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Although it is evident that the formation of multiple through-thickness cracks in polymer-supported thin ﬁlms
leads to an increase of the electrical resistance, the attempts to quantify the dependence of resistance growth
only based on the induced crack density have not yet been successful. In this paper a recently developed relationship, representing the resistance growth as a two-variable polynomial function of crack density and crack
length, is utilized to analyze the crack patterns induced by monotonic and cyclic tensile loading of 250 nm thick
Cu ﬁlms with a 10 nm Cr adhesion layer on polyimide. It is demonstrated that by knowing the in-situ resistance
during deformation and post-mortem linear density of induced cracks, it is possible to extract the eﬀective crack
lengths, a parameter which is often ignored during experimental characterization of the damage induced
through mechanical loading. The described algorithm is not only much more cost-eﬀective in comparison to
time-consuming in-situ microscopy methods, it also reﬂects the reliability of the whole sample rather than of
only selected surface areas.

1. Introduction
Polymer-supported metal thin ﬁlms subjected to a mechanical load
typically do not completely fracture, rather they exhibit multiple crack
formation [1,2,11–15,3–10]. Therefore, additional in-situ techniques
are required to track structural changes within the ﬁlm during mechanical testing. Structural changes in the ﬁlm can be observed by
performing mechanical in-situ tests under an optical light microscope,
atomic force microscope or inside a scanning electron microscope
(SEM). Alternatively, one can record the electrical resistance of the ﬁlm
during mechanical straining and correlate the resistance signal with the
damage induced by mechanical strain. The in-situ resistance measurements have several striking advantages in comparison to in-situ microscopy techniques. First of all, in-situ resistance measurements can be
easily performed with any tensile testing device while for in-situ microscopy experiments special compact tensile stages, typically having
restricted functionality, are required. In-situ resistance measurements
are fully automated which is especially important for fatigue experiments and experiments with high strain rates that may last several
weeks or only a few seconds. Furthermore, the electrical resistance can
provide information about the structural integrity of the entire sample
in contrast to microscopy techniques, examining only a selected sample

area. Finally, microscopy techniques typically capture the changes on
the ﬁlm surface while electric current ﬂows through the ﬁlm crosssection. For example, it was shown that strain-induced grain coarsening
in Cu and Au ﬁlms on polyimide can be detected by a decrease in the
measured resistance with the number of applied tensile cycles [16–18].
Although the in-situ resistance measurements have been extensively
used over the last decade, the correlation between the change of measured resistance and induced mechanical damage remained predominantly on a qualitative level, which can be expressed as “more
extensive cracking leads to more signiﬁcant resistance growth”. It is
typically assumed that, under monotonic loading conditions, the critical
strain corresponding to the propagation of through-thickness cracks
(also frequently called the crack onset strain) corresponds to a deviation
of the resistance growth from the constant volume approximation
[1–5,13–15]. The constant volume approximation implies that the ﬁlm
deforms purely plastically without crack formation, material volume is
conserved, and the resistance changes only due to the change of sample
geometry, as shown in
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where R is the resistance measured during straining, R0 is the initial
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resistance growth was represented as a two-variable polynomial function of crack length and crack density. Although a simple comparison of
model and experiment was provided in [26], it was not proved that the
model could be generally applied to diﬀerent material systems.
Apart from the apparent lack of models explaining correlations
between the parameters of crack patterns and resistance growth, in
many cases through-thickness cracks can be hardly identiﬁed using
microscopy techniques. For example, the cracks induced by cyclic
straining (fatigue damage) of ductile ﬁlms are typically running inside
the extrusions and cannot be clearly resolved by examination of the top
surface of the ﬁlm. More generally, deduction of through-thickness
crack densities from microscopic images of the ﬁlm surface can be
ambiguous. It is not always clear which surface feature should be interpreted as a through-thickness crack and which should be attributed
to a local deformation of diﬀerent type (e.g. slip band, extrusion, neck)
without additional time consuming cross-sections made with focused
ion beam techniques. If the crack density is calculated manually from
the surface images then this decision is dependent on the person performing the analysis. If a computer algorithm is used then any local
change in brightness or contrast of the image may inﬂuence the evaluation. Also, images of the same sample surface taken at diﬀerent
magniﬁcations could be interpreted diﬀerently. Electrical resistance, in
contrast, is an objectively measured quantity which does not require
time- or cost-expensive experiments and can be used as a universal
measure of thin ﬁlm cracking. Therefore, combining post-straining
microscopy analysis with auxiliary information about the crack pattern
extracted from electrical resistance is necessary to better understand
the fracture of polymer-supported ﬁlms.
The aim of this study is to demonstrate how the electrical resistance
recorded in-situ during mechanical testing can be utilized for a quantitative description of the eﬀective crack length. By means of a recently
reported explicit relationship between the resistance growth and the
density and lengths of induced cracks [26], diﬀerent crack patterns
observed in 250 nm thick copper ﬁlms on polyimide substrates are
analyzed. It is shown that by combining the ﬁnal crack density from
post-mortem scanning electron microscopy (SEM) micrographs with the
in-situ resistance data, the eﬀective lengths of through-thickness cracks
at diﬀerent stages of deformation can be determined. This provides a
clear understanding of how resistance growth and through-thickness
crack propagation occur in thin ﬁlms on polymer substrates. Moreover,
the resistance recovery during sample unloading can be clearly related
to crack re-bridging due to viscoelastic relaxation of the polymer substrate.

