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Ordered ring-shaped cracks induced by indentation in metal films on soft elastic substrates
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Ordered crack patterns contain plentiful physical mechanisms and are useful for technological applications
such as lithography, template, and biomimicry. Here we report on ordered multiple ring-shaped cracks induced
by indentation in metal films on soft elastic polydimethylsiloxane (PDMS) substrates. It is shown that the
indentation triggers the deformation of PDMS substrate and generates a radial tensile stress in the film,
leading to the formation of ring-shaped cracks with a nearly uniform spacing. The morphological characteristics
and evolution behaviors of the multiple ring-shaped cracks are revealed by optical microscopy, atomic force
microscopy, and scanning electron microscopy. Their formation mechanisms are discussed by theoretical
analysis based on the fracture mechanics. The report in this work can promote better understanding of the
indentation-induced stress anisotropy and mode competition in rigid-film—soft-substrate systems and provide
a facile strategy to control the crack patterns by simple mechanical loading.
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I. INTRODUCTION

Fracture patterns are very common in natural and artificial
systems that span a wide range of scales, from macroscopic
planet surfaces, rocks, drying mud, aged paints, coatings,
and crocodile skins to microscopic films, graphene layers,
nanotubes, and core-shell structures [1-3]. They are gener-
ated by residual tensile stresses which originate from various
factors including weathering, desiccation, heating and cool-
ing, mechanical loading, and electrical, optical, and chemical
stimuli. The crack morphologies are strongly dependent on
the tensile stress field in the material. The most common
crack mode observed in homogeneous materials (especially
the film-substrate bilayer systems) is a disordered crack net-
work composed of a large number of straight crack segments
because the tensile stress is isotropic or equal biaxially [1,2].
The adjacent straight cracks in the network usually con-
nect perpendicularly with each other (90° junctions). Studies
have shown that an ordered hexagonal crack network (120°
junctions) can form by repeated open and close cycles of
cracks [4]. In addition, other regular crack patterns can spon-
taneously form occasionally in film-substrate systems. For
example, gradual desiccation of a suspension can induce a
twisting stress field due to the normal and radial humidity
gradients in the precipitate fragment and result in spiral cracks
[5,6]. Due to the collaborative effect of delamination and
fracture, the cracks can self-replicate to form crescent alleys,
spirals, or long bands in sol-gel films, depending on the
geometry of the initiation spot [7,8].
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Although fracture is usually considered a nuisance in var-
ious manufacturing processes, increasing attention has been
given recently to control it and use cracks as a facile low-cost
strategy for producing highly ordered structures at micro and
nano length scales [9—15]. Controllable crack patterns can be
useful in a wide range of applications including controllable
patterning [9,10], controlled wettability [11], stretchable tran-
sistors [12], ultrasensitive sensors [13], biological assays [14],
micro- and nanofluidic devices [15], etc.

At present, various strategies have been developed to ma-
nipulate the stress field in the material and thus to control
the crack orientation and dimension. Yuse and Sano reported
that straight, oscillating and branched cracks can form on a
quenched glass specimen and the morphologies are depen-
dent on the temperature difference between the hot and cold
reservoirs and the sample descending speed [16]. Stretching
or bending a brittle film in one direction can generate uniaxial
tensile stress and parallel cracks aligned perndicular to the
loading direction [15,17]. However, the crack positions are
usually random and the spacings are not uniform for this
technique. Kim et al. prefabricated triangular notch structures
to accurately control the crack position and density [18].
Then the same group fabricated bidirectional crack patterns by
using diamond-shaped notch structures and biaxial stretching
in sequence [19]. The previous studies showed that the cracks
in glassy films could penetrate deep into crystallized sub-
strates, resulting in the linear oscillating propagation of cracks
along specific orientations [9,20]. Alaca et al. employed a
sharp notch and open boundary trench to locally regulate the
tensile stress in SiO, films and control crack initiation and
termination at predetermined positions [21]. Kim et al. pro-
duced multidirectional crack patterns by using notches with
different configurations and a single- or double-photomask
process [22]. Several groups observed microscale wavy cracks
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in brittle films on patterned metal, polymer, grapheme, and
liquid stripes [23,24]. Mitchell et al. reported that the substrate
curvature could stimulate or suppress the growth of cracks and
regulate the crack paths [25].

