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A B S T R A C T

Thin brittle coatings on polymers can be used to improve barrier properties. The interfacial adhesion is known to
affect cracking of the coating under deformation. It is therefore desirable to experimentally quantify the adhesive
properties. For thin coating systems, this can be done e.g. by tensile fragmentation tests or nanoindentation
techniques. For crack opening, an alternative method presents itself in a secondary damage mechanism typically
found in tensile fragmentation tests. At large strains, the transverse compressive strains can give rise to ridge
cracks, which may be observed in high-resolution scanning electron microscopy. It is shown that such ob-
servations can be used to estimate the critical energy release rate in interfacial crack growth. The method is
exemplified for 20 nm thick coatings of TiO2 and coatings of mixed oxide TiO2 and Al2O3 on polyethylene
terephthalate films. The experiments gave values of 2.5 J/m2 and 1.6 J/m2 for these interfaces, respectively.
Energy release rates from a micromechanical model based on beam theory were found to be comparable with
non-linear finite element predictions for the present crack configurations. Direct measurement of the transverse
strains from digital image correlation resulted in predictions closer to the more exact numerical results as
compared with predictions based on an assumed linear elastic Poisson contraction. The effects of the non-linear
stress-strain behavior of the polymer film could thus be dealt with by measuring the compressive strains giving
rise to the ridge cracks. Overall, this work shows how the ridge cracking can provide insight in interfacial crack
growth in predominantly opening mode, and possibly be used to roughly estimate fracture toughness even for
ultrathin coatings in this investigation.

1. Introduction

Ultrathin coatings, with thickness values on the nanometer scale,
are being increasingly used in a wide variety of applications. In de-
velopment of such coatings, it is of interest to characterize the adhesive
properties of the coating-substrate interface. Different characterization
methods have their specific merits and shortcomings. The purpose of
the present study is to show how to utilize the frequently occurring
ridge cracks that form during fragmentation tests to obtain a measure of
fracture toughness in primarily crack opening, which is otherwise not
easily obtained for thin coatings. Here, we consider in particular metal
oxide coating with a nanometer scale thickness on flexible polymer
substrates which is an interesting combination for food packaging ap-
plications. This combination provides an enhancement of the barrier
performance in the carton package [1]. A concern is the cracking of the
brittle coating when subjected to tension and bending in the

manufacturing process. Such cracks can deteriorate the permeability.
The coating-substrate adhesion, can be characterized by the energy

released during crack growth at the interface. The critical energy re-
lease rate (or fracture toughness) G functions as a material property
under certain conditions [2]. In the coating mechanics community,
there is considerable effort to obtain both the cohesiveGc, when there is
a crack propagation across the coating, e.g. channelling cracking [3,4],
and the interfacial Gi , when the cracks cause delamination between
coating and substrate [5]. To measure the cohesive fracture toughness
Gc experimentally for ultrathin coatings, the fragmentation test [6] has
been used, examining channelling of parallel coating cracks, as well as
the nanoindentation test analysing a formation of ring-like cracks [7]
for Gc. For the interfacial fracture toughness Gi, nanoindentation can be
used where detached chips can be observed by scanning electron mi-
croscopy (SEM) [8]. Microscratch tests have also been used to estimate
Gi [9]. Overall, nanoindentation is a widely used method for
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characterizing the mechanical behavior of brittle coatings. Although
the principle of indentation tests is simple, i.e. load-displacement re-
sponse under normal contact, analyzing the fracture processes can be
challenging for concentrated contact loading, especially for measure-
ments with soft substrates, such as polymers [10,11].

In the previous work [12], in situ fragmentation tests were carried
out on atomic layer deposited (ALD) coatings of TiO2 (20 nm thick) and
mixed metal oxides of TiO2 and Al2O3 (20 nm thick) on a biaxially-
oriented polyethylene terephthalate (BoPET) film Dupont Teijin Me-
linex ST504 [13] to examine multiple cracking and subsequently to
calculate cohesive and adhesive properties, viz. the coating strength
distribution and the interfacial shear strength. During these tests, ridge
cracking was observed [11] in a direction transverse to the tensile
loading. It occurs through local interfacial delamination of the coating
from the substrate caused mainly by compressive deformation due to
the transverse Poisson contraction [14–16]. This damage mechanism,
termed ridge cracking or buckling delamination in the literature (e.g.
Hutchinson and Suo [17], Thouless [18] and Jensen [5] and etc.), can
be used to estimate the interfacial energy release rate Gi by measuring
the shape, crack opening and crack length of the detached coating.
Despite ridge cracking and buckling delamination occur in same
manner, they are inherently different from one another [18]. Ridged
cracking generally form for brittle coatings with low tensile strains to
failure, and come with, as the term indicates, cracks on top of the ridge.
For more ductile coatings with higher tensile strains to failure, buckling
delamination can occur, where are no cracks in the delaminated
coating. Buckling delaminations tend to be less straight than ridged
cracks, and can propagate in different morphological shapes, e.g. the
so-called telephone cord shape [19]. For utltrathin coatings [13], the
main challenge is that the ridge cracking occurs at the nanoscale, re-
quiring high resolution SEM for observations and measurements.

