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Abstract

The influence of the strain ratio (equibiaxial or uniaxial) and the strain path (equibiaxial or sequenced uniaxial) on the
cracking of metallic thin films is studied. We used 20, 100 and 600 nm Nickel films deposited onto flexible substrates,
analysed with in-situ X-ray diffraction and digital image correlation, and post-mortem optical microscopy. It is shown
that the thickness and the loading ratio effects are interweaved. In particular, 600 nm films show a small (1.9%) von Mises
fracture strain and straight cracks when strained equibiaxially, but a larger (2.7%) fracture strain and more tortuous
cracks when strained uniaxially. On the contrary, 20 and 100 nm thin films show different von Mises ultimate tensile
strengths, though their von Mises fracture strain and theirs cracks tortuosity hardly depend on the test.
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Compliant electronic systems mainly rely on metallic
thin films deposited onto stretchable polymers [1, 2, 3, 4].
Since the device lifetime depends on the integrity of the
thin film, many studies have focused on the delamination
or cracking of these films [5, 6, 7, 8]. In particular, thick-
ness effects have been reported. However, most of these ar-
ticles were restricted to uniaxial tests [9, 10, 11, 12, 13, 14].
Biaxial tests [15] or comparisons between uniaxial and bi-
axial tests [16, 17, 18, 19] are still scarce. This is never-
theless of paramount importance, since the device oper-
ating conditions lead to different loading or strain paths.
In this article, we scrutinize the mechanical behaviours of
Nickel thin films strained either equibiaxially or along a se-
quenced uniaxial test for a large range of thicknesses: 20,
100 and 600 nm, figure 1a. Noteworthy, each sequenced
uniaxial test contains two uniaxial tests: one with the orig-
inal microstructure, to be compared with the biaxial test,
and one with films having long cracks (induced by the first
loading) orthogonal to the second loading direction.

The Ni films were prepared by 1.2 keV Ar+ ion beam
sputtering in a Nordiko Hampshire-3000 Kaufman source,
at a growing rate of 0.05 nm.s−1; other details may be
found in [17]. The films were deposited (simultaneously for
the same thickness) on 25 µm thick Kapton®. The resid-
ual stress was equibiaxial and between−0.2 and−0.3 GPa,
independent of the film thickness. The films were {111}
fibre-textured, with full-width at half maximum (FWHM)
of 20° for the thinnest sample, 12° for the other ones. Along
the pole direction, the FWHM of the Bragg peaks are 0.52,
0.26 and 0.22° for the 20, 100 and 600 nm thin films, re-
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spectively.

A picture of the specimen mounted on the biaxial tensile
tester is shown in figure 1b. This tensile tester, presented
in [20], is available at the DiffAbs beamline of the syn-
chrotron radiation facility SOLEIL. The cruciform stretch-
able substrates have 20 mm arm width and 90 mm length;
the diameter of the disk-shaped thin films is 20 mm. Be-
fore the deformation test per se, an equibiaxial initial load
of 4 N was applied. Optical images of the substrate rear
surface are obtained with a telecentric lens and a charge-
coupled device camera installed inside the machine; they
allow in-plane true strain measurements thanks to a Digi-
tal Image Correlation (DIC) analysis (Correli-q4 software
[21]). Noteworthy, we showed in [22] that the strain is fully
transmitted through the Kapton® substrate-Nickel film
interface. Hence, the in-plane true strain components of
the films are directly given by the DIC results. Examples
of the in-plane true strain components applied to the spec-
imen are given in figure 1c. A uniaxial strain test (UST)
is followed, after 9%, by another uniaxial test in the or-
thogonal direction. This whole test is termed a sequenced
uniaxial strain test (SUST, equivalent to the complex test
in [17]); it is compared to an equibiaxial strain test (EBST)
for which the two in-plane macroscopic strain components
ε1 and ε2 are equally increased up to 9%. The other sam-
ples were similarly strained, but with slightly lower values:
6 − 8.5%. Note that, thanks to the biaxial machine, the
UST we present are uniaxial in strain and not in stress, so
that no buckles arise in the transverse direction.