Fig. 1. Correlation of crack density (solid circles) and relative resistance ratio
(solid line) as a function of applied strain for a 50 nm Au ﬁlm with a 10 nm Cr
interlayer on polyimide. The dashed line depicts approximate evolution of the
crack density and has no mathematical meaning. Error bars represent the
standard deviations of the measured crack density. Grey area shows the deviation of the measured resistance for ﬁve diﬀerent samples. .

resistance, L is the apparent sample length during straining and L0 is the
initial sample length. Eqn. (1a) can be re-written in the following form,
which will be required for further analysis:

ΔR
= ε 2 + 2ε ,
R0

(1b)

where ΔR=R-R0 and ε is the applied engineering strain.
The growth of the electrical resistance after reaching the crack onset
strain is typically related to the formation of cracks, however, a clear
correlation between the resistance signal and mechanical damage is still
missing. As an illustrative example, Fig. 1 shows the crack density and
the ΔR/R0 as a function of engineering strain for 50 nm Au ﬁlms with a
10 nm Cr adhesion layer on polyimide (for more details see [19]). The
crack onset strain (marked by “COS” in Fig. 1) correlates well with the
rapid growth of the crack density, however, the resistance continues to
increase monotonically even though the crack density saturates. The
crack density between the applied strain of 5% and 15% changed insigniﬁcantly (from 0.29 ± 0.04 to 0.36 ± 0.05 µm−1) but the resistance grew by 500%. This discrepancy of increasing electrical resistance and the saturation of the crack density is frequently observed
for polymer-supported ﬁlms [2,10,15,20–24].
Several models have been suggested to explain the resistance behavior as a function of cracking [6,8,21,25]. However, these models are
lacking generality and were developed to explain behaviors of particular sample types in limited deformation ranges. For instance, to
quantify the cracking of brittle indium tin oxide coatings on polymer
substrates a model assuming the existence of conductive bridges inside
the cracks was suggested [6–8]. Unfortunately, the nature of such potential bridges remained unexplored. Theoretical investigations on solids with a population of microcracks predicted an exponential dependence of electrical conductivity on the number of cracks per area and
crack length [25]. Unfortunately, no experimental evidence of such a
relationship was provided. Mora et al. [21] also proposed an exponential function with ﬁve ﬁtting parameters to express the dependence of electrical resistance on crack density. Although it was possible
to ﬁt some parts of experimental curves by such a function, the general
applicability of this model is questionable. In the recent model [26] the

2. Theoretical background
Until recently the quantitative relationship between resistance
growth and crack pattern parameters was unexplored. In a recent
publication [26] a quantitative relationship was deduced with the help
of ﬁnite element modeling. The growth of electrical resistance was
shown to be a function of two independent variables: the areal crack
density and the crack length. Since it is diﬃcult to unambiguously
determine the areal crack density experimentally, the same relationship
is more useful in the following form, using the linear crack density [26]:

R*
1
1
=1+
Cl l 0 + Cl2 l 02
R0*
2
2

(2)

where R* is the resistance of the ﬁlm with cracks, R0* is the resistance
of the sample with the same dimensions but without cracks, Cl is the
linear crack density, and l0 is the length of a single crack. The model
assumes that all cracks have the same length, are oriented parallel to
each other and perpendicular to the direction of electric current ﬂow. It
is also assumed that the cracks are through-thickness such that no
current can ﬂow through a crack, and that the crack lengths are much
smaller than the sample width [26].
To provide a clear and simple algorithm of the crack pattern
2
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description on the basis of the electrical signal, let us ﬁrst simplify
Eqn. (2). The linear crack density, Cl and the crack length, l0, can be
combined into a single factor, which will be called the cracking factor,
CF,

CF = Cl l 0 =

l0
,
λ

applied in strain control mode by means of a sine strain function oscillating between the initial position (zero strain) and a deﬁned value of
maximum engineering strain. The frequency of the sine strain function
was 0.5 Hz and the maximum engineering strain values reviewed in this
paper are 1% and 2%. Mechanical strain was measured using the extensometer of the tensile testing device and all strain values stated
herein refer to the engineering strain. Electrical resistance was recorded
in-situ with a four point probe geometry using electrical contacts incorporated directly into the straining grips during loading and unloading [27]. Post-mortem SEM characterization was performed on a
Zeiss Leo 1525 (5 kV, 30 µm aperture) one to seven days after testing to
ensure fully relaxed samples [14]. The linear crack densities, Cl, were
measured using at least 10 SEM images containing altogether more than
100 cracks. Resistance signal and crack density are taken from the same
sample to have a 1 to 1 correlation between the resistance and crack
density data.
It is important to note that the normalized resistance growth ΔR*/
R0* in Eqns. (2)–(5) represents the ratio of resistance growth caused by
the formation of cracks compared to the resistance of the sample with
the same dimensions but without cracks [26]. In contrast, experimentally measured resistance is normalized to the resistance of an undeformed sample having initial dimensions. In order to make the two
deﬁnitions of resistance growth consistent with each other, experimentally measured resistance at a given strain value should be reduced
by the constant volume approximation value calculated for the same
strain. This corresponds to the subtraction of the constant volume approximation curve (Eqn. (1b)) from the experimentally measured resistance curve. An example of such a modiﬁcation of in-situ resistance is
shown in Fig. 3, where each measured resistance value (black curve) at
a given engineering strain, ε, is reduced by ε 2 + 2ε (red curve).

(3)

where λ is the average distance between cracks (crack spacing). According to Eqn. (3), the cracking factor is a dimensionless quantity and
is equal to the ratio of the eﬀective crack length to the crack spacing.
Using Eqn. (3) and rewriting Eqn. (2) by taking into account that
R*/ R 0* = 1 + ΔR*/ R 0* one can obtain the following quadratic equation:

1 2
1
ΔR*
CF +
CF −
=0
2
R0*
2

(4)

The positive solution of Eqn. (4) provides an expression for the
cracking factor as a function of the electrical resistance growth:

CF =

1 ⎛
ΔR*
− 1⎞⎟
⎜ 1 + 4
R0*
2⎝
⎠

(5)

Eqn. (5) allows for the estimation of the cracking factor on the basis
of the electrical resistance and vice versa. Visualization of Eqn. (5)
reveals a few critical points which can help to deduce some simple
“rules of thumb” (Fig. 2). A cracking factor of 1 indicates a crack pattern where the eﬀective crack length equals the crack spacing and
corresponds to the growth of the electric resistance by 120%. For the
resistance growth of 20%, which is often considered as a tolerance
value for electrical degradation [5], the corresponding cracking factor
is about 0.25. This cracking factor value indicates that, on average, the
cracks are separated by a distance four times larger than the crack
length.

4. Results and discussion

3. Experimental

4.1. Monotonic tensile straining

Copper ﬁlms with a thickness of 250 nm were deposited on 50 µm
polyimide (UPILEX®) substrates by electron beam evaporation in a
Balzers BAK 550 evaporation machine with a base pressure of
2.1 × 10−7 hPa and using a deposition rate of 0.3 nm/s. In order to
have good adhesion to the PI substrate, a 10 nm Cr interlayer was used.
The test samples with the width of 4 mm and length of 40 mm were cut
out of larger sheets using a scalpel. Mechanical testing was performed
on an MTS Tytron 250 uniaxial tensile testing device using a gauge
length of 20 mm. Monotonic loading was applied at a strain rate of
2.5 × 10−4 s − 1 to maximum engineering strains of 20% and 40%
using separate samples for each experiment. Cyclic tensile loading was

