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The interplay between residual stress state, cohesive and adhesive properties of coatings on substrates is
reviewed in this article. Attention is paid to thin inorganic coatings on polymers, characterized by a very high
hygro-thermo-mechanical contrast between the brittle and stiff coating and the compliant and soft
substrate. An approach to determine the intrinsic, thermal and hygroscopic contributions to the coating
residual stress is detailed. The critical strain for coating failure, coating toughness and coating/substrate
interface shear strength are derived from the analysis of progressive coating cracking under strain. Electro-
fragmentation and electro-fatigue tests in situ in a microscope are described. These methods enable
reproducing the thermo-mechanical loads present during processing and service life, hence identifying and
modeling the critical conditions for failure. Several case studies relevant to food and pharmaceutical
packaging, flexible electronics and thin film photovoltaic devices are discussed to illustrate the benefits and
limits of the present methods and models.
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© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Flexible and rollable electronics based on polymer substrates
coated with stacks of inorganic films are developed at an unprece-
dented pace for a vast range of applications [1–4]. This paper reviews
recent work on the mechanical integrity of such multilayer structures,
which should not distort, crack and delaminate during processing
and during service life. These materials are characterized by a very
high hygro-thermo-mechanical contrast between the brittle and stiff
coatings and the compliant and soft substrates. The resulting residual
stress state of the coating, its cohesive and adhesive properties and
its endurance under thermo-mechanical loading and fatigue are
discussed in the following sections. Focus is on the development of
experimental methods for accurate insight into the critical factors,
which control the coating integrity. A number of coating/substrate
combinations are presented as examples to illustrate the benefits and
limits of the present methods and models.
2. Intrinsic, thermal and hygroscopic stresses

Prediction and control of residual stresses is crucial to achieve a high
dimensional stability and avoid premature damage in multilayer
structures. In the case of inorganic films deposited from a vapor phase
onto a polymer substrate, residual stresses include intrinsic, thermal
and hygroscopic contributions [5–9]. The process dynamics of these
stresses are sketched in Fig. 1 [10]. Intrinsic stresses are associated with
deposition-induced disorder in the inorganic coating structure, and
maybe tensile or compressive. Thermal stresses develop upon cool-
down from process temperature, due to the mismatch in thermal
expansion between material constituents and are generally compres-
sive when using polymers as substrates. Hygroscopic stresses buildup
upon exposure of the coated polymer processed in a vacuum envi-
ronment to the ambient humidity, due to the mismatch in hygroscopic
expansion between material constituents and are generally tensile.
Additional stresses may develop in the coating during post-deposition
processes due to further dimensional changes of the polymer substrate
such as orientation relaxation and resulting shrinkage [11].

The individual components of the in-plane coating stress σres=
σin+σth+σhy are identified using the protocol detailed in [9]. The
intrinsic stress, σin, is obtained in a first step, from the analysis of film
curvature measured in vacuum and at the deposition temperature.
The temperature-dependent thermal stress, σth, and humidity-
dependent hygroscopic stress, σhy, are obtained from the change of
curvature of the multilayer film subjected to iso-hygric temperature
jumps and isothermal relative humidity jumps, respectively. In case
of small displacements, σres is related to the curvature changes of the
coated film using Röll's model [12]:

σres = − Esh
2
s

6 1−νsð Þhc
1 +

hc
hs

4
Ec
Es

−1
� �� �

⋅ 1
R2

− 1
R1

� �
ð1Þ

http://dx.doi.org/10.1016/j.tsf.2010.06.003
mailto:yves.leterrier@epfl.ch
http://dx.doi.org/10.1016/j.tsf.2010.06.003
http://www.sciencedirect.com/science/journal/00406090


Fig. 2. Residual stress components in 400 nm thick SIN1, SIN2, SION and SIO coatings on
a 125 μm PI substrate at 22 °C and 50% RH.