In this work, we continue to study the TiO2 and mixed oxide sam-
ples [13] but focus on ridge cracking in each coating. To quantifyGi, we
adapt the approach by Thouless [18], based on Euler buckling together
with certain assumptions by Andersons et al. [20] for fragmentation
tests. The model is applied to experimental observations using high-
resolution SEM and digital image correlation (DIC).

Furthermore, the energy release rates for relevant crack configura-
tions from the analytical expressions were compared with predictions
using finite element method (FEM) to determine the effect of some
simplifying assumptions in the analytical model. The FEM simulations
include the inelastic deformation of the polymer substrate observed at
ridge cracking onset at large tensile strains [11].

Normally, the tensile fragmentation test is limited to estimating the
interfacial shear strength and the cohesive strength distribution
[21–23]. Essentially, this work shows that ridge cracking, normally
regarded as an artefact in tensile fragmentation tests, can be used to
estimate adhesive fracture properties between very thin coatings and
non-linear (elastic-plastic) substrates. Some advantages and dis-
advantages of the method will be raised.

2. Methods

2.1. Micromechanical model of ridge cracking

The micromechanical model is based on a small coating fragment
with ridge cracking. The fragment length is b and corresponds to the
width of the ridge crack. The length of the ridge crack is l. Fig. 1 shows
the final configuration of a cross section of the ridge crack. The dif-
ference of lateral Poisson contraction in the substrate and the coating
gives rise to a compressive transverse stress component

= + +E ( )x x y
c

r
c

c
s

c
c (1)

in the coating [20,24]. Here, Ec is the Young's modulus and c is the
Poisson ratio of coating, x

s is the transverse strain in the substrate and y
c

is the tensile strain in the coating. The residual stress c
r in the coating

was neglected due relatively slow process (allowing relaxation) and a
processing temperature closer to ambient conditions for ALD as com-
pared with e.g. chemical vapor deposition (CVD) [12]. In the tensile
fragmentation experiments [11], we observed ridge crack onset which
occurred at the saturation stage of the fragmentation process. The
opening of the fragmentation cracks can emanate from plastic shear
deformation (Kelly-Tyson case) of the substrate or debonding of the
coating. The latter case has been analyzed by Tarasovs et al. [25] to
estimate Gi in mode II. Here, focus is on the delamination primarily in
mode I of the perpendicular ridge cracks. This crack type was first
analyzed by Andersons et al. [20] to estimate Gi from experimental
observations in coatings. Through the statistical fragmentation model
by Hui et al. [26] used previously for the present material system [12],
the coating average stress at saturation can be determined as

= µ( ) ,y
c (2)

where and are Weibull shape and scale parameters, respectively,
for the tensile strength distribution of the coating. These can be esti-
mated from the fragmentation data given by crack density vs. applied
strain [12]. The parameter µ is the normalized average coating stress,
which can be determined from the shape parameter ρ and are tabulated
in Ref. [26]. Evaluation of Eqs. (1) and (2) for this case gives the
compressive coating stress at saturation

= +E µ .x x
c

c
s

c (3)

Thouless [18] analyzed ridge cracking based on Euler buckling in-
stability, regarding the delaminated coating as a beam fixed at the crack
tip and a subjected to a compressive force on the ridge end. The critical
compressive stress is
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and the general energy release rate is [17].
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where

=P h ( )x x
c

crit (6)

is the compressive load and

=M h.z crit (7)

Fig. 1. Illustration of the cross section of ridge crack for the micromechanical
model.
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is the bending moment.
The Young's modulus in the beam model Ec is the coating modulus

obtained from atomic force microscopy [11]. The crack length l was
taken an average for several ridge cracks, as outlined in the results from
strain-induced elastic buckling instability for mechanical measurement
of reference [11]. The remaining quantities needed to calculate Gi are
the substrate strain x

s and the crack opening displacement z, which
were determined experimentally using DIC in macroscopic tensile
testing and observations in high-resolution SEM, respectively.

