gives:

Ovi 1dS
:uaPP = Hiocal + YI; ! (15)
n

where [i,5, 1s the apparent friction coefficient.

Equation 15 can constitute a simple way to estimate the
local friction coefficient piycq Of the contact if Fy, and pipp
are measured and the yield stress of the material is known,
using for instance Eq. 15 which requires only the width of
the residual scratching track.

Estimation of the interfacial adhesion 7y jnert.
and discussion on St estimation

In the case of the present coated polycarbonate, the energy
balance model provides a simple expression for the adhe-
sion Ygineerr. Which depends on the normal load, the
delaminated area, and the scratch length (see Eq. 13).

The elastic strain energy stored in the film is estimated
from Eq. 12:

AEg_pim = 200000 x 1072 x 1 x 10 x 107°
=2x107"127]

This calculation confirms that the elastic strain energy
can be neglected in Eq. 13, which can be re-written as:

AAinterf .=

f(Fna Happ> Hiocal» Tyield; Sl) (16)

Vs—interf.
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where f is a function depending on the variables in
brackets.

As explained in § 3.2, the initiation of the blister during
the first micrometers of the indenter advance is not included
in the model. Eq. 16 indicates that the delaminated area
AA;pert, 18 theoretically a linear function of the scratch length
d. Thus, the graphic representation of this linear function
having the slopef(Fn, Happs Hiocals Oyields St)/'ysfinterf shown
in Fig. 2 as the asymptote of the experimental curve is the
upper possible boundary of blister propagation. One may
note that this boundary is derived from a propagation crite-
rion and not from an initiation criterion as the latter
phenomenon is excluded from the model.

As a consequence, the delaminated area during the

steady state (i.e., for large values of scratching distance)
follows the linear function described in Eq. 16. The slope
is about 741 x 107> mm (obtain by a linear fit on Fig. 2)
and gives the maximal propagation rate, which enables
determination of the interfacial adhesion Y. i . Finally,
only the slope of the maximal propagation rate is required
to compute the interfacial adhesion Y jner. MoOreover, one
should note that this latter value is easy to assess in the case
of a stabilized blister propagation. The considered slope is
given by:
AA WiumAd
Ad~ Ad
where AA is the delaminated area variation considered in
the steady state propagation for the slope calculation, Ad is
the corresponding length, and Wy, is the width of the
blister as defined in Fig. 1. In the end, the slope value is
equal to the width of the blister in the steady state
propagation.

The estimation of the cross section of the plastic zone S;
is a delicate point. Different methods are presented and
discussed in this part. First of all, the boundary of the
plastic zone can be considered semi-circular with a radius
equal to the contact radius a (see the hatched area in
Fig. 3), as is commonly assumed. The plastic imprint is
approximated by the shape of the indenter and the thin film
is not taken into account in the plastic volume as it is
probably purely elastically deformed. The cross sectional
area S; obtained, which is an approximation, is given by:

= Widn (17)

2

St:%—Rzarcsin%+avR2—a2—2nae (18)

Pile-ups are largely ignored in Eq. 18 and in situ visu-
alization shows that this assumption is an approximation.
Actually, the scratch reported in Fig. 1 is not a fully plastic
scratch as defined by Bucaille et al. [17], since push pad
and lateral pile-ups seem to be light. It results that the cross
section of the plastic zone in the case of the coated sub-

strate is probably greatly smaller than in the case of the
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Fig. 3 Nomenclature for calculation of the plastic cross section S;

approximation given by Eq. 18 related to Fig. 3. Finally,
an ultimate way to investigate the size of the plastic zone
may be to use Finite Elements modeling. Major develop-
ments remain necessary to model completely the problem
that consists in the scratching of an elastic coating depos-
ited on an elasto-plastic substrate with cracking occurrence
in the interface and friction consideration. The size of the
cross section of the plastic zone will be discussed at the end
of this part.