Nomenclature

CD crack density
CDsat crack density at saturation
CHE, CHEc, CHEs coefficients of hygroscopic expansion, of coating,

of substrate
CTE, CTEc, CTEs coefficients of thermal expansion, of coating, of

substrate
Ec, Es Young's moduli of coating, of substrate
Ēc, Ēs plane strain moduli of coating, of substrate
g(α; β) normalized energy release rate
Gc coating toughness
Gss steady-state energy release rate
hc, hs thicknesses of coating, of substrate
IFSS, IFSS* interfacial shear strength, intrinsic IFSS
k variable
Ni number of cracks observed in a micrograph
R, R0 electrical resistances of strained, of unstrained specimen
R1, R2 radii of curvature of substrate, of coated substrate
W width of a micrograph
α, β Dundurs parameters
χ coating-to-substrate Young's modulus ratio
ε strain
εcrit, COS coating crack onset strain
ε⁎crit intrinsic coating crack onset strain
εres coating residual strain
νc, νs Poisson’s ratio of coating, of substrate
η coating-to-substrate thickness ratio
σres in-plane residual coating stress
σin, σth, σhy intrinsic, thermal, hygroscopic contributions to

coating stress
σY tensile stress at yield of the substrate
τY shear stress at yield of the substrate
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where Es and Ec are the Young's moduli of substrate and coating
respectively, vs is the substrate Poisson's ratio, hs and hc are the
respective thicknesses, and R1 and R2 are the radii of curvature of the
substrate and of the coated film. Compressive stresses are taken as
negative by convention. The case of large displacements is treated in
[13].

Fig. 2 shows the three contributions to the residual stress of
400 nm thick nitride and oxide coatings on a 125 μm thick polyimide
substrate (PI, Kapton VN, DuPont) at 22 °C and 50% relative humidity
Fig. 1. (Adapted from [10]). Residual stress dynamics during vacuum deposition of
coatings on polymer substrates.
(RH). Four different compositions were produced using plasma
enhanced chemical vapor deposition at 200 °C, as detailed in
Table 1. Their stoichiometry was assessed using X-ray photoelectron
spectroscopy. The Young's modulus of the SIN1 and SIN2 coatings, and
of the SION and SIO coatings was taken from values obtained for SiNx

coatings on a glass substrate and SiO2 coatings on a Si substrate using
nanoindentation tests, respectively, with an accuracy of approxi-
mately 10%. The Young's modulus of the substrate was found to be
equal to 2.4 GPa from tensile testing, and its Poisson's ratio was
assumed to be 0.3. The coefficients of thermal and hygroscopic
expansion (CTE and CHE) of PI given the supplier were 36·10−6 K−1

and 22·10−6 (% RH)−1, respectively. The coated foils were stored
during several weeks in air at 22±2 °C and 50% RH. Rectangular
samples of 55×6 mm2 were cut from uncoated and coated foils. Iso-
hygric thermal ramps up to 170 °C were carried out in a vacuum oven,
i.e. at zero relative humidity. The samples were placed on two vertical
razor blades to minimize contact friction with a distance of 40 mm
between the blades and their radius of curvature was measured
using a binocular lens (Olympus SZH). The intrinsic stress was deter-
mined from a linear extrapolation to 200 °C of the radius of curvature
measured between 100 and 170 °C. The thermal stress at 22 °C was
also determined under vacuum. The hygroscopic stress at 22 °C and
50% RH was subsequently determined from the curvature of samples
placed in an environmental chamber equipped with a RH generator
(VTI RH-200) controlled by a hygrometer (Ebro RHT 200).

Residual stresses in the coating layers were systematically com-
pressive, for all tested compositions. The intrinsic stress in the nitride
coatings (SIN1 and SIN2) was compressive whereas it was slightly
tensile for the oxygen rich SION and SIO coatings. The thermal stress
was the largest component and was always compressive. It was a
factor of two higher in absolute value for SIN1 and SIN2 compared to
Table 1
Young's modulus and coefficients of thermal and hygroscopic expansion of 400 nm
thick silicon oxynitride coatings deposited on a PI substrate.