The propagation of the ridge cracks along the interface under the
loading conditions shown in Fig. 1 occurs in mixed modes I and II. Once
the fracture toughness has been determined, it can be partitioned into
its mode I and mode II components. The mode mixity in terms of the
stress intensity factors of the interfacial delamination can be calculated
as [17].

= = +
+

K
K

M h P
M h P

tan 12 cos sin
12 sin cos

,x

x

II

I (8)

where the phase factor ( , , )D D depends on Dundurs' parameters
of elastic mismatch D and D, [27] as well as the thickness ratio
between coating and substrate, all defined in Ref. [17]. These para-
meters can be determined explicitly from the measurements given in
the present method.

2.2. Measuring strain field of coated substrate

Polymer substrates generally show high ductility and a non-linear
stress-strain response beyond the initial few percent of tensile strain.
Estimating the transverse coating stress directly from the mismatch of
the Poisson contraction between the coating and the substrate is sui-
table for linear elastic deformations [20], but in the case of non-linear
deformation it is advisable to measure the transverse compressive strain

x
s needed directly on the sample. To this end, four samples were pre-
pared with a 4.0mm×0.1mm cross section and a 10mm of gage
length for tensile testing, corresponding to the same dimensions as in
the tensile fragmentation tests [11,12]. The mechanical tests were
performed in a Shimadzu Autograph AGS-X tensile machine with a

crosshead speed of 1mm/min. The tests were carried out up to 30% of
tensile strain.

The strain field was measured in situ with a DIC GOM Aramis stereo
system 5M. The measurement distance was 270mm and the images
were captured by 1 frame per second synchronized with the tensile test.
All samples were spray painted with black speckles using an airbrush to
obtain a high-quality contrast [28]. The strain field was calculated as
the average strain components over a virtual gage area of 2mm2 in the
center of the sample [29]. The Young's modulus was estimated as the
initial slope of the stress-strain curve, and the Poisson ratio as the ratio
of the lateral compressive strain to the longitudinal tensile strain in the
elastic regime. The influence of the coating stiffness on the elastic
properties of the samples was negligible since the substrate was more
than four orders of magnitude thicker than the coatings.

2.3. High-resolution scanning electron microscopy

We first performed ex situ tensile loading, stretching the specimens
up to the ridge cracking onset strain. This strain level was determined
previously in situ using a Deben micro-tensile stage mounted in a
Hitachi TM-1000 table-top SEM operating at 15 kV. The stretched
samples were locked in a portable fixture to maintain the deformed
state, and brought without delay to a Zeiss 1530 field emission gun
SEM. The specimens were coated with an Au–Pd conductive coating
with a Quorum SC7640 polaron sputter coater to minimize the charging
effect. This additional layer of Au–Pd was kept as thin as possible and
has been found not to cause any significant mechanical disturbance
[11]. The thickness of the conductive coating was neglected in the SEM
analysis to measure the crack dimensions, since even small nanoscale
features like edges of the cracked barrier coating could be observed. To
observe the ridge cracks closely with the high-resolution SEM, an ac-
celeration voltage of 5 kV and an in-lens secondary electron detector,
suited for detailed topographic analysis in high magnification, were
used while the specimens were tilted 52° on the sample holder.

Fig. 2. Scheme of the FEM simulation from (a) tensile testing of the coated PET film to obtain the material model used in (b) the ridge cracking modelling.
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2.4. Finite element formulation

We used FEM to validate the micromechanical model for the present
material configuration and geometry. This was done in two steps as
shown in Fig. 2. The first step is to obtain the stress-strain response of
the substrate, which is needed since the ridge crack onset occurs at high
strains in the non-linear regime. When the material model has been
identified from applied stress vs. DIC strain results, the second step is to
use this material behavior in the local model of the ridge crack to
calculate the energy release rate at crack tip. Both FEM models were
implemented in the solid mechanics module of COMSOL Multiphysics
5.4.

2.4.1. Material model of the substrate

Due to the orthotropic nature of the biaxially oriented PET [30–32],
the elastic constants were calibrated based on tensile testing as de-
scribed above. Bergström and Bischoff [33] identified three stages in
the non-linear stress-strain relationship of polyethylene, each corre-
sponding to a specific deformation mechanism. A similar stress-strain
response was found in our experiments, with an initial linear relation-
ship followed by two exponential curves.

