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Abstract
For polymer-supported metal thin films used in flexible electronics, the definition of the
fatigue lifetime at microcrack nucleation (FLMN) should be more physically meaningful than
all the previous definitions at structural instability. In this paper, the FLMN of Cu films (with
thickness from 100 nm to 3.75 µm) as well as Al thin films (from 80 to 800 nm) was
experimentally characterized at different strain ranges and different thicknesses by using a
simple electrical resistance measurement (ERM). A significant thickness dependence was
revealed for the FLMN and a similar Coffin–Manson fatigue relationship observed commonly
in bulk materials was found to be still operative in both the films. Microstructural analyses
were carried out to verify the feasibility of ERM correspondingly.
(Some figures in this article are in colour only in the electronic version)

The demands for higher performance, portability and light
weight have spurred the development of flexible electronics,
including paper-like flexible displays [1], thin-film solar
cells [2] and sensory skins [3]. A common feature of
flexible electronics is organic/inorganic hybrids, of which a
typical kind is the polymer-supported metal film. In these
flexible electronics, the metal thin films serve as electrodes
and interconnect [4, 5]. These metal thin films, although
excellent in electrical performance, are relatively stiff and
poor in mechanical deformability. This makes the reliability
of metal films the biggest challenge in the application of
flexible electronics, where cycling stress/strain is usually
induced in the metal films. Good understanding of the fatigue
behaviour of polymer-supported metal thin films is thus in
urgent need.
Recently, several advanced methods [6–9] have been
suggested to study the mechanical tensile cyclic deformation behaviour in polymer-supported thin metal films.
Correspondingly, how to determine the fatigue lifetime (Nf ) or
3

the cycle-to-damage formation has also been suggested [7–9].
One method [8] was that the change in the strain range (ε) was
recorded as a function of the cycle number N for a bare substrate and a sample with a metal film under load control. The
strain range for the sample with the film was initially smaller
because the sample stiffness is higher due to the contribution
from the film. With cyclic straining, the strain range would
increase up to the level of the bare substrate, indicating the
failure of the film. The value of Nf could be defined as the critical cycle number where the ε versus N curve of the sample
increases dramatically [8]. Using this method, the fatigue lifetime Nf of polymer-supported 3 µm thick Cu films has been
experimentally determined [8] as a function of the total strain
ranges. Another method [7, 9] was performed under the total
strain range control, where cyclic load–strain hystereses were
recorded and the mechanical energy loss (Uel ) associated with
the area of a load–strain hysteresis was subsequently determined as a function of N . In this method, Nf was defined as
the number of cycles at which Uel started to decrease after the
initially observed steady-state period.
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Recently, Wang et al. [10] studied the evolution of
extrusions of cracks with fatigue cycles in Cu films on a
polyimide substrate and defined Nf as the number of cycles
when the evolution of extrusions of cracks began to saturate.
Using this definition, they found in experiments that the
fatigue lifetime of Cu films was significantly dependent on
the film thickness, i.e. the thinner the film, the more the
fatigue resistance. These characterizing methods as well as
experimental results seem to promote the understanding of the
tensile fatigue behaviour of polymer-supported metal films.
However, all these methods are not in situ measurements and
are performed with complicated and time-costly data treatment
and microstructural analyses, which limits their extensive
applications.
More unfortunately, the fatigue lifetime defined in all
the previous methods is based on the criterion for structural
instability. In other words, the fatigue lifetime defined in
the above methods was the critical cycle number where
the metal films fail mechanically. However, for the metal
films used in flexible electronics, their electrical properties
are more important. Far before structural instability, many
microcracks will be induced in the metal films after the
cycle stretch. Although the microcracks cannot cause the
metal films to fail structurally, they will affect the electrical
properties significantly. Therefore, there should exist another
critical fatigue lifetime where the microcracks nucleate and
the electrical properties of metal films should be subsequently
weakened remarkably. For the polymer-supported metal films
used in flexible electronics, the critical fatigue lifetime at
microcrack nucleation (FLMN) should be more meaningful
than that at structural instability. No reports have been focused
on the critical FLMN for the metal thin films in spite of its
importance.
In this paper, the FLMN for polymer-supported Cu thin
films has been experimentally determined by using a simple
but precise real-time electrical resistance measurement (ERM).
ERM have been successfully used to characterize the cracking
behaviour in polymer-supported films [11–13]. Most recently,
the present authors [14] have used the ERM to determine
the critical strain to nucleate microcracks (εC ) in polymersupported Cu thin films subjected to uniaxial tension. The
ERM was found to be applicable and feasible to characterize
the evolution of microcracks or the microstructural damage
in polymer-supported Cu thin films. Here the ERM is used
to define the critical FLMN (Nf ) for polymer-supported Cu
films and Al films subjected to cycling stress, which will be
addressed in detail later. A significant thickness dependence is
revealed for Nf within the studied thickness range, for which
an explanation is given, and a similar Coffin–Manson fatigue
relationship is found to be still operative in both the two
thin films. This simple but precise ERM can be applied to
any continuous polymer-supported metal thin film, especially
to nanoscale metal thin films because the measurement is
not limited by the small length of the samples. The results
obtained in this paper, including the thickness dependence of
the lifetime and the tensile cycle fatigue relationships, can
also be helpful for understanding the bending fatigue of the
polymer-supported metal films, because the part subjected to

