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Abstract

An elastic model is developed to estimate the interfacial strength between a submicron surface coating and a compliant substrate. The anal-
ysis uses a shear-lag model and assumes the plane-stress state in the surface coating. The critical indentation load for the indentation-induced
delamination of the coating from the substrate increases with the third power of the indentation depth and is a linear function of the reciprocal of
the coating thickness. The indentation-induced delamination of SR399 ultrathin surface coatings over acrylic substrate has been evaluated, using
the nanonindentation technique for coating thicknesses of 47, 125, 220 and 3000 nm. For the submicron coatings, the dependence of the critical
indentation load on the coating thickness supports the elastic model. The interfacial strength is found to be 46.9 MPa. In contrast, the polymeric
coating of 3000 nm displays multiple “‘excursions” in the loading curve, and the critical indentation load is a linear function of the indentation

depth.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Surface coatings have been widely used in different
engineering applications, including scratch-resisting coatings,
passivation layers in semiconductor chips and packages, and
ceramic thermal barrier coatings for advanced gas turbine en-
gine. For example, a scratch-resistant lens coating can improve
the longevity of plastic eyeglass lenses, and multilayered nano-
scale coatings with unique optical properties can be constructed
to improve optical performance. Surface damage and interfa-
cial failure may affect the performance of coating systems
and limit the reliability of devices. Thus, reliable characteriza-
tion of interfacial strength is critical to the improvement of
adhesive properties and to the control of quality in multilayer
structure and devices. Accurate and rapid methods for the char-
acterization of submicron coatings would be particularly useful
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to accelerate product development, to improve product design,
and to ensure quality control.

Different techniques have been developed to evaluate the
interfacial strength of surface coating, such as blister test
[1—3], residual stress-driven delamination test [4], scratch
test [5—8] and indentation test [9—15]. The scratch test may
be the most popular technique for qualitatively determining
the adhesion of various coatings, although it may not provide
an absolute measurement of the interfacial strength for the
coating—substrate interface [16]. Both the blister test and the
residual stress-driven delamination test require complicated
sample preparation and are often limited to surface coatings
with poor adhesion [12] (i.e. no surface cracking occurs during
test).

The indentation-induced delamination of a coating from
a substrate is initiated by pushing a rigid indenter into the coat-
ing. In some indentations, significant deformation is created
only in the coating, while in others, plastic deformation is
also introduced in the substrate. There have been reports on
the change in the slope and the discontinuity in the load-
displacement curves, which is referred to as the ‘“pop-in”
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event or sudden displacement excursion. The occurrence of the
“pop-in”’ phenomenon could be related to the phase transition
or the indentation-induced delamination. Previous studies of
indentation-induced delamination focused on the relation be-
tween the indentation load and the delamination size. Chiang
et al. [17] evaluated the interfacial strength between a surface
coating and a substrate using a Vickers indenter; they sug-
gested that the indentation deformation compressed the coat-
ing, leading to the delamination of the coating from the
substrate. Using the theory of linear fracture, Evans and
Hutchinson [18], Marshall and Evans [11], and Rossington
et al. [19] studied the propagation of an interfacial crack to de-
termine the resistance to interfacial delamination. Considering
the indentation-induced elastoplastic deformation in a coating,
Matthewson [10] proposed that the radial displacement caused
by the indentation introduces a shear stress at the interface,
which causes the initiation and propagation of adhesive fail-
ure. Ritter et al. [20] developed a simple model for calculating
the fracture energy based on the dependence of the delamina-
tion size on the indentation load. Extending the analysis devel-
oped by Marshall and Evans [11], Kriese et al. [16] considered
the indentation-induced delamination of a multilayer structure
and evaluated the effect of the multilayer structure on the frac-
ture toughness. Vlassak et al. [12] developed a microwedge
technique to measure the adhesion of brittle films to ductile
films and obtained the fracture toughness as a function of
the width of the delamination region.