For the initial linear regime, the material was defined as ortho-
tropic. The Young's modulus and Poisson ratio of the substrate in the
longitudinal loading direction (Ey

s and yx
s ) were measured experimen-

tally. For the transverse direction, the Young's modulus and the Poisson
ratio of the substrate (Ex

s and xy
s ) were taken from Ref. [34] where

similar PET films were characterized using the same experimental ap-
paratus. The remaining elastic parameters were determined based on
symmetry properties of the orthotropic stiffness matrix and the ratio
between the elastic parameters for another PET film [31].

For the plastic deformation, a simple isotropic albeit non-linear
model was chosen. The model is integrated in the COMSOL
Multiphysics software, and only the non-linear material model needs to
be implemented. The total strain

= + .total e pl (9)

can be decomposed in elastic strain e and plastic strain pl.
The yield function

= +F Tresca ys (10)

was defined as sum of the Tresca effective stress and the average of
yield stress governed by isotropic hardening

= + ( ),ys ys0 h pe (11)

where ys0 is the initial yield stress and h is the nonlinear hardening
function with respect to the effective plastic strain pe. A user-defined
hardening function

= a a( ) [ exp( ) exp( ) ]ysh pe 0 1 pe 2 pe (12)

was implemented by fitting to experimental results. The fitting para-
meters a1 and a2 were identified by comparison of the experimental
stress-strain curves.

Finally, the plastic potential

= =Q Q I J J( ) ( ( ), ( ), ( ))p p 1 2 3 Mises (13)

was expressed in terms of the stress invariants and is equal to the von
Mises criteria. It was used to calculate the increment in the plastic strain
tensor

= = + +
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where is the plastic multiplier. It should be noted that the adopted
elastoplastic model has been developed for ductile deformation of
metals. However, it was found to fit the experimental curves well and
could reasonably well capture the material response without too many

material parameters. The time-dependent viscous behavior of the
polymer has been neglected, and the predictions should therefore be
limited to strain rates and temperatures close to the ones used in ex-
periments.

The boundary conditions for the tensile test simulations are illu-
strated in Fig. 2 (a), where the bottom edge is fixed while prescribed
displacements y are imposed along the upper edge. Plane stress
conditions are assumed, since the thickness of the film is much smaller
than all other dimensions of the sample.

2.4.2. Energy release rate

The use of linear elastic fracture mechanics should be questioned in
any microscale crack growth. The size of the process zone cannot
generally be neglected in comparison with other crack dimensions, thus
invalidating the general assumptions of linearity (e.g. Ref. [35]). Al-
though the coating thickness, crack lengths and openings are in sub-
micrometer scale, we still opt for linear elastic fracture mechanics, since
the observed cracks were well-defined and showed no obvious cohesive
zones. Inclusion of length scale parameters or cohesive laws would
require additional parameters not readily quantifiable. Bearing this
compromise in mind, the obtained energy release rates should be in-
terpreted with care, and not regarded as precise material properties.

There are various methods to calculate the energy release rate at the
crack tip as reviewed by Matos et al. [36]. Varying the potential energy
has been found to be advantageous to determine the energy release rate
for cracks grown at bimaterial interfaces [37]. The crack extension
method was adopted in the present fracture simulations, where a high
mesh density was used at the crack tip to obtain an accurate and con-
vergent solution. The mesh and geometry are shown in Fig. 2(b). This
simulation was carried out in plane strain [5,17], since the crack front
length was large compared to other dimensions.

The energy release rate

=G
b l
1

i (15)

was calculated from the variation of the potential energy of the
delaminated coating due to a crack length increment l. A step size of

l =2nm showed convergence for the present configurations. The
potential energy

= dV1
2

: (16)

was determined for prescribed displacements. An initial deformation
was set to account the transverse strain obtained experimentally from
PET film. A symmetric boundary condition was chosen along the right
edge, roller boundary conditions along the upper edge of the substrate,
continuity boundary conditions along the yellow edge and free
boundary along the pink edge (initial crack length) at the interface, as
shown in Fig. 2(b). For these ultrathin and well-bonded coatings, we
did not observe any interfacial slipping ahead of the crack tip. The
coating and substrate elements are perfectly bonded ahead of the crack
tip, and free to separate in its wake. The initial transverse strains are
applied in the substrate, and locally shear deformations are accounted
for in FE model 2, which is not the case for the beam model.