In this work we report on the spontaneous formation of
ordered ring-shaped cracks induced by indentation in metal
films deposited on soft elastic polydimethylsiloxane (PDMS)
substrates. The indentation can trigger the deformation of the
PDMS substrate and generates a radial tensile stress in the
film, resulting in the formation of multiple ring-shaped cracks
with a nearly uniform spacing. The morphological character-
istic, evolutional behavior, and formation mechanism of such
crack pattern are investigated by experiment and theoretical
analysis. The results provide the ability to generate highly
ordered ring-shaped cracks via regulating the film thickness
and mechanical loading.

II. EXPERIMENTAL DETAILS
A. Soft-substrate fabrication

We adopted polydimethylsiloxane (Dow Corning Sylgard
184 silicone rubber) as the soft elastic substrates. The prepoly-
mers and cross-linkers were mixed with a 10:1 weight ratio.
After degassing in a low-pressure chamber (several hundred
pascals), the liquid PDMS was spin coated onto clean glass
slides ~10x 10 mm? in size. Then the samples were baked at
80 °C above 3 h to cross-link the mixture completely. After
curing, the thickness of the PDMS layer was about 20 um
and the elastic modulus of PDMS was ~1.7 MPa.

B. Film deposition

Metal films were deposited on the PDMS substrates by
direct current magnetron sputtering technique at room temper-
ature. The target was a purified chromium disk with 60 mm in
diameter and 3 mm in thickness. Note that the film material is
not restricted to chromium. Similar ring-shaped cracks can be
observed in a variety of metal materials including silver, cop-
per, nickel, tantalum, iron, tungsten, zinc, cobalt, and titanium,
as shown in Fig. S1 of the Supplemental Material [26]. The
deposition rate of chromium film was about 10 nm/min. The
deposition time, controlled precisely by a computer, ranged
from 1 to 40 min.

C. Indentation loading

After deposition, the indentation tests were performed by
using a Vickers diamond indenter (HXS-1000AY). The peak
load P ranged from 0.1 to 10 N. The loading rate and holding
time were fixed at 0.5 N/s and 30 s, respectively. Our exper-
iment showed that the loading conditions had no obvious in-
fluence on the crack morphologies. To obtain more structural
information and extend the load range, a Berkovich nanoin-
denter (Agilent, G200) was also used in the experiment. The
peak load P ranged from 0.5 to 500 mN. The load-depth
curves were automatically recorded during nanoindentation.

D. Characterization

The surface morphologies of the samples were taken by
optical microscopy (Olympus BX41) and scanning electron

microscopy (SEM) (Zeiss Supra 55). The three-dimensional
(3D) structures were scanned by an atomic force microscopy
(AFM) (XE-100E, PSIA) operated in noncontact mode. The
maximum scanning area of the AFM was 45 x45 um?.

III. RESULTS AND DISCUSSION

A. Indenter-induced cracks

Figure 1(a) shows the overview of the chromium film with
h = 30nm triggered by the indentation with the peak load P
ranging from 0.1 to 10 N. Figure 1(b) shows the enlarged
views of the indentation-induced structures for P = 0.1, 1,
and 10 N. The SEM images of the indentation-induced struc-
tures at different positions for P = 10N are shown in Fig. S2
in the Supplemental Material [26]. We find that the indenta-
tion destroys the film greatly, especially near the indentation
center. Radial and ring-shaped cracks can be seen clearly. The
radial cracks are disorderly distributed, while the ring-shaped
cracks are regularly arranged and possess a uniform spacing.
Although the in situ growths of the radial and ring-shaped
cracks under the indentation process are unavailable in our
experiment, their formations can be achieved by comparing
the morphologies under different peak loads. It is clear that the
radial and ring-shaped cracks start to form at the indentation
center. Then they propagate outward gradually as the load
increases. Interestingly, the ring-shaped cracks form one by
one with a uniform spacing during the indentation process.