Coating Composition Young's modulus
[GPa]

CTE
[10−6 K−1]

CHE
[10−6 (%RH)−1]

SIN1 SiO0.05N1.06 100±10 2.0±0.2 −57±10
SIN2 SiO0.07N1.00 100±10 8.0±1.3 −32±11
SION SiO1.80N0.05 66±7 12±1.9 39±34
SIO SiO1.91N0.04 66±7 18±5.0 53±55
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Fig. 3. (Adapted from [8]). The three stages of fragmentation of a coating under uniaxial
loading: at a critical strain (εcrit) the sample starts cracking (stage I), at higher strain
mid-point cracking begins and transverse fragment buckling initiates (stage II) and
above a certain strain, no more cracks are formed and the crack density at saturation
(CDsat) is reached (stage III). The micrographs show the fragmentation of a 20 nm thick
SiOx coating on a 12 μm thick PET substrate.
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the other two coatings. The CTE of the coatings reported in Table 1was
calculated from the thermal stress, using the known CTE of PI. It was
found to increase by an order of magnitude, from 2·10−6 K−1 for
SIN1 (comparable to the value for bulk Si3N4 equal to 2.9·10−6 K−1)
to 23·10−6 K−1 for SIO. These CTE data enable the thermal stress in
the coatings on the PI substrate, and resulting curvature of the bilayer
film to be calculated for any moisture free thermal path. Hygroscopic
stresses were tensile for SIN1 and SIN2, and slightly compressive
for the other two coatings. This result is consistent with the inert
nature of silicon nitride and affinity of silicon oxide for moisture. The
CHE of the coatings reported in Table 1 was also calculated from the
hygroscopic stress and CHE of the PI substrate as given by the supplier.
The error on CHE determination was rather large, and negative
average CHE for the nitride layers were obtained. Values close to zero
were expected [9], which may result from underestimated substrate
CHE and limited model accuracy, in which the influence of coating/
substrate interface on moisture state was disregarded. This points
out the challenge to investigate the influence of moisture on the
behavior of polymer-based materials. It nevertheless appears that the
CHE of the coatings increased with increasing oxygen concentration.
Providing that these CHE data are available, the above analysis can be
used to calculate the residual stress and resulting curvature of the
bilayer film for any hygrothermal path.

3. The fragmentation and electro-fragmentation test methods

Numerous methods are available to determine the adhesion of
coatings, including tape and pull-out tests, and indentation and
scratch techniques [14]. The accuracy of these methods is however
compromised by the presence of ‘third-body interactions’, such as
indenter-coating friction in case of scratch and indentation tests, or
adherent-coating traction in case of peel and pull-out tests. The
fragmentation test method is free of third-body interactions. It
enables quantifying the cohesive properties (which control cracking)
and the adhesive properties (which control delamination) of coatings
on high-elongation substrates [8]. The method has been used to
analyze a broad range of coating/substrate combinations, including
inorganic coatings on polymers [15–19], elastomers [20] and steel
[21], and organic coatings on polymers [22–24]. In a fragmentation
test, a coated substrate is loaded under uniaxial tension, and the
damage state in the coating due to interfacial stress transfer from the
substrate is analyzed as a function of strain. An alternative test to
investigate interfacial adhesion is based on the analysis of buckling
delamination upon compressive loading [25]. The fragmentation test
is limited to high-elongation substrates (i.e., with a strain to failure
several times higher than that of the coating). The fragmentation
process reveals three damage stages depicted in Fig. 3 [26].

Stage I: crack onset and random cracking. Cracks initiate in the
coating at defect sites and start propagating perpendicular to the
loading direction at a critical strain, εcrit (also termed crack onset
strain, COS). The interaction between cracks is negligible and the
generation of new cracks is governed by the statistical distribution of
defects within the coating.

Stage II: mid-point cracking. The size of coating fragments
approaches the critical length for stress transfer. The generation of
new cracks diminishes and transverse buckling is observed across
fragments due to Poisson's ratio effects.

Stage III: delamination and saturation. No further cracks are
generated in this stage and the density of cracks reaches a saturation
value, CDsat, related to the so-called critical stress transfer length [17].
Delamination becomes the dominant failure mechanism.

A number of theoretical approaches are available to analyze the
fragmentation test data and obtain both cohesive and adhesive
properties of coatings on substrates. The cohesive properties of the
coating (critical strain, toughness, and Weibull modulus) are derived
from fragmentation stage I [16,17,27–30]. The toughness can be
calculated assuming that it is equal to the energy release rate at
critical strain [31,32]:

Gss =
π
2
hc Ēc ε

2
crit g α;βð Þ ð2Þ

where Ēc=Ec /(1−νc2) is the plane strainmodulus of the coating (νc is
the Poisson's ratio of the coating) and g(α,β) is a function of the
Dundurs' parameters α and β, which describe the elastic mismatch of
the layer/substrate system. In the case of plane strain problems α=
(Ēc− Ēs)/(Ēc+ Ēs) where Ēs=Es /(1−νs