Figure 1. Thickness dependent grain size of the present Cu and
Al films.

cycling tension is most apt to fail during the bending fatigue
of films.
The Cu films (thickness from 100 nm to 3.75 µm) and
Al films (thickness from 80 to 800 nm) used in this work
were deposited on a dogbone-shaped polyimide substrate
(4 mm × 20 mm) by magnetron sputtering. The sputter current
was 0.45 A and the bias voltage −80 V, which resulted in
a deposition rate of about 5.9 nm min−1 . This low-energy
slow deposition rate was experimentally found to have almost
no effect on the mechanical properties of the 125 µm thick
polyimide due to its good temperature endurance. Prior
to deposition, the polyimide was first cleaned by Ar ion
bombardment. The as-deposited films were in situ annealed
at 100 ◦ C for 2 h to eliminate the residual stress. X-ray
diffraction (XRD) measurements revealed that all the films
were polycrystalline and no obvious texture was found even
in the thinnest film. The dependence of the grain size on the
film thickness is shown in figure 1 for the two films. The
uniaxial tensile properties of some Cu films, i.e. yield strength
and critical strain to nucleate microcracks, have been examined
and the results can be referred to in our previous paper [14].
Using a Micro-Force Test System (MTS® Tytron 250)
machine, mechanical fatigue tests were carried out under the
total strain range control at a frequency of 5 Hz. The stress ratio
is about 0.05. The cyclic load and displacement/strain were
recorded automatically by the machine and a high-resolution
laser detecting system, respectively. During cyclic straining,
the real-time electrical resistance (R) of the films was measured
using a method similar to Wang et al’s [15,16] and the relative
change in resistance (R/R0 [11–15], where R = R − R0
and R0 is the initial resistance of the sample before fatigue)
was depicted with respect to the cycle number N . Two distinct
regions could be clearly seen in the R/R0 versus N curves.
In the first region, R/R0 increases slightly with N due to the
change in the film shape (lengthening and decrease in crosssection elastically caused by the ratchet effect). Because no
damage exists, the linear change in R/R0 with N is slow
in this region. With further cycling, damage will be induced
and the formation of microcracks and voids will increase the
electrical resistance significantly, causing the R/R0 versus
2
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Figure 2. Typical dependence of R/R0 on N for 175 nm thick and
700 nm thick Cu films under ε ∼ 1.3%. The fatigue lifetime Nf ,
corresponding to the microcrack nucleation, is defined as the cycle
number at which the two linear curve stages intercept.