3. Results and discussion

First, the transverse Young's modulus of the coated BoPET film was
determined to be 5.2 ± 0.2 GPa and the corresponding Poisson ratio to
be 0.24 at initial linear strains from the red curves in Figs. 3 and 4. The
results are comparable to similar coated films tested by Casal [34] using
the same test method: 5.3 ± 0.2 GPa for Young's modulus and
0.30 ± 0.02 for Poisson ratio in the transverse direction. Zhang and Li
[32] also studied the elastic properties of biaxially oriented PET films
and found a longitudinal Young's modulus of 5.37 ± 0.04 GPa. The
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yield stress at 0.2% offset was found to be 60 ± 4MPa. The scatter is
presented in terms of the standard deviation. The transverse direction is
the cross direction in the roll of biaxially oriented PET, where the
tensile testing was performed.

Fig. 4 shows DIC images of the transverse strain x
s. The strain field

was found to be higher and relatively uniform in the center of the
samples compared with that in areas close to the edges. It is also in the
center where ridge cracking first appears and shows a higher con-
centration [11]. There was only limited scatter between the experi-
mental tests, as can be seen from the red lines in Figs. 3 and 4.

In FE model 1 shown in Fig. 2(a), the measured values of Ey
s and yx

s

above were used in the longitudinal loading direction, Ex
s =4.6 GPa

and xy
s =0.16 [34] in the transverse direction and Ez

s =4GPa and xz
s

=0.1 in the out-of-plane direction (based on the obtained values and
Ref. [31]) for the elastic deformation. In the elastic regime, it is as-
sumed that the material is orthotropic, although the moduli along the
material axis only differ about 13% from each other.

The inelastic (plastic) part of the deformation was then identified by
curve fitting in Fig. 3 as outlined in Section 2.4.1. The purple triangles
in Figs. 3 and 4 are the calculated values from the numerical simula-
tions using Eq. (12), the fitting parameters a1 and a2 of which were
found as 0.75 and −205, respectively. There is a general good agree-
ment with experimental results in the stress-strain fit in Fig. 3 and the

predictions of the transverse strains in Fig. 4. This indicates that the
elastoplastic model is applicable for our polymer film, although the
model has been developed for non-linear ductile deformation of metals.
It can be noticed in Fig. 4 that there is a considerable difference be-
tween the elastic predictions ( =x y

s s) and those from the model
accounting for the non-linear deformation, especially for larger strain
where the ridge cracking occurs. It is therefore not advisable to use a
linear-elastic model to predict the transverse elastic strains needed in
the analysis of the ridge cracks.

As expected, stress concentrations occur at the clamping ends close
to the edges, which is shown in the FEM result inserts for y

s in Fig. 3. In
the center of the specimens, however, where the ridge cracking was
observed, the stress state was found to be uniform.

Fig. 5 shows high-magnification SEM images from the thicker TiO2,
(a) and (c), and mixed TiO2/Al2O3 coatings, (b) and (d). The ridge
cracks could not be seen along edges carefully cut by a focused ion
beam due to melting of the polymer substrate. The only way to measure
the opening of the ridge cracks was by observation along the tensile
fragment cracks. The ridge cracking appeared uniformly throughout the
coatings as shown in (a) and (b). It can be seen that ridge cracks may
have only one crack along the top of the ridge, as schematically drawn
in Fig. 1. These types of cracks are analyzed in this work. Other ob-
served cracks show also secondary cracks in one or both flanks of the
ridge. Finally, some uncracked ridges, appearing as elongated buckles,
were also observed. They have been analyzed experimentally in e.g.
Refs. [11,20].

Through the high-resolution SEM images, such as those in Figs. 5(c)
and (d), a simple approximation can be made for the crack opening. The
20 nm coating thickness was set by the number of ALD cycles [13] and
largely confirmed by the SEM observations. The average crack opening
found to be related to the thickness as h2.5z for the TiO2 coating
and h2z for the mixed oxide coating. The debonded coatings had a
beam-like shape viewed from the edge, without any significant bridging
ligaments close to the crack tip. We therefore used linear elastic fracture
mechanics despite the small scales. The average crack length for a large
number of ridge cracks were found to be l=120 ± 10 nm for the TiO2