In general, the indentation-induced interfacial crack propa-
gates in both the loading and the unloading processes. It is
very difficult if not impossible to determine exactly the size of
the delamination zone. This is particularly true for non-brittle,
elastic materials that may partially recoil after a delamination
event. Thus, it would be useful to determine the interfacial
strength from the indentation loading—unloading curve. Based
on the shear-lag model, Dehm et al. [13] developed an approx-
imate elastic model for the estimation of the interfacial yield
strength of a metal film on a ceramic substrate using a conical
indenter, in which they neglected the effect of the deformation
in the substrate and assumed that the contact between the film
and the substrate was frictionless directly under the indenta-
tion. Extending the approach given by Dehm et al. [13] to
the indentation of polymeric thin films of poly(methyl methac-
rylate), polystyrene and high impact polystyrene on a glass
substrate using a flat-ended cylindrical indenter, Lu and Shino-
zaki [9] obtained a critical interfacial shear strength using the
Tresca yield criterion. However, there are few studies on the
indentation-induced delamination of a submicron polymeric
coating on a polymeric substrate with similar elastic pro-
perties, which likely displays different behavior from soft
coatings on hard substrates.

Studies on thin polymeric films have provided a variety of
fascinating and as yet unexplained observations [21], which
may be determined by the volume fraction of an interfacial
region [22]. A well known phenomenon is the reduction in the
glass—rubbery transition temperature (T,) typically for poly-
styrene [23—26], which is likely due to the size effect on the
equilibrium state of the polymer chains in submicron coatings

[23]. Using the nanobubble inflation test, O’Connell and
McKenna [27] recently examined the viscoelastic properties
of ultrathin polymer films of poly(vinyl acetate) (PVAc).
They reported that the rubbery compliance for the thin film
of 27.5 nm in thickness is smaller by a factor of about 320
compared to the bulk material [27], although the mechanism
is not understood.

Measurement of the mechanical properties of polymer sur-
faces is likely to provide an insight into the effects of surface
interaction and enables us to evaluate the physical processes
controlling the physical behavior of thin polymeric films at
the micro- and nano-scales. In principle, there are two basic
approaches in assessing mechanical properties of polymer sur-
faces: (a) contact mechanics [28—31] and (b) surface relaxa-
tion [32,33]. It is the purpose of this work to study the
effect of the coating thickness on the nanoindentation-induced
delamination of submicron polymeric coatings on polymeric
substrate. A quantitative evaluation of the interfacial strength
is described. The indentation-induced delamination is ana-
lyzed, relating the indentation load at the excursion in the
loading curve to the critical interfacial shear stress at which
the delamination initiates.

2. Analysis of the indentation-induced delamination

Consider a conical indenter being pushed into a bilayer
structure as shown in Fig. 1. The bilayer structure consists
of a thin film coating of thickness 4 and a half-space substrate.
A cylindrical coordinate system is used to describe the defor-
mation of the system, in which the origin of the coordinate
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Fig. 1. Schematic of the shear-lag model for the indentation-induced delami-
nation: (a) indentation of a bilayer structure consisting of a surface coating and
a substrate, (b) stress distribution in the coating and (c) transfer of the
indentation load to the substrate.
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system 1is at the center of the contact zone between the in-
denter and the surface of the coating and the z-axis is parallel
to the loading direction. During the indentation, material is
pushed away from the indenter and stresses are created in
both the thin film and the substrate. The radial stress in the
coating increases with the increase in the indentation depth
and eventually causes the delamination of the surface coating
from the substrate. As suggested by Dehm et al. [13], the de-
formation along the radial direction is limited by the ability of
the interface to support the radial stress and the transfer of the
radial stress can be described by a shear-lag model as shown in
Fig. 1. The delamination is controlled by the interfacial
strength between the film and the substrate. Based on the anal-
ysis used by Dehm et al. [13], we assume that the contact be-
tween the substrate and the coating is frictionless directly
under the indentation and the deformation in the coating can
be approximated via a depth-independent, i.e. a plane-stress
state so that