2) is the plane strain modulus
of the substrate. The function g is primarily dependent on parameter
α, and in the present work we used β=α/4. The COS was also used
to evaluate the critical radius, Rcrit, at which cracks are initiated in
bending mode [33]:

Rcrit =
hc + hs
2εcrit
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Where η=hc/hs and χ=Ec/Es.
The adhesive properties (interfacial shear strength) are derived

from the analysis of the saturation stage III, and from the development
of buckling damage in stage II [34]. A number of models were devised
based on elastic [35–39], plastic [40–42] and elasto-plastic stress
transfer analyses [43,44]. For yielded interfaces, which generally
applies when fragmentation proceeds beyond the yield point of the
substrate, IFSS was found to be proportional to CDsat:

IFSS = 1:337hc Ec εcrit CDsat ð4Þ

Eq. (4) does not account for the possible statistical nature of
coating strength (see e.g. [17]). In presence of residual stresses,
the measured COS is in fact the linear combination of an intrinsic
failure strain, εcrit⁎ , and a residual strain, εres (εcrit=εcrit⁎ −εres). The IFSS
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Table 2
Elastic, cohesive and adhesive properties of coatings on polymer substrates.

Coating/
substrate
structure

Temperature
[°C]

Substrate Coating Elastic contrast functions Cohesive properties Adhesive properties

Modulus
Es [GPa]

Poisson's
ratio vs

Modulus
Ec [GPa]

Poisson's
ratio vc

Residual
stress
[MPa]

Dundurs
parameter α

Function g Critical
strain
εcrit [%]

Critical
radiusa

[mm]

Toughness
Gc [J/m2]

CDsat

[mm−1]
IFSS
[MPa]

IFSS*
[MPa]

OC/PET 23 5.0 0.4 6 0.4 – 0.091 1.3 3.5 2.9 44.4 28 27.0 –

TCO/PEN 23 6.6 0.37 119±5 0.2 −195 0.884 4.9 1.55 6.3 16.7 154 30.4 28.2
TCO/PEN 150 1.6 0.45 119±5 0.2 −44 0.968 11.6 1.20 7.5 24.1 84 12.8 12.6
SIO/PI 23 2.4 0.3 66±7 0.2 −247 0.926 6.8 1.07 8.6 30.9 184 69.5 53.2
SIN1/PI 23 2.4 0.3 100±10 0.2 −597 0.951 9.0 0.97 9.1 50.9 260 135 79.4

a 200 μm thick substrate.
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obtained from Eq. (4) is, therefore, an apparent strength, which
combines an intrinsic strength, IFSS*, and a residual stress term [8]:

IFSS = IFSS*−0:894hcCDsatσres ð5Þ

The factor 0.894hcCDsat results from the yielding condition. The
fragmentation test method is illustrated with four coated substrates
cases, summarized in Table 2. The first was a 75 μm thick polyethylene
terephthalate (PET, Melinex 506, DuPont) film coated with a 3.5 μm
thick organic coating (OC). Themodulus of the OCwasmeasured from
dynamic mechanical analysis of free-standing films. The second was a
50 μm thick polyethylene naphthalate (PEN, Teonex, DTF) film coated
with a 80 nm thick transparent conducting oxide (TCO) coating. The
modulus of the TCO coating was calculated from the moduli of
uncoated and coated substrates, using tensile test measurements and
the classical laminate theory. A high-temperature polyester substrate
(Arylite, Ferrania Imaging Technologies) was used for this purpose.
The substrate thickness was very small (12 μm) to maximize the
influence of the coating on the measured coated substrate modulus.
The glass transition temperature of the substrate was also high
enough (330 °C) to prevent any modification of the substrate during
coating deposition, which would have compromised the modulus
calculation. The reported value (119 GPa) compares with the value
Fig. 4. Optical micrographs of damage in coatings on polymer substrates under tensile strai
emphasize contrast).
obtained using nanoindentation on glass (112 GPa). The third and
fourth were the SIN1/PI and SIO/PI films detailed in the previous
section (Table 1). Such films are common in food packaging and
flexible electronic devices. The Poisson's ratio of the coatings was
estimated. The Young's modulus of the substrates was obtained
from tensile tests, and their Poisson's ratio was estimated or taken
from literature. The elastic function g was calculated using the data
from [31]. Fragmentation tests were carried out using rectangular
film specimens (typical gauge dimensions 5 mm×20 mm) and a
miniature tensile stage (Linkam TST350) mounted under an optical
microscope (Olympus BX60). This setup enabled analyzing coatings
of thickness down to 50 nm, below which a scanning electron
microscope becomes necessary [45]. The crack density (CD) of
the coatings was calculated from the average of the number of cracks,
Ni, counted on k micrographs of width W, at increasing strain levels