N curve to deviate from the steady-state stage and go into
the second rapid increasing stage. After fitting the two stages
(first and second stages) with linear curves, respectively, the
fatigue lifetime Nf corresponding to the microcrack nucleation
is defined as the cycle number at which the two linear curves
intercept, which is typically illustrated in figure 2. In this
figure, the R/R0 versus N curves of 175 nm thick and 700 nm
thick Cu films under close strain range of ∼1.3% are presented,
respectively, and the definition of Nf is clear and simple.
To verify the feasibility of the ERM in determining the
FLMN, microstructural observations were performed on the
Cu films before and after Nf for comparison. Figure 3 shows
the micro-cracking evolution in the 700 nm thick Cu film,
where (a), (b), and (c) correspond to the cycle number much
less than Nf (corresponding to the first stage curve in figure 2),
just above Nf and much larger than Nf (corresponding to the
second stage curve in figure 2), respectively. No microcracks
were found in figure 3(a), indicating no damage occurred. In
figure 3(b), however, short microcracks were observed but
at low density. At this moment, damage occurred and the
electrical resistance of the film was going to deviate from
the first stage curve. After further cycling, the microcracks
propagated and coalesced to form larger microcracks, as shown
in figure 3(c), resulting in the rapid increase in the electrical
resistance. Micro-cracking observations correspond well to
the ERM measurement.
Some magnified SEM images are presented in figure 4
to show the damage morphology on the fatigued films.
Figures 4(a) and (b) correspond to the 700 nm thick Cu films
fatigued to the cycle numbers of 2000 and 3000 under ε ∼
1.3%, respectively. It is clearly shown from figure 4(a) that,
in the sample fatigued to somewhat above Nf , the damage
morphology includes mainly intergranular cracks and some
extrusions. While in the sample fatigued to much larger than
Nf , severe extrusions form on the surface (figure 4(b)) that
contribute much to the damage. The damage morphology of

Figure 3. Scanning electronic microscopy (SEM) images showing
the surface morphology evolution in the 700 nm thick Cu film under
ε ∼ 1.3%. (a), (b) and (c) correspond to the cycle numbers of
200, 1100 and 3000, respectively, which is much less than Nf (1050
cycles), just above Nf and much larger than Nf . The loading
direction is horizontal.

extrusion and intergranular cracks is similar to what is observed
by Kraft et al [8].
Comparing the two curves in figure 2, one can find that
the 175 nm thick Cu film undergoes a somewhat longer first
linear stage than the 700 nm thick one, which means that the
thinner films should have a larger Nf . Both the films exhibit
an increase in electrical resistance with increasing strain, i.e.
a monotonic increase in R/R0 with N , but the 700 nm thick
Cu film always has a more remarkable rise in R/R0 than
3
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Figure 5. (a) Dependence of Nf on ε as a function of film
thickness; (b) ε versus Nf curves for 100 nm, 175 nm, 700 nm,
1.35 µm and 3.75 µm thick Cu films.

mobility [14], coinciding with Zhang et al’s recent conclusions
from microstructural analyses [17, 18].
It is also revealed from figure 5(a) that the fatigue
lifetime is closely dependent on the total strain range (ε).
The Cu films were thus strained under different total strain
ranges and the ε versus Nf curves were experimentally
determined for the Cu films with different thicknesses (100 nm,
175 nm, 700 nm, 1.35 µm and 3.75 µm). Figure 5(b) typically
shows the curves of five thicknesses of Cu films for a clear
comparison. All the films exhibit the dependence of Nf on ε
that could be well described by the Coffin–Manson relationship
of (ε/2) = εf (2 Nf )C , where εf and C are the fatigue ductility
and exponent, respectively. The determined C for the 3.75 µm
thick Cu film is about −0.42, close to the previously measured
value of −0.4 for the 3 µm thick Cu film [8]. However, with the
reduction in film thickness, C is generally found to increase.
For example, the 100 nm thick Cu film has C of about −0.2,
somewhat higher than the thicker films.
Some experimental results from Wang et al [10] and
Kraft et al [19] on the polymer-supported Cu thin films are
presented in figure 6, in comparison with our present results.
In figure 6(a), one can clearly find that the fatigue lifetime of the

Figure 4. SEM images showing the fatigue damage morphology in
the fatigued 700 nm thick Cu film under ε ∼ 1.3%. (a) and (b) are
from the sample fatigued to the cycle numbers of 2000 and 3000,
respectively. (c) is a magnified image of the sample (b) to show the
extrusion more clearly. The loading direction is vertical.

the 175 nm thick ones at any given strain. For the Cu films,
the dependence of Nf on the film thickness could be more
clearly revealed in figure 5(a). Within the thickness range
from 100 nm to 3.75 µm, Nf monotonically increases with
reducing film thickness. This trend is somewhat similar to the
thickness dependent yield strength [14] of the same Cu films.
It thus indicates that the fatigue resistance in the present Cu thin
films is dominated by the constraint effect on the dislocation
4
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Figure 7. ε versus Nf curves for 80, 340 and 800 nm thick
Al films.