oy(r,z) = 0y03(r) ij=r,0,z forr<a (1)
where ¢7; are the components of the stress tensor, the super-
script ¢ represents the coating, d;; denotes the Kronecker delta
with no summation implied in the equation, and « is the con-
tact radius. In general, the relation between the contact radius,
a, and the indentation depth, d, can be expressed as

a=adtand (2)

where « is a constant depending on the system (« = 2/ for
the indentation of an elastic half-space [28,34] and « = 3/2
for the indentation of an incompressible elastic thin film
over a rigid substrate with the contact radius much larger
than the film thickness [35]) and @ is the half of the included
angle of the conical indenter.

The equilibrium equation for the deformation of the coating
under the simplification of the plane-stress state is

dut 1dus ut v do¢
(s SR SR Tz
a2 rdr 12 2G¢ dr orr<a (3)

where ¢ is the radial displacement in the coating, and G° and
V¢ are the shear modulus and Poisson ratio of the coating,
respectively. The integration of Eq. (3) gives

C 1 r
u(r) =Ar — 220 ;/0 ra;, (r)dr

forr <a 4)
with the constant A to be determined.

The radial displacement in the coating is confined by the
adhesion of the coating to the substrate. According to Agarwal
and Raj [36], the interfacial shear stress around the contact
edge can be approximated in a sinusoidal function as

T =1Tpsin fora—{<r<a+¢ (3)

v
2(a+¢)
where 7y, is the maximum interfacial stress along the interface.
The interfacial shear stress rises to the maximum in the regime

of a— { <r < a+ ¢, in which 2 is the size of the influential
zone. Considering the force balance at the contact edge, one
obtains

a+{
1/ Tdr:42(a+c)7m (6)
0

onla) =7 Th

For a small influential zone, { << a, Eq. (6) gives

2aty
Th

on(a)=

Using Eqgs. (4) and (7) and the following equations

lim oo, (r)=0 (8)
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one obtains
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where F is the indentation load. Solving A from Eq. (11) and
substituting it into Eq. (4), one obtains

WE(r) = “‘”’(“Tm”F>

(I1+v)G\wh 4 ma?

a 1/’. a. (r)dr forr<a (12)
— — [ rec (r)dr r
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which is the radial displacement in the coating as induced by
the indentation.
Considering the mass balance, one has

ug(a) = 6— (13)

Here, 8 is a constant, which is a function of the mechanical
properties of both the coating and the substrate and can be de-
termined by numerical simulation. From Egs. (2) and (13),
there is

F 2ma’Ge tan’ 0<(1 B C)Tm

5 P 1) "

At the excursion of the indentation-induced delamination,

the maximum shear stress is defined as the ‘““critical interfacial
shear strength”, 7... Thus, Eq. (14) can be re-written as

6_2r veh

F, 2mo’Gtan’ o Ter

y ——(1+y°)5) (15)
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where F,, is the critical indentation load and ¢, is the corre-
sponding indentation depth. For the same critical interfacial
shear strength and g, the parameter F.,/ 6§r is inversely propor-
tional to the thickness of the coating. It should be emphasized
that, in deriving Eq. (15) the deformation is approximated as
a plane-stress state in the coating and no viscoplastic deforma-
tion is taken into account.

Using Egs. (2), (13) and (15), one obtains the radial dis-
placement in the coating at the edge of the delamination,
i (a), as

(@) = — " ﬁ((l (1 +v°)ﬁ>l (16)
T 2maGe tan 6 O,

which is proportional to the ratio of the indentation load to the
indentation depth at the delamination. In general, less indenta-
tion load is required for the initiation of interfacial delamina-
tion in a bilayer system with a thinner surface coating. Thus,
less deformation at the delamination is created in the bilayer
system with thinner surface coating as indicated in Eq. (16).