In-situ resistance curves recorded during monotonic tensile loading
of the Cu/Cr ﬁlm system on polyimide to the engineering strains of 20%
and 40% are shown in Fig. 4. The constant volume approximation was
subtracted from the measured curves as previously described. As follows from Fig. 4, the ﬁlms deform plastically without forming throughthickness cracks up to the engineering strain of approximately 10%. At
engineering strains higher than 10% the resistance increases, indicating
the formation and propagation of through-thickness cracks. During and
after unloading, a resistance decrease is observed and ﬁnal values of the

Fig. 3. Example of the diﬀerence between the measured resistance (black
curve) and the modiﬁed resistance (ΔR*/R0*) after the subtraction of the
constant volume approximation (red curve). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

Fig. 2. The dependence of the cracking factor, CF, on the increase in electrical
resistance calculated according to Eqn. (5). The gray dashed curves depict the
two special cases described in the text.
3
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Fig. 4. (a) Resistance behavior of 250 nm thick Cu ﬁlms with a 10 nm Cr adhesion layer on polyimide under monotonic tensile loading to 20% and 40% engineering
strain. After 20% strain full resistance recovery (black square) and after 40% strain, partial resistance recovery (red square) were observed. A schematic diagram of a
crack at maximum strain of 40% is shown in (b). The same crack in an unloaded state having lower resistance due to crack re-bridging is schematically depicted in
(c). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 5. Post-mortem SEM micrographs of the
surface of 250 nm thick Cu ﬁlms with a 10 nm
Cr adhesion layer on polyimide after straining
to 20% (a,b) and 40% (c,d). The micrographs
(b) and (d) are enlarged images of the areas
marked by dashed rectangles in (a) and (c),
respectively. The horizontal white dashed lines
with arrows in (a) and (c) demonstrate how the
linear deformation density from one image is
deduced. The red arrow with a question mark
in (d) depicts a potential bridge for the current
ﬂow. Straining was performed along the horizontal direction. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this
article.)

that the experimental measurement of crack lengths from the postmortem SEM images cannot be performed with an acceptable accuracy.
In contrast, the linear densities of the localized areas of deformation,
also referred to as the deformation density as deﬁned in [24,28], can be
extracted relatively unambiguously as shown in Figs. 5a and 5c. The
linear deformation density is deﬁned as the number of intersections
between the dashed line drawn parallel to the straining direction and
localized deformations running perpendicular to the straining direction
divided by the length of the dashed line. One can assume that the
through-thickness crack density at a maximum applied strain and the
deformation density in the unloaded state are similar and the resistance
recovery is caused by the reduction of crack lengths. Such an assumption can be justiﬁed by the fact that at high strain the crack density
typically saturates, as demonstrated in Fig. 1, thus the resistance growth
is caused solely by an increase in the eﬀective crack length [26].

unloaded samples recorded 30 min after straining are depicted by solid
square symbols. It is important to note that virtually full resistance
recovery is observed in the ﬁlms strained to 20%. Post-mortem SEM
images for both samples are shown in Fig. 5. After straining to 20% the
ﬁlm displays numerous areas of localized deformation (Fig. 5a). Due to
the viscoelastic substrate relaxation it is diﬃcult to unambiguously
determine which localized deformations correspond to through-thickness cracks and which might be local plasticity events, such as necking
or slip bands (Fig. 5b). After applying 40% engineering strain the ﬁlm
exhibits numerous open through-thickness cracks (Fig. 5c). Also in this
case, the relaxation of the substrate during unloading leads to uncertainties in through-thickness crack characterization. For instance,
the enlarged image in Fig. 5d shows a re-bridged crack which may or
may not be conductive. A potential pathway for electrical current is
shown by the arrow with a question mark (Fig. 5d). It can be concluded

4

Thin Solid Films 699 (2020) 137906

O. Glushko, et al.

Table. I
Summary of the cracking factors and eﬀective cracks lengths determined with Eqns. (3) and 5.