Elastic strains were measured with in-situ X-Ray
Diffraction (XRD) measurements, performed with a
250×300 µm2 (vertical times horizontal) beam of energy
16.00 keV. The incident angle being 9°, the footprint
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Figure 1: (a) The three mechanical tests (Equi-Biaxial, Uniaxial, Sequenced Uniaxial Strain Tests) and the three thicknesses studied in the
article. (b) Picture of the biaxial tensile tester available at the DiffAbs beamline. (c) True strains for the 20 nm sample. The first parts of
the SUST are represented in blue because they constitute the UST.

spread to 1600×300 µm2, insuring a very good represen-
tativity of the XRD results. A two-dimensional detector
(Mar 165-SX) lying 264 mm from the sample recorded im-
ages with an acquisition time of 5 (resp. 2, 1) seconds for
the 20 nm (resp. 100, 600 nm) sample. The tensile tester
was rotated by 90° between each image to capture both in-
plane elastic strain components, εxx and εyy. The latter
were determined through the classical ε − sin2 ψ method
where ψ is the declination angle, i.e. the angle between the
film surface normal and the scattering vector. The detec-
tor recorded portions of Debye-Scherrer rings correspond-
ing to a range of ψ from 2 to 55°, or from sin2 ψ = 0.001
to sin2 ψ = 0.67. The linear ε − sin2 ψ curves were then
extrapolated to ψ = 90° to determine εxx and εyy, and to
ψ = 0° for εzz. Once the elastic strain tensor is known,
the stress is determined via the Hooke’s law with a Young
modulus of 237 GPa and a Poisson ratio of 0.287 for the
(111) planes, as determined with the Neerfeld-Hill model
[22].

Figure 2 shows the two in-plane stress components as
functions of time. One sees that the 20 nm sample is
brittle: there are almost no transition between the elas-
tic regime and the elastic relaxation induced by cracking.
This is especially remarkable for the equibiaxially strained
film, something we will return to later. For the 100 nm thin
film, and even more for the 600 nm thin film, the stress
components lose their linearity due to plasticity occurring
in the film. The mechanical resistance of the sample de-
creases with its thickness, as expected [23]. In SUST, we
observe that the larger the thickness, the smaller the ulti-
mate strength of the second part of the test with respect
to the one of the first part: indeed, for the 20, 100 and 600
nm films, the ultimate strength is 2.0, 1.5 and 1.4 GPa
during the first straining test, respectively, and 2.1, 1.4
and 1.2 GPa when the film is stretched along the orthogo-
nal direction. However, this effect is weak; in other words,
cracks along the straining direction do not have a large

effect on the load a thin film can support.

One also notes that because the Poisson ratio of the
substrate is larger than the one of the film, a uniaxial
strain test leads to tensile transverse stress in the film.
One observes that cracks relaxes both stress components,
the one along the strain direction and the transverse one.
Another noteworthy point is that the stress relaxation is
smoother for the 100 nm sample (though a small sliding
in the grips happened in the EBST at 2300 s) than for the
other ones. This is explained by two effects: first, the 20
nm thin film has the lowest scattering intensity since this is
proportional to the illuminated volume; this accounts for
the noise for this sample. Second, and more interestingly,
the 600 nm sample (that has the data with the better
signal over noise ratio) has cracks that are much more
separated (because the distance between cracks increases
with the film thickness, see below). The sudden stress
jumps (e.g. arrows in figure 2c) is hence explained by the
sudden propagation of one or two cracks in the diffracting
volume (i.e. in the irradiated X-ray area of the film) - see
also [24].

In order to pursue the comparison between the different
mechanical tests, we plot in figure 3 the von Mises true
stress as a function of the von Mises true strain. For clar-
ity, we show only the first part of the SUST, correspond-
ing to the UST. First, one observes that the slopes in the
elastic regime are equal for the three thicknesses. Then,
the mechanical resistance mentioned above is well evi-
denced and illustrates once again the well-known “smaller
is stronger” effect [25]. A more innovative point is that
this figure shows that the 20 and 100 nm samples have a
higher strength in EBST than in UST, whereas these are
equal for the 600 nm, but with a smaller plastic regime
in the EBST. As already observed in uniaxial tensile tests
[9, 10, 12], crack propagation appears at higher strain when
the thickness of the film decreases. Here, the von Mises
fracture strain, taken to be the von Mises strain at the
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Figure 2: Stress components for several sample thicknesses and mechanical tests. The legend and scales are identical for all subfigures. The
arrows for the 600 nm sample point to sudden jumps.

Figure 3: Applied von Mises true stress as a function of von Mises true strain, for equibiaxial (EBST) and uniaxial strain (UST) tests.

maximum von Mises stress, are 3.1, 2.9 and 2.7% in UST
for 20, 100 and 600 nm films, and 3.4, 3.1 and 1.9% in
EBST. That the thickest film has a much larger fracture
strain in UST than in EBST shows again that the dura-
tion of the plastic regime is much shorter in equibiaxial
tests. Since the residual stress values were similar for all
samples, this behaviour is an extrinsic effect, and not an
intrinsic one.