3. Experimental

The polymeric films of dipentaerythritol pentaacrylate
monomer (Sartomer SR399) were spin-coated on acrylic
substrates, which were provided by Optical Dynamics Corpo-
ration (ODC, Louisville, KY). The acrylic substrate was a
typical material for polymeric lens, with a modulus about
one-half that of the SR399. The thicknesses of the polymeric
coatings were 47, 125, 220 and 3000 nm, measured by a profil-
ometer (Ambios Technology XP-1, Santa Cruz, CA). All of
the coatings were cured for 90 s in the presence of CO, under
UV light from a germicidal lamp having an intensity of 4 mW/
cm® at 5cm distance. For the detailed information on the
sample preparation and polymerization degree, see the work
by Geng et al. [28].

The chemistry of the SR399 coatings and the proprietary
substrates provided by the ODC was analyzed by Fourier
Transform Infrared Spectroscopy (FTIR) (ThermoNicolet
Nexus 470) with a resolution of 4 cm~ . At room temperature,
the spectrum of the SR399 coating on a KBr plate was recorded
by a transmission method, and the spectrum of the acrylic sub-
strate was recorded by the attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR). Fig. 2 shows the
characteristic infrared absorptions of the SR399 coating and the
acrylic substrate. The carbonyl bond is at 1724—1728 cm ™', and
the C—O stretching bond at 1270—1150 cm™ ! [37]. The in-
tensities of the CH=CH stretching at 1407 cm ™' and twisting
at 809 cm ' are high in the SR399 coating sample due to the
residual double bonds in the typical high functional acrylic
polymers [28]. The SR399 coating has similar chemistry to
the surface of the acrylic substrate.

The nanoindentation tests were performed in a Hysitron
TriboScope (Minneapolis, MN) attached to a Quesant (Agoura
Hills, CA) atomic force microscope (AFM). A diamond
NorthStar cubic indenter with a nominal tip radius of 40 nm
(Minneapolis, MN) was used. Constant loading and unloading
rates were used in the indentation tests with the intermediate
pause of 2s between the loading phase and the unloading
phase. Both the loading and unloading times were 5s. The
indentation depth and applied load were used to evaluate the
indentation-induced delamination of the polymeric coatings.

4. Results and discussion

The nanoindentation tests were carried out using the load-
control mode with indentation loads within the range of 400—
5000 uN. Constant loading and unloading rates were used
with both the loading and unloading times of 5s. AFM was
used to image selected impression marks. Fig. 3 shows a typical
AFM image of the impression mark indented over the 125 nm
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Fig. 2. Characteristic infrared absorptions of the SR399 coating and the acrylic substrate (a) a transmission FTIR spectrum of the SR399 coating and (b) an ATR-

FTIR spectrum of the acrylic substrate.
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Fig. 3. Typical impression mark and line scans over the indentation profile for the indentation of 125 nm coating at the indentation load of 1200 pN.

coating at the indentation load of 1200 uN and the correspond-
ing morphological profiles of the residual indentation. The in-
dentation profiles are self-similar, and the pile-up around the
indentation is observed. The highest pile-up occurs at the region
close to the center of each side-contact face, while the lowest
pile-up occurs at the singular edges of the indentation due to
high stress concentration and less elastic recovery. Smooth im-
pression marks are present and no surface cracks are observed.

A typical example of the loading—unloading curve for the
polymeric coatings is shown in Fig. 4, in which the loading—
unloading curve for the acrylic substrate is also depicted.

1.4
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Fig. 4. Typical indentation loading—unloading curves for the indentation of
125 nm surface coating and the acrylic substrate.