To detect more structural details of the indentation-induced
cracks, they were taken by AFM and the 2D images are
shown in Fig. 2. The 3D AFM images and enlarged 2D
images are shown in Figs. S3 and S4 of the Supplemental
Material [26]. Figure 3(a) shows a comparison of the profiles
for varying peak loads. Figure 3(b) shows the enlarged view
of the profile line for P = 10N. It is interesting that the film
surfaces are lifted up obviously near the cracks (both radial
and ring-shaped cracks), showing buckled or wrinkled struc-
tures. We suggest that the buckling phenomenon is mainly due
to the residual compressive stress in the film, which originates
from the nonequilibrium growth of the film and the thermal
mismatch between the film and PDMS substrate [27]. The
residual compressive stress in chromium films is generally
smaller than the critical stress for spontaneous wrinkle for-
mation and thus the film surfaces are frequently unwrinkled
before indentation.

After the cracks form during the indentation process, the
residual compressive stress is susceptible to concentrating at
the crack edge, resulting in the appearance of buckled or wrin-
kled structures [28,29]. As shown in Figs. 3(a) and 3(b), each
buckle has a sharp crease at the ridge which corresponds to the
crack in the film. Such buckle profiles are quite different from
the periodic wrinkles with sinusoidal profiles [27], but are
very similar to the buckle delamination with ridge cracking
[28,30]. Figures 3(c) and 3(d) show that both the buckle width
and height increase slightly with increasing peak load. The
buckle dimensions should be closely related to the compres-
sive stress value. For the same film, the residual compressive
stress is uniform, leading to the same buckle profile. The vari-
ation of the buckle width and height shown in Figs. 3(c) and
3(d) results from the indentation process. After indentation,
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FIG. 1. (a) Overview of the indentation-induced morphologies in a chromium film deposited on the PDMS substrate. The peak loads from
left to right are 0.1, 0.25, 0.5, 1, 2, 3, 5, and 10 N, respectively. Three indentation-induced crack patterns for each peak load are presented for
reproducibility. The film thickness is # = 30 nm. (b) Enlarged views of the indentation-induced structures for P = 0.1, 1, and 10 N (from left
to right). The maximum ring diameter is denoted by D. All optical images have the same size of 300x260 pm?.
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FIG. 2. Two-dimensional AFM images of the ring-shaped cracks triggered by the indentation with varying peak load shown in the bottom
left corners. All images have the same size of 45x45 um?. The scale bar in (d) can be applied to all the AFM images. Here & = 30 nm.
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FIG. 3. (a) Comparison of the film profiles triggered by the indentation with varying peak load. (b) Enlarged view of the profile line for
P = 10N. The black squares are the experimental measurements while the red solid line is the analytical solution of the buckle height. The
crack spacing is denoted by d. (c), (d) Dependences of the buckle width w and height 6 on the peak load P. The solid lines are linear fits to the

experimental data. Here 7 = 30 nm.

the PDMS substrate can be partially recovered to its original
shape (elastic part), and thus an additional compression is
generated in the film due to the elastic deformation of the
substrate. It is clear that the additional compression increases
with increasing elastic deformation (or load). Therefore, the
buckle width and height increase with increasing peak load.
Figure 4 shows the morphological evolution of the ring-
shaped cracks with increasing film thickness taken by optical
microscopy (P = 10 N). Figures 5(a)-5(f) show the 2D AFM
images and corresponding profiles with varying film thick-
nesses. The detailed morphologies of the indentation-induced
cracks for different peak loads and film thicknesses are shown
in Fig. S5 of the Supplemental Material [26]. We find that
for the thinnest film in our experiment (2 = 10 nm), the radial
cracks are prominent while the ring-shaped cracks are com-
paratively sparse. The ring-shaped cracks usually terminate
at some positions and their spacings are not uniform for this
sample [see Fig. 5(a)]. It seems that many ring-shaped cracks
have not been triggered by the largest load used in our exper-
iment (P = 10ON). In the range of 7 = 20—40nm, the films
form regular ring-shaped cracks. As the film thickness further
increases, the ring-shaped cracks become irregular gradually

and the crack number decreases greatly. Furthermore, the
buckles near the ring-shaped cracks also become irregular
and their width and height are immeasurable for thicker film
samples. In the range of & = 10—60nm, the buckle height
increases approximately linearly with the film thickness, as
shown in Fig. 5(g). The increase of the buckle dimension is
mainly due to the increase of the residual compressive stress
and decrease of the buckle number for thicker films.