coating and l=112 ± 10 nm for the mixed oxide coating. For this
range of crack lengths, the fracture toughness Gi was calculated using
the non-linear FE model and the micromechanical model (based on
predicted elastic deformation and measured deformation) while
keeping the crack opening and coating thickness constant. These results
are presented in Fig. 6 where a stable crack growth with decreasing Gi
with increasing crack length was confirmed for the investigated crack
configurations and materials. The FEM calculations resulted in
Gi = 2.5 J/m2 for TiO2 interface and Gi = 1.6 J/m2 for mixed oxide
interface. Incidentally, a stronger interfacial adhesion for the TiO2 in
terms of the interfacial shear strength determined from the fragment
density at saturation [12]. The analytical estimates in Fig. 6 are about
10% lower than the numerical predictions, although there is a converge
tendency for longer cracks, as is expected since the beam model be-
comes increasingly accurate for longer cracks. The fracture toughness
from the micromechanical model based on the measured transverse
strains are closer to the more accurate FE results than that based on
linear elastic predictions of the transverse strains. The mode mixity
phase angle using Eq. (8) was found to be 45° for the TiO2 coating and
42° for the mixed oxide coating. This ridge crack test can be considered
to measure more opening (mode I) than shear (mode II) cracking for
configurations such as those presented. Crack growth criteria normally
require the energy release rates or stress intensity factors to be parti-
tioned in mode components [38,39].

The magnitude of fracture toughness can be compared with other
results of small scale interfacial cracking, as compiled in Table 1. Al-
though these were determined with different test methods for a variety
of material combinations and with different modelling assumptions, the
orders of magnitude are in concert. The values are even close to limit
values of surface energy. The theoretical surface energy required to

Fig. 3. Stress-strain curves from the FE model 1 (triangles) and DIC experiments
(red lines) of the coated films. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Relation between tensile and compressive strains of coated substrate: FE
model 1 (purple triangles) and DIC experiments (red lines) of the coated film.
The inserts show the measured transverse strain field according to the color
scale legend. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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form a new surface by breaking of chemical bonds is about 1.5 J/m2 for
standard polymers [40]. Overall, the microscale fracture toughness
values are all several orders of magnitude smaller than values typically
observed in macroscale fracture toughness testing (e.g. Ref. [41]). The
volume available for dissipation during crack growth becomes smaller
for smaller cracks and thinner coatings. Since scaling down from macro
to nanoscale crack is generally not possible, a practical approach is to
conduct the fracture characterization on the same length scale as for the
intended application. If opening (mode I) crack growth on the sub-
micron level is of interest, the present method may provide insight and
quantitative estimates of the fracture toughness. It also has the ad-
vantage to provide data for coating fragmentation in tension (quanti-
fication of interfacial shear strength and coating strength distribution),
before the action ridge cracks are formed.

4. Conclusions

Ridge cracking has been found to occur in the transverse direction
in tensile fragmentation tests of brittle coatings on polymer substrates.
These ridge cracks can be addressed by fracture mechanics, thus pro-
viding a test method to estimate the fracture toughness of interfacial
cracking between the coating and substrate mainly in crack opening
mode. This study demonstrates feasibility of the test method down to
ultrathin coatings with a thickness of 20 nm.

A micromechanical model can be used to estimate the interfacial
fracture toughness. The energy release rates from the analytical model
are comparable to results from FEM simulations, with a difference of
about 10% for the ridge cracks observed in this work. The accuracy is
improved if the transverse strains are determined experimentally rather
than predicted by linear elastic Poisson contraction. For polymer films,

Fig. 5. High-magnification SEM images of the ridge cracking in the 20 nm coatings.

Fig. 6. Fracture toughness at interface Gi evaluated in range of l=120 ± 10 nm for TiO2 and l=112 ± 9 nm for mixed oxide coatings. The black line indicate the
average of the measured crack length values.
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which show a significant non-linear stress-strain behavior at ridge crack
onset, it can therefore be recommended to measure the transverse
strains.

The resulting interfacial fracture toughness was found to be ∼2.5 J/
m2 for TiO2/PET interface and ∼1.6 J/m2 for mixed oxide (TiO2 and
Al2O3)/PET interface, which are comparable in magnitude with other
interfaces in thin brittle coatings. An advantage with the ridge crack
test method is that crack growth in mainly opening mode can be ana-
lyzed for very thin coatings. The ridge cracks are widespread in frag-
mentation test samples, and data from many cracks can be collected
from SEM observations. If this approach should be considered as a
characterization method, a limiting factor is that the method requires
high-resolution SEM analysis which was found to be time consuming
and sensitive for the ultrathin coatings analyzed in this work.
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