There is an excursion during the loading phase near an inden-
tation depth of 800 nm for the 125 nm polymeric coating,
clearly differing from the indentation of the substrate only.
For the same indentation depth less than 800 nm, larger inden-
tation load was required due to the build up of the stresses in
the coating, i.e. more mechanical energy was stored in the
coating which eventually led to the delamination of the coat-
ing from the substrate. After the delamination, the indentation
of the system with the surface coating is similar in appearance
to the indentation in the acrylic substrate. This reveals the sim-
ilar mechanical properties between the surface coating and the
acrylic substrate, as expected, since the elastic modulus of the
acrylic substrate is about half of that of the surface coating.
The contact stiffness as determined from the upper portion
of the unloading curve is slightly smaller for the coating sys-
tem than that for the substrate only. This is due to the layer
structure of the coating system, which has less contact stiff-
ness than each individual system similar to the resultant spring
constant for the spring system consisting of two springs con-
nected in series. It should be pointed out that there is no excur-
sion for the indentations of the acrylic substrate up to
5000 uN, which strongly suggests that the occurrence of the
excursion is associated with the interfacial behavior between
the surface coating and the substrate. Based on the impression
mark as shown in Fig. 3, it can be concluded that the excursion
is likely due to the delamination of the coating from the
substrate as suggested in previous discussion.

To evaluate the effect of the loading rate on the indentation-
induced delamination, different peak loads were applied to the
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indenter. Fig. 5 shows the loading—unloading curves for the
indentation of the 125 nm polymeric coating subjected to 5
different peak loads of 400, 800, 1200, 1600 and 2000 pN.
The indentation load and indentation depth for the excursion
behavior are 696.3 +24.1 uN and 829.9 4+ 13.2 nm, respec-
tively, independent of the loading rate. Thus, the indentation
load for the presence of the excursion is the critical load for
the indentation-induced delamination of the 125 nm polymeric
coating. Also, there is only one excursion present for indenta-
tion loads up to 2000 uN.

In general, the loading stiffness, defined as dF/dd, is
a smooth function of the indentation depth. It is expected
that, at the excursion, there will be a change in the loading
stiffness representing the occurrence of the indentation-
induced delamination. Fig. 6 shows the dependence of the
loading stiffness on the indentation depth for three polymeric
coatings of 47, 125 and 220 nm. Significant change in the
loading stiffness near the excursion is observed for the poly-
meric coatings of 125 and 220 nm, while less change is found
for the polymeric coating of 47 nm. This is due to less defor-
mation required for the initiation of delamination in thin coat-
ings while more deformation is required for thick coatings, i.e.
higher indentation load is required to cause delamination in
thick coatings, as discussed in the previous section. It should
be pointed out that it is very difficult to determine exactly
the critical indentation depth for the polymeric coating of
47 nm. The location for the excursion in the 47 nm coating
is best estimated from the change in the slope of the loading
stiffness-depth curve.

Fig. 7 shows the dependence of the critical indentation load
for the initiation of the delamination on the thickness of the
polymeric coatings. A linear relation is observed between
the parameter, F/ 6;, and the reciprocal of the coating thick-
ness, which supports Eq. (15). It needs to point out that
Eq. (15) is not applicable for 1/h—0 since the plane-stress
state was used in the derivation.

In the previous work [28], we characterized the elastic
modulus of ultrathin polymer films of the densely cross-linked
submicron dipentaerythritol pentaacrylate (Sartomer SR399)
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polymeric coatings of 47, 125 and 220 nm.

with the thicknesses of 47, 125 and 3000 nm. The films
were coated on silicon substrate. We did not observe the vis-
coelastic effect on the reduced contact modulus and the size
effect by holding the peak indentation load for 2 s over the in-
dentation period of 12 s. It would be expected that the visco-
elastic deformation would not have a strong influence on the
indentation deformation in the experimental conditions.