Figure 4 also shows that a cross damage zone can be
seen clearly at the indentation center if the film thickness is
small (h < 60 nm). The cross damage zone is the remaining
trace of the Vickers diamond indenter used in our experiment.
When the film thickness is beyond 60 nm, however, the cross
damage zone becomes indistinguishable. On the other hand,
the radial cracks are usually limited in the region of the
maximum ring-shaped crack if the film thickness is small.
As h > 60 nm, however, several radial cracks can propagate
outward far beyond the maximum crack ring (see Fig. S5 in
the Supplemental Material [26]). These radial cracks originate
from the sharp edges of diamond indenter, similar to the crack
phenomena induced by sharp notches in previous studies
[9,18-22]. We suggest that the dense radial cracks within
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FIG. 4. Evolution of the indentation-induced cracking morphologies with the film thickness taken by optical microscopy. The data
appearing in the bottom left corners represent the film thickness 4. All images have the same size of 300x260 um?. The peak load is P = 10N.

the maximum crack ring originate from the deformation of
PDMS substrate, whereas the orthogonal cracks far beyond
the crack ring are caused by the film deformation itself. As
the film thickness (or stiffness) increases, the stress transfer
effect becomes strong. The tension caused by the indentation
(especially for the four edges of the diamond indenter) can
be easily transferred outward via thicker film layers, leading
to the appearance of the orthogonal cracks far away from the
indentation cave.
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In order to further understand the structural characteristics
of the ring-shaped cracks, we measured the maximum ring
diameter D and crack spacing d for different peak loads and
film thicknesses, as shown in Fig. 6. Overall, the maximum
ring diameter increases with increasing peak load, roughly
following an exponential law D o log; P [see Fig. 6(a)].
The maximum ring diameter is weakly related to the film
thickness. Figure 6(b) shows the quantitative relation between
D and h for the fixed peak load (P = 10N). We find that as

Film thickness / (nm)

FIG. 5. (a)—(e) Two-dimensional AFM images of the indentation-induced structures in the films with varying thickness (P = 10N). All
images have the same size of 45x45 um?. The scale bar in (a) can be applied to all the AFM images. (f) Comparison of the profiles in the films
with varying thickness. (g) Dependence of the buckle height § on the film thickness 4. The solid line is a linear fit to the experimental data.
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FIG. 6. (a) Dependence of the maximum ring diameter D on the peak load P for varying film thickness. The dashed line shows a linear
trend for the experimental data. (b) Dependence of the maximum ring diameter D on the film thickness & with P = 10N. The solid line is a
guide to the eye. (c) Dependence of the crack spacing d on the peak load P for varying film thickness. (d) Dependence of the average crack
spacing d on the film thickness /. The solid line is a linear fit to the experimental data.

the film thickness increases, the maximum ring diameter de-
creases first quickly and then slowly and finally it approaches
a stable value of about 220 um. The decrease of the maximum
ring diameter for the sample with 4 = 10 nm is mainly due
to the absence of larger ring-shaped cracks. Considering the
radial cracks are generally located in the maximum crack ring
for thinner films, the maximum ring diameter for # = 10 nm
should be larger than that for £ = 20 nm (see Fig. S5 in the
Supplemental Material [26]).

Figure 6(c) shows the dependence of the spacing of ring-
shaped cracks d on the peak load P for varying film thick-
nesses. The crack spacing is uniform when the film thickness
is below 60 nm. For thicker films, however, the ring-shaped
cracks become irregular. Although there are some fluctuations
for thicker films, the crack spacing is almost independent of
the peak load for all the samples. On the other hand, the
crack spacing is strongly related to the film thickness. The
quantitative relation between the average crack spacing d and
the film thickness /4 is shown in Fig. 6(d). We find that the
average spacing increases approximately linearly with the film
thickness.