ε, as CD = ð1 + εÞ ∑
k

i=1
Ni = kW . The factor (1+ε) corrected for crack

opening to a first approximation.
Fig. 4 shows the progressive tensile damage in the OC and TCO

coatings on the polymer substrates under strain. Both coatings were
intact before loading. Initial cracks were detected around 4% and 2%
strain (Fig. 4a, c) for the OC and TCO coatings, respectively. Upon
further straining the crack density increased rapidly until saturation,
n (OC/PET, a — 3.9%, b — 19.2%; TCO/PEN: c — 2.0%, d — 20%, a green filter was used to
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with evidence of buckling delamination at the edges of coating
fragments (Fig. 4b, d). The fragmentation process for the four coatings
is depicted in Fig. 5. The COS and calculated toughness (Eq. (2)) and
the crack density at saturation and calculated IFSS (Eq. (4)) are
reported in Table 2. The coating toughness data were comparable with
values for bulk materials (e.g., SIN1 [46]), at the exception of the
silicon oxide coating (SIO) whose toughness was a factor of at least
three times higher than fused silica [47]. The IFSS was found to vary
from 27 MPa for the OC coating to 135 MPa for the SIN1 coating, thus
reflecting the major differences in interfacial interactions promoted
by the different coating processes. Accounting for the compressive
residual stress leads to IFSS* values lower than the IFSS, in the range
from 30 to 80 MPa for the inorganic coatings. These values may be
compared with the shear strength at yield of the polymer substrates,
τY, estimated from their yield stress, σY, using Von Mises equivalence
(τY = σY =

ffiffiffi
3

p
) [48]. The yield stress of the PI substrate was equal to

155 MPa. The corresponding shear stress was equal to 89 MPa, which
is higher than the IFSS*. This means that the interface will fail without
strain hardening taking place (i.e., delamination will occur at strain
levels below the yield strain of the substrate, see e.g. [49]), and that
surface treatment of the substrate might be useful to further improve
the adhesion.

The critical radius was also calculated from the COS (Eq. (3)). For
comparative purposes, the same value of 200 μm for the substrate
thickness was used, rather than the actual value (the COS is
independent of substrate thickness beyond several 10 times coating
thickness [50]). Values below 1 cm were obtained, which provides a
design limit for conformal and rollable devices. It will however be
shown in a further section that this might only be true for short-term
loading, and that a greater safety margin (i.e., a higher limit for the
admissible radius of curvature) is likely to be required to ensure long-
term stability under fatigue loading.

Further insight into coating damage development was obtained
with the development of an electro-fragmentation test. Special
clamps were designed to enable electrical resistance measurements
and avoid contact artefacts resulting from coating failure in the
clamps. The method was initially applied to conducting coatings, for
which a correlation between crack initiation and resistance increase
was established [51–54]. It was modified to enable analyzing non-
conducting coatings using an additional conducting probe layer. A
Fig. 5. Crack density vs. strain of a 3.5 μm thick organic coating on a PET substrate
(OC/PET), a 100 nm thick transparent conducting oxide film on a PEN substrate
(TCO/PEN), a 400 nm thick SiOx coating on a PI substrate (SIO/PI) and a 400 nm thick
SiNx coating on a PI substrate (SIN1/PI) under uniaxial loading.
careful selection of this layer was carried out to avoid further artefacts
such as changing the residual stress in the coating. The optimal probe
layer was based on amorphous graphite (a-G) [55]. Fig. 6 compares
the change of electrical resistance ΔR/R0 (ΔR=R−R0, R and R0 are
the electrical resistances of the strained and unstrained specimen,
respectively) of a 32 nm thick a-G layer on several nitride coatings
with the crack density in the coatings. A clear correlation between the
two damage events is evident. The initiation of cracks was associated
with a 10% increase of resistance (significantly higher than the strain
gage effect resulting from straining the conducting layer [54]). One
notices that the COS decreases with increasing coating thickness as
expected from fracture mechanics, which predicts that COS should
scale with the inverse of square root of coating thickness (Eq. (2)). A
model to correlate the tensile damage with the resistance increase
within fragmentation stages I and II was moreover proposed in a
recent work [56], enabling automatic detection of the overall damage
development in ultrathin coatings on polymers. The electro-fragmen-
tation method thus provides a powerful alternative to the rather
impracticable optical detection of cracks in the case of experiments
that may last few seconds (high strain rate), or several days or weeks
(low strain rate and fatigue).