We applied the same technique in the indentations of
the polymeric bilayer structures and did not observe the
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Fig. 7. Dependence of the critical indentation load on the thickness of the
polymeric coatings.

viscoelastic effect on the reduced contact modulus and the size
effect. Using the unloading curves for the indentations of the
3000 nm polymeric coating and assuming the Poisson ratio
of the polymeric coatings to be 0.5, we obtain Young’s mod-
ulus of 4.58 GPa. In general, one can approximate the cubic
indenter as a conical indenter with a half included angle of
42.28° (this conical indenter would have the same depth to
area ratio as the cubic indenter). On the basis of ultrathin sur-
face coatings over a soft substrate, one can approximate the
system as a homogeneous half-space structure and assume
a=2/m and B=0. Using Eq. (15) and the slope in Fig. 7,
one obtains the interfacial strength of 46.9 MPa.

The indentation-induced delamination was also observed in
the indentation of the 3000 nm polymeric coating. Fig. 8
shows the dependence of the loading stiffness on the indenta-
tion depth. There are four excursions in the loading curve of
the thick coating system. The deepest indentation depth, corre-
sponding to the 4th delamination event, is 1305 nm, about 2/5
time of the coating thickness, suggesting that the stress state in
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Fig. 8. Dependence of the loading stiffness on the indentation depth for the
polymeric coating of 3000 nm at the peak load of 5000 uN.
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Fig. 9. Correlation between the critical indentation load and the corresponding
indentation depth for the indentation-induced delamination in the polymeric
coating of 3000 nm.

the coating cannot be approximated as a plane-stress state and
three-dimensional analysis involving the use of numerical sim-
ulation is needed to determine the deformation field. The mul-
tiple excursions are likely due to the arrest of the interfacial
crack, i.e. the indentation closes the interfacial crack after
the onset of the indentation-induced interfacial delamination.
There is no enough driving force to cause the further propaga-
tion of the interfacial crack. The radial stress along the inter-
face then increases with continuous indentation. Once the
radial stress reaches the critical interfacial strength, the inter-
facial delamination occurs again.

The dependence of the critical indentation load on the cor-
responding indentation depth is shown in Fig. 9 for the
3000 nm polymeric coating. Higher indentation load is re-
quired to cause the initiation of interfacial delaminations of
larger size, as expected. A linear relationship between the crit-
ical indentation load and the corresponding indentation depth
is obtained. Such a relation provides us a potential mechanism
to determine the interfacial strength for thick surface coatings
deposited on compliant substrates. However, a new model is
needed for evaluating the indentation-induced delamination
in thick coatings, which may require the use of numerical
simulation.

5. Summary

The indentation-induced delamination provides a unique
approach to evaluate the interfacial strength between a surface
coating and a compliant substrate. Assuming that the contact
radius is much larger than the thickness of the surface coating,
we approximate the deformation behavior of the thin surface
coating as a plane-stress state. Using a shear-lag model, we
have established a relationship between the critical indentation
load and the interfacial strength at which interfacial delamina-
tion initiates. The ratio of the critical indentation load to the
cube of the corresponding indentation depth turns out to be
a linear function of the reciprocal of the coating thickness.
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The indentation-induced delamination of ultrathin cross-
linked polymeric surface coatings over acrylic substrate has
been evaluated using the nanonindentation technique over
the range of the indentation loads, from 400 pN to 2000 pN
for the coating thicknesses of 47, 125 and 220 nm, and over
the range of the indentation loads, from 400 uN to 5000 puN
for the coating thickness of 3000 nm. For the coatings with
the thicknesses of 47, 125 and 220 nm, only one excursion
phenomenon is observed in the loading phase, suggesting
the arrest of the interfacial crack for deep indentation. The
dependence of the critical indentation load on the coating
thickness agrees with the proposed model. The interfacial
strength is found to be 46.9 MPa. In contrast to the indentation
behavior of the submicron coatings, the 3000 nm polymeric
coating displays multiple excursions in the loading curve.
This is due to the arrest of interfacial crack during the inden-
tation and the increase of the radial stress with further
indentation. Once the radial stress reaches the interfacial
strength, the interfacial delamination is initiated again. It
should be pointed out that a new model is needed for evaluat-
ing the indentation-induced delamination in thick coatings,
which may require the use of numerical simulation.
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