Kraft et al’s fatigue lifetime. Besides, this definition is precise
within the thickness range from nanometre to micrometre as
studied here, by which the difference in the fatigue behaviour
between the 1.35 and 3.75 µm Cu films was clearly detected
(figure 6(b)).
It should be especially noted that after the presently
defined Nf , the electrical resistance of Cu thin films begins
to increase remarkably with the cycle number, as seen in
figure 2. In other words, although the fatigue cycles are
far lower than the previously defined critical lifetime [7–10]
corresponding to structural instability, the electrical resistance
of Cu thin films has increased greatly and is much larger than
the unfatigued value. For the metal films used in flexible
electronics, the present definition at microcrack nucleation as
the fatigue lifetime should be safer and more useable.
Some experiments on the Al films support the conclusions
drawn from the Cu films. Figure 7 shows the ε versus Nf
curves for 80, 340 and 800 nm thick Al films. All the curves
follow a similar Coffin–Manson relationship and a similar size
effect is observed that thinner films exhibit a larger FLMN.
One can also see from the comparison between figures 5(b)
and 7 that, in present experiments, the Al films have an FLMN
inferior to the Cu films at a given film thickness. This may be
related to many influencing factors such as the grain size, i.e.
the Al films having a larger grain size than the Cu films for the
same thickness of the thin films, and film/substrate interfacial
bonding.
Finally, it is needed to address that, in the metal
film/polymer substrate systems, the fatigue behaviour and
fatigue lifetime of the metal films depend not only on the
thickness and applied strain range but also on the substrate
and the film/substrate interfacial bonding. Simulations [20,21]
have revealed that, under tension, the metal films should have
a larger rupture strain when the flexible substrate is stiffer
and the film/substrate interfacial bonding is stronger. It is
thus reasonable to believe that the tensile fatigue behaviour
should also be influenced by these factors. Further related
investigations are being undertaken.

Figure 6. Some present ε versus Nf curves in comparison with
Wang et al’s [10] and Kraft et al’s [19] experimental results on
(a) nanometre thick and (b) micrometre thick polymer-supported
Cu films.

present nanometre thick Cu films are much shorter than Wang
et al’s. For example, the fatigue lifetime of the present 175 nm
thick Cu film is experimentally determined to be 29 000 cycles
at ε = 0.63, whereas that of Wang et al’s 200 nm thick Cu
films is seen to be over 400 000 cycles at the same strain range.
A similar result can also be obtained on comparing the fatigue
lifetime between the present micrometre thick films and that
of others [19], see figure 6(b). This significant difference is
attributed to the different definitions of the fatigue lifetime.
As mentioned before, the definition of the fatigue lifetime by
Wang et al, similar to those in other previous works [7–9],
was based on the critical condition of structural instability of
the metal films. The slight difference in the fatigue lifetime
among the 1.1–3.1 µm thick films (figure 6(b)), measured by
Kraft et al [19], is possibly also related to this definition that
may be not so precise within this thickness range. However,
the present definition of the fatigue lifetime is based on the
critical condition of microcrack nucleation. Obviously, the
present fatigue lifetime should much less than Wang et al’s and
5
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In summary, we deposited Cu films and Al films with
series thickness on compliant polyimide and investigated the
thickness dependent FLMN by using a real-time electrical
resistance method simply but precisely. It was revealed
that the FLMN has a significant thickness dependence. The
Coffin–Manson fatigue relationship observed commonly in
bulk materials was found to be still operative in the thin
films. Micro-cracking observations verify the feasibility of
the ERM measurement in determining the fatigue behaviour.
The present definition of FLMN should be more physically
meaningful than the previous definition at structural instability
for the polymer-supported metal thin films used in flexible
electronics.
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