20% strain
40% strain

ΔR*/R0*@max
strain

CF (Eqn. (5)) @max strain

ΔR*/R0*unloaded

CF (Eqn. (5)) unloaded

Cl, µm−1

lo (Eqn. (3)) @max strain

lo (Eqn. (3)) unloaded

0.74
2.72

0.7
1.73

0
1.55

0
1.2

0.068 ± 0.013
0.079 ± 0.014

9–13 µm
19–27 µm

0 µm
13–18 µm

Therefore, during unloading we assumed that this process is reversed
since the slope of the unloading curve is virtually the same as of the
corresponding portion of the loading curve (Fig. 4a). This concept is
visualized in Figs. 4b and 4c, where at the maximum strain and resistance, the long through-thickness cracks leading to the resistance
increase are open (Fig. 4b). When the load is removed (Fig. 4c) portions
of the through-thickness cracks can re-bridge and cause the reduction of
the measured resistance due to the reduction of eﬀective crack lengths.
From Figs. 4 and 5 one can measure all of the input parameters
needed to determine the cracking factors and the eﬀective crack lengths
at the maximum applied strain and after unloading. Table I summarizes
the results of the analysis performed for the two curves shown in Fig. 4.
Experimental
resistance
growth
at
maximum
strain
(ΔR*/ R 0*@maxstrain) is used to calculate the corresponding cracking
factor at the maximum engineering strain (CF @ max strain) using
Eqn. (5). The cracking factor in the unloaded state (CF unloaded) is
calculated from the corresponding unloaded electrical resistance values. Assuming that the crack density (Cl) experimentally determined
from Fig. 5 (unloaded state) remains the same at the maximum applied
strain and in the unloaded state, one can calculate the eﬀective crack
lengths (l0) at both the maximum strain and after unloading. Since the
values of crack lengths are usually widely distributed, a range of values
for l0 is presented in Table I. The lower value is calculated using the
experimental mean value of Cl plus the standard deviation and for the
higher value of l0 the standard deviation was subtracted from the mean
value of Cl. The analysis presented in Table I uncovers the correlations
between the resistance growth and through-thickness crack propagation. At the maximum engineering strain of 20% the average eﬀective
crack lengths were in the range 9–13 µm, while after unloading all
cracks have re-bridged resulting in an eﬀective length close to zero.
Eﬀective lengths of the cracks at 40% engineering strain are 19–27 µm
while after unloading the eﬀective crack lengths decrease to 13–18 µm.
It is well-known from literature that the crack density of polymersupported ﬁlms subjected to tensile load usually saturates after some
applied strain. This saturation is explained by the shear lag model
[29,30] stating that on the edge of an existing crack the ﬁlm stress is
close to zero. The stress is then transferred from the substrate to the ﬁlm
and increases with the distance from the crack edge. At some distance
from the crack edge, which depends on ﬁlm thickness, the stress
reaches a high enough value to induce the formation of another crack.
Taking into account the shear lag model one can conclude that the
crack density in the copper ﬁlms is close to saturation after 20% engineering strain since there is only a small diﬀerence in crack density
between the ﬁlm strained to 20% and the ﬁlm strained to 40% (Table I).
Signiﬁcant resistance increase between 20% and 40% strain (Fig. 4a)
despite the approximately constant crack density (Table 1) can be
clearly attributed to the increase of the eﬀective crack length with increased strain.

Fig. 6. The evolution of electrical resistance of the 250 nm thick Cu ﬁlms with a
10 nm Cr adhesion layer on polyimide with number of applied tension cycles.
Three curves correspond to cyclic strain of 1% up to 20,000 cycles (black),
cyclic strain of 2% up to 10,000 cycles (red) and cyclic strain of 2% up to
20,000 cycles, according to the notation in the graph. The inset shows the ﬁne
structure of the resistance signal where each loading-unloading cycle can be
clearly resolved. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