4. Influence of temperature on adhesion

Thin film deposition and further conversion processes are often
carried out at elevated temperatures, resulting in thermal stresses
Fig. 6. (Adapted from [55]). Crack density (open symbols) and normalized change of
electrical resistance (filled symbols) of a-G/SiNx coatings on PI vs strain. The thickness
of the nitride coatings is indicated in the graphs.
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upon cool-down to room temperature as discussed in a previous
section. Only few studies on this topic are available, where a corre-
lation between IFSS and polymer properties, more specifically
yield stress was established [17,57]. In the present work the
fragmentation method was used to analyze the influence of thermal
loads applied to coated components on the adhesion of the coating.
The experimental setup was equipped with a temperature-controlled
oven with a ±0.1 °C stability up to 250 °C, specially designed to fit
in the microscope stage. Fig. 7 shows bright field optical micrographs
of the TCO/PEN film at saturation, at 23 °C and 150 °C, where amarked
reduction of CD at 150 °C compared to 23 °C is evident. The COS was
also reduced, from 1.55% at 23 °C to 1.2% at 150 °C, a result of tensile
stresses controlled by the thermal expansion of PEN, as also to the
increasing elastic contrast resulting from the softening of the
polymer. The temperature-dependent IFSS and IFSS* were calculated
using Eqs. (4) and (5), and the results are reported in Table 2. The
residual stress at 150 °C was approximated by adding to the stress
at 23 °C a thermal stress σth=Ec(CTEs−CTEc)ΔT, where Ec=119 GPa,
CTEs=20·10−6 K−1, CTEc=10·10−6 K−1, and ΔT=150–23. The
marked decrease of IFSS and IFSS* on temperature reflects the
temperature dependence of the polymer substrate, rather than a
degradation of the adhesion quality. In fact, at 150 °C the PEN
substrate was considerably more compliant than at 23 °C, in contrast
to the TCO coating whose modulus was assumed to be independent of
temperature in the investigated range. The transfer of the substrate
stress to the coating through interfacial shear (i.e., the adhesion),
responsible for the coating failure observed in Fig. 7 was thus much
less effective at higher temperature, and this was emphasized with
the buildup of tensile thermal stresses. The consequence was a
reduction of the CDsat of the TCO coating, and correlated decrease of
IFSS and IFSS*. The present analysis enables to evaluate the respective
influence of fundamental interactions (which control IFSS*) and
residual stresses on the practical adhesion of coatings.

5. High cycle fatigue behavior of thin oxide films on
polymer substrates

The critical strain for coating cracking is usually determined using
quasi-static loading [21,49], which might not be representative of the
actual fatigue loading present during operational life. High cycle
fatigue (HCF) of thin films on polymer substrates has been studied in
details in case of metallic films (especially Cu and Al) [58–65], whose
damage state was primarily related to the grain structure. Fatigue
studies of oxide films are much fewer and limited to conducting
materials (especially Sn-doped In2O3, ITO) since these enable probing
damage through electrical resistance measurement [66,67]. The
present study was motivated by initial observations of stable cracks
in ITO films, which grew under fatigue loading at strain levels below
Fig. 7. Saturation stage of coating fragmentation (18% strain) for TCO/PEN at 23 °C (a) and a
the loading direction was parallel to the scale bar in the micrographs.
the critical strain for unstable crack propagation under tensile loading
[68,69]. The objective was to further investigate the HCF endurance of
such films on a polymer substrate. Focus was put on a layered Ag/ITO
film found to be more robust than plain ITO films [67]. The approach
was to correlate a macroscopic damage state variable (e.g., electrical
resistance) to the actual damage at microscopic scale, using a com-
bination of electrical measurements and microscopy analyses.