These ultimate tensile strengths, that appeared in com-
ponents in figure 2 or in their von Mises equivalent in Fig-
ure 3, may surprise: they are associated here to cracking,
and so to the brittleness of materials. Bulk brittle ma-
terials are characterized with a Rankine criterion: cracks
appear when the maximum of a normal stress reaches a
material-dependent threshold. This maximum stress cri-
terion means that the two stress components lie within a
square in the (σxx, σyy) plane, and the von Mises stress at
a corner (corresponding to EBST) is equal to the von Mises
stress at the middle of an edge (UST). Figure 3 shows that,
for the 20 and 100 nm films, the von Mises ultimate ten-

sile strength is larger in EBST than in UST, while figure
2 shows that the Rankine criterion is not satisfied either,
since the ultimate tensile strengths do not coincide in UST
and in EBST. Let us note nevertheless that the failure of
composites is a complex multi-stage process. It is only
once cracks have propagated beyond a certain extent, that
the decreases of stress component values are captured.

Finally, we characterized the crack patterns through
post-mortem optical images with a Keyence confocal mi-
croscope, figure 4a. As expected, EBST lead to mud
crack patterns, whereas SUST give rectangular patterns,
with presumably long cracks (horizontal direction in figure
4a) nucleated during the UST and small cracks nucleated
in the transverse direction during the second part of the
SUST. It is observed that the second set of cracks often
crosses the first set. In the figure, the scale bar is cho-
sen to be proportional to the sample thickness; that the
subfigures, for a given test, display similar crack density
shows that the latter is approximately proportional to the
film thickness. This is evidenced quantitatively in figure
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Figure 4: (a) Post-mortem optical images of the films. Top: mud crack patterns are observed for EBST. Bottom: rectangular patterns are
obtained for SUST. The thinner samples show straight cracks, whereas the thicker are tortuous. The scale bars are proportional to the sample
thickness. (b): Mean fragment length as a function of film thickness for UST, SUST and EBST. The directions were as isotropic as possible
for the EBST. The schematics recall the straining directions.

4b, where we see that the mean fragment length l between
cracks is 125 times the sample thickness h: l ≈ 125h. Our
estimation of l comes from a computation of a dozen of
intercepts of cracks with a line of 50, 250 or 1000 µm, de-
pending on the sample thickness; the resulting precision is
about 10%. It is remarkable how these values are close for
both parts of the SUST and the EBST, despite the fact
that crack interactions depend on their respective orien-
tations [26]. Let us nevertheless mention that this linear
law differs from [11], where a fit l = ahn, with n ≈ 0.5 was
found for uniaxial tests of Tantalum on Kapton®.

The relative brittleness of the thinner sample as com-
pared to the thicker is once again evidenced: the thin-
ner the film, the straighter the cracks. Moreover, the
von Mises fracture strains obtained from X-ray diffraction
analysis showed that the plastic regime extension is almost
independent of the strain ratio for 20 and 100 nm films,
but is larger in UST than in EBST for 600 nm films. This
is well correlated with the sinuosity of the cracks observed
in figure 4a: in the thicker film, the uniaxial strain test
led to winding cracks, but equibiaxial test led to straight
crack segments. Finally, we note that, in this sample, the
vertical cracks seem to be more sinuous than the horizon-
tal ones; this may come from the heterogeneous stress field
lying in the sample when the vertical cracks appeared (the
horizontal cracks appeared during the UST).

In conclusion, the unique biaxial device available at Dif-
fAbs beamline allows comparisons between uniaxial (UST)
and equibiaxial (EBST) strain tests on metallic thin films
supported on compliant substrates. The thinner samples
(20 and 100 nm thick) are stronger in EBST than in UST,
while the 600 nm sample shows equal mechanical resis-
tance (figure 3). The biaxial device also allows compar-
isons, without unloading the specimen, between pristine
samples and transversally cracked samples when UST are
opposed to sequenced uniaxial (SUST) strain tests. The

ultimate tensile strength are then similar. Moreover, the
stress-strain curves show that the plastic regime is slightly
larger in uniaxial tests than in equibiaxial tests for 20 and
100 nm films (von Mises strain at maximum von Mises
stress of 3.1 and 2.9 in UST versus 3.4 and 3.1 in EBST).
This effect is more pronounced for the 600 nm film (2.7%
versus 1.9%), and this is corroborated with the cracks sin-
uosity. Finally, though the crack patterns strongly depend
on the strain ratio and the strain path, the mean crack
spacing l depends only on the sample thickness.
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