B. Nanoindenter-induced cracks

The indentation tester used above possesses a peak load
ranging from 0.1 to 10 N. A peak load smaller than 0.1 N is
beyond the measurement range of this tester. Furthermore, the
depth information and load-displacement relation are also un-
available for this traditional indenter. To obtain more mechan-
ical information and extend the load range, a nanoindenter
was used to perform the indentation test. The nanoindenter-
induced surface morphologies are shown in Fig. 7. Note
that the nanoindenter (Berkovich indenter) [31] is triangle
shaped while the traditional indenter (Vickers indenter) [32]
is diamond shaped in the film plane. We selected seven peak
loads ranging from 0.5 to 500 mN. There are two peak loads
(100 and 500 mN) overlapping in the indentation and nanoin-
dentation tests. It can be seen from Fig. 7(a) that similar ring-
shaped cracks are triggered by the nanoindentation with larger
peak loads. The different indenter shapes result in the same
ring-shaped cracks, exhibiting the robustness of the crack pat-
terns induced by indentation loading. The ring-shaped cracks
are sparse for the nanoindenter compared to the traditional
indenter with the same peak load, which may be due to the
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FIG. 7. (a) Overview of the crack morphologies triggered by the nanoindenter with varying peak load. (b) Enlarged views of the cracks for
P = 0.5, 10, and 500 mN (from left to right). The triangular damage zone size is denoted by L. Here &7 = 30 nm.

different indenter shapes and operating principles. For a peak
load smaller than 50 mN, the ring-shaped cracks disappear
and only triangular damage zones remain. The enlarged views
show that the triangular damage zone is composed of many
parallel straight cracks along three different directions with
60° angles between them [see Fig. 7(b)]. These cracks do not
propagate along the radial direction or peripheral direction,
different from the crack patterns triggered by the traditional
indenter as shown in Fig. 1.

The load-depth relations for different peak loads are shown
in Fig. 8(a). The enlarged views of the load-depth curves are
shown in Fig. S6 in the Supplemental Material [26]. We find
that all the loading and unloading curves are very smooth and
no pop-in (or sliding pop-in) structure can be seen clearly
[33,34]. To further understand the influence of the load on the
cracking behavior, we measured the maximum ring diameter
D, triangular damage zone size L (defined as the perpendicular
distance from an indenter edge to the opposite side in the film
plane), and maximum depth A for varying peak loads in the
nanoindentation test; the results are shown in Figs. 8(b) and
8(c). For comparison, the maximum ring diameters for the
traditional indenter are also shown in Fig. 8(b). We find that
the maximum ring diameter for the nanoindenter is somewhat
smaller than that for the traditional indenter, perhaps due to
the different indenter shapes and operating principles. The
maximum ring diameters (both for the traditional indenter

and the nanoindenter) and triangular damage zone size all
increase linearly with the logarithm of the peak load, which
can be expressed as D o< log,,P. The linear slopes of these
parameters are almost identical, indicating that they obey the
same evolution behavior. Figure 8(c) shows that the maximum
depth also increases linearly with the logarithm of the peak
load. The relationship between the damage zone dimension
and the maximum depth is thus plotted in Fig. 8(d). We
find that the triangular damage zone size L increases linearly
with the maximum depth A. The maximum ring diameter D,
somewhat larger than the triangular damage zone size, also
increases linearly with A, possessing the same slope as L.