The material was a 50 μm thick polyethylene terephthalate
substrate (PET, DT401, DTF) coated with a 136 nm thick Ag/ITO
multilayer (ITO 30 nm/Ag 8 nm/ITO 60 nm/Ag 8 nm/ITO 30 nm, ITOA).
The sheet resistivity and COS of the ITOA film were 4 Ω/□ and 1.15%,
respectively. The computer-controlled electro-fatigue apparatus was
constituted of a steel frame with high-accuracy linear bearings and a
linear variable differential transducer for strain control. Thedevicewas
mounted under an optical microscope (Olympus BH-2). Rectangular
samples (gauge dimensions 5 mm×40 mm) were clamped under a
small pre-strain (5·10−4). A sinusoidal movement up to prescribed
maximum strain was applied under displacement control to the
sample using a stepper motor and an eccentric mechanism. Video-
extensometry was used to measure sample strain with accuracy
better than 10−3. It was verified that creep phenomena did not
occur in the investigated strain range, which was well below the
yield point of the polymer substrate. The device movement was stable
over 500,000 cycles at frequencies up to 2 Hz, i.e. during more than
70 h. The device was also equipped with special clamps to enable
electrical resistance measurements with a multimeter (Agilent
34410A). Extreme care was exercised to obtain a reliable electrical
contact, which was achieved with a copper pin and a conductive
colloidal silver paste and found to be stable over more than 100,000
cycles (variation in electrical resistance lower than 2%). Tests were
performed at 2 Hz at 23±1 °C and 62±3% relative humidity.
Extension of the method to dielectric coatings is possible with a
conductive probe layer [55], as shown in Fig. 6.

Fig. 8 shows the normalized change of electrical resistance during
cycling loading between 5·10−4 pre-strain and maximum strain
(indicated as a fraction of COS in the figure) in logarithmic
coordinates. The resistance correlated with the cyclic strain as can
be seen during the first 15 cycles (at higher number of cycles the
oscillations merge and form a thick curve in log-scale). The same
correlation is evident in the inset, where six cycles to maximum strain
of 0.92% are shown. At low maximum strain (0.26%=23% of the COS)
the resistance increased by 1% due to strain gage effect, and relaxed to
approximately 0.2% upon unloading to the small pre-strain. At this
maximum strain level no damage could be detected up to 100,000
cycles. The same result was obtained at a maximum strain of 0.36%
(31% of the COS). At intermediate maximum strain (0.58%=50% of
the COS) the resistance increase during the first cycle reached 3%,
again due to strain gage effect. However, it increased progressively
t 150 °C (b). The micrographs were taken with a green filter to emphasize contrast, and
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Fig. 8. Normalized change of electrical resistance of the ITOA coating on PET during
cycling loading between 5·10−4 pre-strain and maximum strain (indicated as a
fraction of COS in the figure). The inset shows the normalized change of electrical
resistance over six cycles to maximum strain of 0.92%.
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and reached 15% after 100,000 cycles where few tensile cracks were
observed. Delaminated buckles around initial defects were also
detected. The ratio between maximum and minimum resistance was
approximately constant. At high maximum strain (above 0.9%=80%
of the COS), the resistance increased by more than 10% during the
first cycle, and by more than 500% after 10,000 cycles. Interestingly,
the ratio between maximum and minimum resistance was very
large in the early stages and, beyond approximately 100 cycles, it
progressively decreased to the same value as for lower strain
Fig. 9. Damage state in the ITOA coating during cyclic loading to 0.92% strain: a) first cycl
d) 450,000 cycles (ΔR/R0N10,000%).
amplitude. At even larger maximum strain, beyond the COS, crack
initiated and immediately propagated during the 1st cycle, and all
cracks had propagated before the 10th cycle (data shown later in
Fig. 10).