The adhesion Y jnerr. Was computed from this slope and
Eq. 16: F,, was roughly 0.45 N, u,p,, was roughly 0.25, and
ocal Was estimated to be 0.13 using the method described
by Lafaye et al. [18]. It is important to note that the mean
scratch strain rate given by Vi, / L, [15] (with L, the width
of the groove) was equal approximately to 0.12 s~'. Thus,
oy of the polycarbonate at 80 °C was approximately
60 MPa at ¢ =0.12 s7!, the half-width of the residual
scratching track was about 40.5 pum, the indenter was a
spherical diamond tip of radius 116 pm. Two furthest sit-
uations can be considered. Firstly, if no cracking at the
interface is considered, the energy spent in plastic defor-
mation will be maximum. It results in an upper bound of
the plastic zone size: 922 um?® of cross section. In com-
parison, Eq. 18 gives S; = 1360 pm?®. This confirms that
the analytical method overestimates greatly the real plastic
size. Secondly, if no energy is considered to be spend in
plastic deformation of the material, Eq. 16 gives an upper
bound of the adhesion about 37 J/m?. This is a consistent
result since the adhesion was expected to be weak and an
interaction of this order of magnitude should be compared
to the Van der Waals adhesion, typically about 3 mJ/m?, or
the adhesion corresponding to cohesive fracture in poly-
mers, typically about 3,000 J/m?.

The linear relation between blister area and scratch
length also shows that the blister reaches a stable width on
the surface of the sample while a constant amount of work
is continuously provided to the blistering system during the
scratching process. Hence, the transient state corresponds
to the scratching distance which the material needs to attain
stably shaped blister propagation. Since this accommoda-
tion minimizes the energy spent during advance of the
crack tip, the evolution of the delaminated area (see Fig. 2)
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during the transient state remains below the maximal
propagation rate. The energy lost in the transient state,
understand the energy not used for optimal propagation of
the blister, is dissipated in the interfacial cracking process
which tends to its minimal energy as it reaches the steady
state and the final shape of blister propagation.

Blister propagation and cracking
Transient state blister propagation

The global energy balance model is convenient to describe
a steady state propagating blister. However, this steady
state is not easy to attain as the propagation of the blister
usually ends suddenly due to cracking within the film. The
evolution of the propagation of the blister (see Fig. 2) is
reproducible in different tests, but cracking within the film
takes place randomly and is unpredictable. This means that
most of the time, under the same conditions, the blistering
process is stopped by cracking in the film at a random time
point before the total delaminated area has reached its
steady state growth phase during which the blister propa-
gates with a stabilized shape and size. The consequence is
an incomplete record of the delaminated area as a function
of indenter displacement, often interrupted in the transient
state and hence in the polynomial part of the curve (see
Fig. 4). It nevertheless remains possible to obtain infor-
mation about the adhesion from this kind of interrupted
test. The slope of the curve to the final fracture point is
evidently less than the maximal blister propagation rate
which should have been measured during the correspond-
ing steady state propagation. Thus, using Eq. 16, this
corresponding slope derived from the interrupted test gives
an upper bound of the interfacial adhesion through the
determination of the function f* (instead of f).

Jf* 7,
K

film fracture |

Total delaminated area

experimental
oL — slopes B
1 1 1 1 1 1 1 : 1 1 1 L 1

Displacement

Fig. 4 Estimation of an upper bound of interfacial adhesion from an
incomplete scratch test

Blistering under reduced load

As explained above, long steady state propagation of a
blister is not easy to obtain experimentally. In such
experiments the applied normal load is kept constant dur-
ing scratching and equal to the load necessary to initiate the
interfacial crack. Since the load needed to initiate blistering
is greater than that needed to propagate the blister, the
latter spreads widely and its large size increases consider-
ably the probability that cohesive cracking will occur
within the thin film before the steady state has been
reached. A simple way to avoid this problem is to initiate
the interfacial crack with a sufficient load and then
decrease the load immediately in order to obtain a steady
state propagating blister with reasonable dimensions. The
drop in normal load reduces the slope of the propagation
rate in Fig. 2 and 4, i.e., decreases the function fin Eq. 16.
The maximal blister propagation rate (steady state) is
reached after a shorter scratching distance (shorter transient
state), providing a small stabilized blister. Moreover, these
blisters are easy to reproduce, and there is no premature
interruption of the test due to cohesive fracture within the
film.

Conclusion

The contribution of the present work is to propose a way of
determining the adhesion between a coating and its
underlying substrate using a scratch test, which is able to
reproduce conditions similar to those encountered by the
material in real life.

A global energy balance model of the blistering process
has been developed for the scratching of a substrate/thin
film system. It permits one to assess the adhesion of the
system by following the evolution of the total delaminated
area as a function of the scratching distance. The model
was applied to an experimental stable blistering process
and led to a calculated upper bound of adhesion of about
37 J/mz, consistent with the expected adhesion. The diffi-
culty of this method has been pointed out and consists in
the estimation of the size of the plastic zone induced by
scratching. The establishment of a complete Finite Element
model of the system would be helpful to solve the problem
more precisely.
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