C. Formation mechanism

Fracture patterns are ubiquitous in natural and artificial
systems such as tectonic plates, rocks, drying mud, aged
paints, coatings, and sol-gel films. It is well known that the
crack morphologies are mainly determined by the tensile
stress field in the material. Disordered crack networks are
frequently observed in drying mud, aged paints, coatings, and
films due to the isotropic stress field [1,2]. Regular crack
patterns can be achieved by tuning the stress anisotropy. The
manipulating methods include uniaxial loading [15,17,18],
sequent bidirectional stretching [19], directional drying
[35], temperature gradient [16], boundary effect [23,24,36],
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FIG. 8. (a) Load-displacement relations for different peak loads obtained from the nanoindentation. The inset shows the schematic diagram
of the indenter profile. (b) Dependences of the maximum ring diameter D and triangular damage zone size L on the peak load P. (c) Dependence
of the maximum depth A on the peak load P. (d) Dependences of the maximum ring diameter D and triangular damage zone size L on the
maximum depth A. The solid lines in (b)—(d) are linear fits to the experimental data. Here 4 = 30 nm.

single-crystal substrate [9,20], uneven substrate surface [25],
prefabricated notch array [18,19,21,22], electric-field induc-
tion [37], magnetic-field driving [38], etc.

In our experiment, the indentation (or nanoindentation)
induces the stress anisotropy near the center point, leading
to the formation of ordered cracks. Both the diamond-shaped
indenter and triangle-shaped nanoindenter can trigger perfect
ring cracks (Figs. 1 and 7), indicating that the indenter shape
has no obvious influence on the ring-shaped cracks. On the
other hand, the triangular damage zone in nanoindentation is
highly consistent with the indenter shape in the film plane.
We thus conclude that the ring-shaped cracks originate from
the deformation of the PDMS substrate while the parallel
straight cracks in the triangular damage zone are caused by the
contact damage. Figure 7 shows that the formation of straight
cracks is earlier than that of ring-shaped cracks. During the
nanoindentation test, the film at the contact line is susceptible
to fracture forming a straight crack. The fact that the parallel
cracks have a nearly uniform spacing indicates that the crack
formation is step by step during the nanoindentation process.
The formation process of the parallel straight cracks is quite

similar to that of the ring-shaped cracks, although their dam-
age mechanisms are different. Because the indenter shapes
in the horizontal plane at different depths are self-similar
[see the inset of Fig. 8(a)], their size (i.e., the triangular
damage zone size) should be directly proportional to the
indentation depth, as shown in Fig. 8(d). The deviation of the
fitting line from the coordinate origin is mainly due to the
rounded shape at the indenter tip, leading to the decrease of
the indentation depth.

The ring-shaped cracks originate from the deformation of
the PDMS substrate since they are away from the indenter
and the film is not in contact with the indenter directly
during the crack formation. The previous theoretical analysis
showed that the indenter could induce the deformation of the
film-substrate system, generating a radial tensile stress in the
film [33,39]. The peak radial stress always occurs outside
the contact zone of the indenter. When the radial tension
is beyond a critical value, i.e., the breaking strength of the
film, a ring-shaped crack forms in the film some distance
away from the contact zone of the indenter. The preexisting
crack can effectively release the tensile stress nearby. As a
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result, the radial tension in the film near the preexisting crack
decreases to below the critical value and no crack forms. As
the load increases, the contact zone of the indenter propagates
outward and the peak radial stress increases gradually. When
the peak stress is above the breaking strength of the film
again, a new ring-shaped crack forms. As this process goes on,
multiple ring-shaped cracks with a uniform spacing appear.
The crack spacing is determined by the competition between
the peak radial stress and the breaking strength of the film. It
is clear that the breaking strength of the film increases with the
film thickness, while the indentation-induced radial tension is
almost uniform under the same load. To trigger a ring-shaped
crack in thicker films, a higher tension is needed, leading
to the increase of the crack spacing, as shown in Fig. 6(d).
On the other hand, higher breaking strengths for thicker
films suppress the formation of outermost ring-shaped cracks.
Therefore the maximum ring diameter D decreases steadily
with increasing film thickness 4, as shown in Fig. 6(b).