The damage state of the ITOA coating during cyclic loading to
maximum strain of 0.92% (80% of the COS) is shown in Fig. 9a–c. Short
tensile cracks, several 100 μm in length, formed during the first cycle
perpendicularly to the applied load, similarly to quasi-static tensile
loading (see chapter 6 in [1]). These cracks propagated in a stable
manner upon further cycling simultaneously to the formation of new
cracks. Coating delamination was also noticed in the form of buckles
around defect spots, with a preferential direction parallel to the
applied load. These resulted from the transverse compressive stress
controlled by the Poisson's ratio of the substrate [34]. Around 5,000
cycles the tensile cracks became unstable and propagated almost
instantly to the edges of the sample. Beyond 100,000 cycles all cracks
had reached the unstable propagation limit, and buckles had
propagated in the vicinity of initial coating defects (Fig. 9d).

The succession of damage events is summarized in Fig. 10, where
iso-resistance levels are shown vs. number of cycles and maximum
strain. The analysis of the data shown in Fig. 8 and the in-situ optical
microscopy observations revealed that initiation of tensile cracks
corresponded to ΔR/R0=10%, and that stable propagation occurred
until ΔR/R0∼300% after which catastrophic failure took place. Quite
remarkably, the same power-law scaling was found between
maximum strain and critical number of cycles for both initiation
and propagation of tensile cracks. The fatigue strength exponent was
found to be equal to −0.06, slightly lower than that of Cu films [62]
and twice as high compared to that of thin silicon films [70].

The present scaling follows the modified Basquin law for non-zero
mean stress [71], which enables predicting damage events in ITOA
coatings upon fatigue loading to any strain levels. For instance, at
maximum strain equal to 70% of the COS, cracks will initiate after ca.
70 cycles and catastrophic failure will occur after ca. 800,000 cycles.
The existence of a threshold strain (detected for zirconia films [72] but
e (ΔR/R0=20%); b) 1,700 cycles (ΔR/R0=200%); c) 116,000 cycles (ΔR/R0=6000%);

image of Fig.�9
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Fig. 10. Fatigue damage map of the ITOA coating. The lines are power law fits to the
experimental data for selected resistance increase levels (indicated in percentages in
the figure together with the fatigue strength exponents).
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absent for bulk metals and Al films [61]) was not investigated. It
would be lower than 40% of the COS and would correspond to an
endurance limit well beyond 105 cycles for the ITOA coating.

6. Conclusions

Approaches to determine the critical thermo-mechanical factors,
which control the integrity of thin and brittle inorganic coatings on
high-elongation polymer substrates were reviewed. A protocol was
devised for detailed insight into residual coating stresses. Temperature-
controlled fragmentation tests equipped for electrical resistance
measurement and fatigue tests, both in situ in a microscope were
developed for accurate analysis of coating cohesive and adhesive
properties. The benefits of these in-situ methods include the direct
observation of failure events and the ability to reproduce environmental
conditions present during process operations, or during operational
life. Several coating/substratefilmsystemswere selected,with attention
paid to the interplay between residual stress state, cohesive and
adhesive properties of the coatings. The analysis of the experimental
data leads to the following conclusions.

Residual stresses in nitride and oxide coatings on a PI substrate
at 22 °C and 50% RH were found to be compressive and close to
−600 MPa and−250 MPa, respectively. This difference was found to
result from the different combinations of intrinsic, thermal and
hygroscopic stresses. The analysis of these stress components enabled
the CTE and the CHE of the coatings to be determined, however with a
large error for the CHE. The critical strain for cracking of inorganic
coatings was found to be in the range from 0.5% to 1.5% depending on
coating composition and thickness. The corresponding toughness was
of the order of several 10 J/m2 and often comparable to the values for
the bulkmaterials. IFSSwas found to be of the order of several 10 MPa,
with large differences between coated substrate systems. Knowledge
of the residual stress state enabled obtaining intrinsic IFSS data,
found to be lower than the shear stress at yield of the polymer
substrate for conducting oxide coating on PEN and a silicon oxide and
silicon nitride coatings on PI. The analysis of the HCF behavior of a
transparent electrode coating revealed that sub-critical cracks grow
under fatigue loading at relatively low strain levels below the COS
(approx. 60% COS) until catastrophic failure. The same power-law
scaling was found between maximum strain and critical number of
cycles for both initiation and propagation of tensile cracks, with a
fatigue strength exponent equal to −0.06.
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