resistance followed by gradual resistance growth with the cycle
number. The post-mortem SEM images for the three cases considered in
Fig. 6 are shown in Fig. 7. Typical fatigue-induced damage in the form
of propagating extrusion/crack couples is observed in all cases. As one
can see in Fig. 7, it is again possible to extract the linear densities of
extrusion/crack couples from the SEM images, however, it is virtually
impossible to detect where the cracks are open providing an obstacle
for electrical current ﬂow and where the cracks are bridged.
By analogy with the analysis presented for monotonic uniaxial
tensile straining, the experimentally measured ﬁnal values of ΔR/R0 are
utilized to calculate the cracking factor by means of Eqn. (5) and the
experimentally measured deformation densities are used to deduce the
eﬀective crack lengths (Table II). With the strain amplitudes of 1% and
2% the substrate stays in the elastic regime, thus, the sample dimensions do not change and ΔR/R0 is assumed to be equal to ΔR*/ R 0*. As
follows from Table II, the diﬀerences in the resistance growth between
the three samples are attributed to the diﬀerences in the measured
deformation densities while the eﬀective crack lengths are similar in all
three considered cases. The diﬀerences in crack densities between 1%
and 2% cyclic strain amplitudes can be explained by the diﬀerent
density of crack initiation sites actuated by diﬀerent strain amplitudes.
The fact that the crack lengths after 1% and 2% strain amplitude are
similar is somewhat surprising, but can be explained by the crack
shielding eﬀect. In the case of 2% strain amplitude the density of propagating cracks is high and the cracks propagating in opposite directions more often mutually shield each other due to the reduced local
stress, as described by the shear lag model. In the case of 1% strain
amplitude, there are fewer cracks but they have more space to propagate before meeting another crack propagating in the opposite direction.

4.2. Cyclic tensile straining
The in-situ resistance signal recorded during cyclic tensile straining
of the Cu/Cr ﬁlm system is depicted in Fig. 6. For the strain amplitude
of 2% the resistance demonstrates a quick increase with the cycle
number indicating the formation and propagation of through-thickness
cracks. In the case of the 1% strain amplitude, the initial stage (ﬁrst
2000–3000 cycles) is characterized by no signiﬁcant change of
5
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Fig. 7. Post-mortem SEM micrographs of the surface of 250 nm thick Cu ﬁlms with a 10 nm Cr adhesion layer on polyimide after 20,000 cycles with 1% peak strain
(a,b), 10,000 cycles with 2% peak strain (c,d), and 20,000 cycles with 2% peak strain (e, f). The micrographs (b), (d), and (f) are enlarged images of the areas marked
by dashed rectangles in (a), (c), and (e), respectively. The horizontal black dashed lines with arrows in (a), (c), and (e) demonstrate how the crack/extrusion density
from one image is deduced. Straining was performed along the horizontal direction.

propagation can provide important information about the material
electro-mechanical properties. The eﬀect of grain size, chemical composition, fabrication technique, ﬁlm thickness or interface properties
could be further evaluated with better knowledge of how the electrical
resistance corresponds to the crack or deformation densities and crack
lengths with increasing strain or cycle number.

Table. II
Summary of the cracking factors and eﬀective cracks lengths determined with
Eqns. (3) and 5 for cyclic tensile straining.

1%, 20,000 cycles
2%, 10,000 cycles
2%, 20,000 cycles

ΔR/R0

CF

Cl, µm−1

lo

1.85
8.1
9.6

1.35
3.34
3.73

0.064 ± 0.015
0.135 ± 0.014
0.145 ± 0.012

17–27µm
22–28µm
24–28 µm
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5. Summary and conclusions
With the rapid development of new materials and fabrication
techniques for production of thin ﬁlms on polymer substrates a fast,
thorough, and reproducible method for electro-mechanical reliability
characterization is required. In this study, an algorithm for quantitative
characterization of thin ﬁlm cracking based on the combined analysis of
in-situ resistance and post-mortem microscopy is presented. It is shown
how the eﬀective lengths of the induced cracks can be estimated using
the electrical resistance signal. Continuous monotonic growth of resistance despite the saturation of the crack density during monotonic
uniaxial tensile testing is shown to be a direct consequence of an increase of the eﬀective crack lengths. In contrast, for cyclic tensile
loading with strain values below the crack onset strain, the diﬀerences
in resistance growth are caused by diﬀerent crack densities while similar eﬀective crack lengths are observed. The 250 nm thick Cu ﬁlm
with a 10 nm Cr adhesion layer on polyimide used in this work acts as a
model material system, but the presented method is expected to be
universally applicable to diﬀerent thin ﬁlm systems as long as the
cracks are through-thickness. The ability to calculate the cracking
factor, which is the ratio of eﬀective crack length to the average crack
spacing, directly from the value of the recorded electrical resistance
provides a unique possibility to characterize crack patterns in the cases
where conventional microscopy cannot be applied, such as for buried
ﬁlms, ﬁlms with high porosity or with high surface roughness.
Although for many applications cracking of a thin ﬁlm means immediate functional failure, quantiﬁcation of the relationship between
the growth of electrical resistance and through-thickness crack
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