D. Theoretical analysis

It can be seen from Fig. 4 that the dominant crack modes
tend to transit from rings to spokes with the increase of
film thickness. According to the fracture model [39], a crack
occurs when the maximum principle tensile stress is beyond
the tensile strength of the film. The indenter generates an
inhomogeneous stress field and previous research has shown
that the maximum principal tensile stress takes place either
on the surface of film along the radial direction or at the
film-substrate interface along the circumferential direction
[39]. The crack pattern depends on that in which direction
stress reaches the tensile strength of the film first. The former
case leads to ring-shaped cracks while the latter leads to radial
cracks. The theoretical analysis [39] under the assumption of
infinite substrate thickness shows that under a rigid spher-
ical indenter with radius R there exist two nondimensional
parameters affecting the crack pattern for the film-substrate
system, E¢/E; and mo . R/E¢h, withEy = Ef /(1 — v%), where
E and E; are Young’s modulus of the film and substrate, and
h, o, and vy are the thickness, the fracture tensile strength,
and the Poisson’s ratio of the film, respectively. In our work,
on one hand, except film thicknesses of 300 and 400 nm,
the thickness of the substrate is 100-2000 times larger than
the film thickness. In addition, the estimated radius R of the
equivalent sphere indenter is also much larger than the film
thickness and reduces the effect of substrate thickness [40].
On the other hand, the enormous modulus difference between
the film and substrate also weakens the impact of substrate
thickness on the stress field in the film. Thus the influence of
substrate thickness on the crack pattern can be neglected in
our work. Figure 9 shows the schematic diagram of the crack
pattern depending on these two parameters. In a theoretical
analysis [39] it was found that there are two possible positions
of the maximum principal stress for stressed film: at the film
surface and at the interface between the film and substrate
along the axis of symmetry. When the maximum stress occurs
at the film surface first, a ring crack would happen. Otherwise,
a radial crack would appear first.

In our experiments, the Young’s moduli of Cr film and
PDMS substrate are about £, ~ 250 GPa and E; ~ 1.7 MPa,

Increase of thickness

Radial crack

Ring crack

(1- vf);m(‘R/(E )

FIG. 9. Schematic diagram of the crack pattern for a film-
substrate system in terms of two nondimensional parameters E;/E
and wo.R/Esh with Ef = Ef/(1 — v}).

respectively. The tensile strength and the Poisson’s ratio of
Cr film are about o, ~ 280 MPa and v, = 0.21, respectively.
Although a Vickers diamond indenter is used in our experi-
ments, due to the substrate’s flexibility, the effective contact
area is much larger than the indenter’s size. From Fig. 4 one
can see that there is a sunken area with diameter about 100
pm in the center of indentation, so the estimated radius R of
the equivalent sphere indenter is larger than 100 pm.

For film thickness & = 400 nm, the horizontal coordinate
is mo.R/E rh =~ 0.84; this case is located in the radial crack
regime in Fig. S7 in the Supplemental Material [26] for
modulus mismatch E;/E, ~ 1.47x10° in our work. For the
case of film thickness 4 = 20 nm, the horizontal coordinate
is mo.R/Esh ~ 16.82. Here we use a fifth-order polynomial
fitting method to obtain the curve in the phase diagram of
Fig. S8 in the Supplemental Material [26] on the right of the
critical modulus mismatch point. The fitting result as shown
in Fig. S8 indicates that when 7o .R/E rh ~ 16.82, the corre-
sponding modulus mismatch is (E;/E;). ~ 1.58x 107, which
is much larger than the material mismatch E;/E; ~ 1.47x10°
in our experiment. The result means that this case is in the
lower right of the curve in the phase diagram, namely, when
the film thickness 7 = 20 nm, the crack pattern is located
in the ring crack regime. Thus, with the decrease of film
thickness, the black arrow in Fig. 9 indicates the transition
of the crack pattern regime from a ring crack toward a radial
crack, which is in agreement with the experimental results
shown in Fig. 4. It is worth noting that with the fitting result,
the critical transition thickness is obtained as A, ~ 50 nm,
which is approximated to the experimental result s, &~ 60 nm
in Fig. 4.

The crack in the film generates a shear stress concentra-
tion zone perpendicular to the crack edge at the interface
of film and substrate. If the interface is weak, there is a
collaborative fracture of the crack and delamination in the
film. A Griffith-criterion-based analysis [8] has shown that
the collaborative fracture mode involves the combined energy
release of residual elastic energy and adhesion energy and it
concludes that for the patterned crack the spacing width of ad-
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jacent cracks d is proportional to the film thickness A: d o h.
The experimental result in Fig. 6(d) shows the approximately
linear dependence of average ring crack spacing d and film
thickness A, which can be understood by the collaborative
fracture process of the film and substrate system [8].

During the indentation the tensile stress in the film is
released by patterned cracks while the stretch energy is stored
in the substrate. After the indenter is unloaded, the substrate
begins to contract due to its elasticity, so the film would be
under a compressive stress. The compressed film tilts up at
the crack edge and the morphology of the buckle with a
ridge crack appears. The results in Figs. 3 and 5 show the
profile characteristics of the buckle. A theoretical work [41]
has studied the feature of the straight buckle with a ridge crack
and pointed out that the out-of-plane displacement solution
¢ (x) of this buckle can be expressed by

Sm[1 —cosmp(3 —1)],
{(x) = {
Sm[1 —cosmp(3 +1)],

0<x<b

(1
—-b<x <0,

where §,, = F (p, o;)h/pr is the maximum buckle height with

. : 2 2 sin 2pm
s1np71+\/sm pn+%(%—p2)(l—2p—5)
1— sin 2pm .
2pm

F(p,oy) = 2)

In this expression 1/2 < p < 1 is defined as a dimen-
sionless parameter to describe the effect of the crack on
buckle height, where p = 1/2 indicates that the ridge crack
is complete while p =1 indicates that there is no crack.
Here b = w/2 is defined as the half buckle width, o; is the
compressive stress in the film, and £ =r2E;h?/12(1 — vj% b2
is the Euler buckling stress.

In our experiment the cracks in the film are complete
and we assume p = 1/2; then the maximum buckle height

becomes
5 _ 2h 4 1+712 oy 1 3)
" 3\cf 4)]

From this expression we can estimate the compressive
stress in the film after the indenter is unloaded. The exper-
imental results show that for the peak load P = 10N and
film thickness 4 = 30nm, the maximum height and buckle
width of the cracked buckle are §,, ~ 150nm and 2b ~
4.4 pm, respectively. If we substitute §,,, i, and b into Eq. (3)
then the compressive stress can be obtained as o, /0 ~ 14.
Furthermore, the analytical solution of the buckle profile
with a ridge crack under such stress from Eq. (1) is plot-
ted in Fig. 3(b). The comparison between the analytical

solution and the experimental result shows good agree-
ment. From Eq. (3) it is clear that the maximum buckle
height is proportional to the film thickness §,, o h, which is
also verified by the experimental measurement as shown in
Fig. 5(g).

IV. CONCLUSION

In summary, the indentation-induced crack patterns in
metal films on soft elastic PDMS substrates were described
and discussed in detail. The indentation triggers the defor-
mation of the film-substrate system, leading to the forma-
tion of multiple ring-shaped cracks. As the indentation load
increases, the ring cracks first form near the indentation tip
and then propagate outward step by step with a uniform
spacing. They are not caused by the contact damage from the
indenter but originate from the radial tensile stress due to the
substrate deformation. The crack shape is thus insensitive to
the indenter shape and indentation depth. However, the crack
morphology is strongly dependent on the film thickness. The
ring-shaped cracks are regular and possess a uniform spacing
for thinner films, whereas they become very irregular as the
film thickness increases. Furthermore, radial cracks become
dominant for thicker films due to the competition between the
radial stress on the film surface and circumferential stress at
the film-substrate interface. The theoretical analysis showed
that buckling structures tend to form near the cracks due to
the induced compressive stress in the film after indentation,
in good agreement with the experimental observations. The
experimental and theoretical results presented in this paper
will provide insight into the effect of indentation loading on
the stress anisotropy and crack morphology. It is anticipated
that more complex but ordered cracks can be achieved by
tuning indenter shapes such as linear, circular, or elliptical
arrays. The controllable formation of ordered cracks should
be beneficial for a wide range of technological applications
including patterned templates, micro- and nanofluidic devices,
biological assays, ultrasensitive sensors, stretchable electron-
ics, and surface engineering.
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