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Abstract This article presents the results of an in-
vestigation of crack nucleation and propagation in a

transparent polydimenthylsiloxane (PDMS) elastomer.
The main objective of the investigation is to charac-
terize quantitatively the evolution of crack nucleation
and propagation behavior not just through the usual
macroscopic load and displacement data, but with syn-
chronized optical images at high spatial and adequate
temporal resolution that will resolve the evolution of

the failure processes. This is augmented with x-ray com-
puted tomography (CT) scans to characterize the three-
dimensional geometry of the cracks nucleated in the in-
terior of the elastomer.

Towards this goal, we reproduce the classical poker-
chip experiment of Gent and Lindley (1959) in which
the specimen’s diameter-to-thickness ratio is varied over
a broad range to cover crack nucleation, propagation,
and their coalescence. These experiments are performed
on transparent PDMS with different compositions, first
in a specially built loading machine that is fitted with
a high magnification microscopic camera that permits
the measurement of the load while simultaneously pro-
viding images of the specimen configuration and subse-
quently in an apparatus built for in situ observations
using an x-ray CT scanning system.

These experiments reveal that nucleation of multi-
ple microcracks dominates when the diameter-to-thickness
aspect ratio α is sufficiently large, because the incom-
pressibility of the material induces substantial, nearly
uniform hydrostatic tension in the specimen. In con-
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trast, specimens with smaller aspect ratio tend to nu-
cleate fewer cracks, and are dominated by the growth of
these cracks. At even smaller α, the hydrostatic stress is
significantly lowered and failure is dominated by surface
flaws. The three-dimensional geometry, and the spatial
distribution of the nucleated cracks were evaluated us-
ing optical microscopy and x-ray CT scans. This re-
vealed cracks of three different shapes, one of which was

confined in a layer near to the upper or bottom bound-
ary of the poker-chip, another was across the thickness,
but with a tilt relative to the axis of the specimen, and
the last was propagating along the radial direction.

Keywords cavitation · fracture · polydimethylsiloxane

1 Introduction

Elastomers constitute a class of materials of consider-
able interest, due not only to their numerous applica-
tions in our daily life, but also their ubiquitous role
in the fundamental study of the reversible/irreversible
mechanical behaviors. In this work, we aim to pro-
vide a new perspective on elastomers (more specifi-
cally cross-linked silicone elastomer, polydimethylsilox-

ane (PDMS)) under the triaxial loading state, from the
pristine state towards the fracture initiation and growth
and eventual failure, by leveraging a confined geometry
under uniaxial stretch, or the so-called poker-chip ex-
periment.

This problem has a long history in that it has been
studied since Busse (1938) and Yerzley (1939), who
examined synthetic rubber in a sandwich structure of
two rigid steel clamps for the corresponding adhesive
property; it later inspired Gent and Lindley (1959) to
investigate the internal rupture of natural rubber on
the poker-chip specimen that induces a large triaxial
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stress state inside of the domain. The authors noticed
a strain softening in the load-deflection curve during
the loading, and they conjectured that it is the ini-
tial internal flaw that undergoes a rapid elastic expan-
sion inside of the rubber due to the large hydrostatic
stress; this became well known later as the cavitation
instability in elastomers. To understand the cavitation

criterion, they further simplified the original boundary
value problem to a local representative problem – the
unbounded growth of a finite-size spherical cavity in
an infinite shell under a far-field negative pressure (hy-
drostatic tension) inspired by the solution from Green
and Zerna (1992); the theory seemed to be corrobo-
rated qualitatively by part of the experiment results.
With a Neo-Hookean material model, the hydrostatic
criterion of cavitation instability is Pcr = 5µ/2, where
µ is the initial shear modulus. Ever since the pioneer-
ing work of Gent and Lindley (1959), extensive stud-
ies have emerged to interpret and predict the cavita-
tion from the viewpoint of elasticity; especially in Ball
(1982), the equivalent problem of solving the bifurcated
discontinuous solution of a unit solid sphere under ra-
dially symmetric load has been addressed. Moreover,
the general setting of non-axisymmetric geometry and
loading state has also been explored by Horgan and
Abeyaratne (1986), Sivaloganathan (1986), James and
Spector (1991) and Lopez-Pamies et al. (2011).

However, from the experiments of Gent and Lind-
ley (1959), and as recognized by Gent (1990) himself,

the conclusion that a hydrostatic stress exceeding the
cavitation threshold will always nucleate an interior
cavity/crack does not appear to be correct. An obvi-
ous drawback of the purely elasticity-based criterion is
the fact that the local stretch of the cavitation nuclei
is of the order of 100, but the polymer chains cannot
be stretched to such extent without disentanglement or

bond breaking, making it essential to account for frac-
ture or bond rupture and to include the fracture energy
into the problem.

The first study of this type goes back to Williams
and Schapery (1965). They introduced a length scale
(the initial cavity radius, A) into the nucleation crite-
rion via the fracture energy, Γ , per unit undeformed
area. While this criterion brings size dependence, it
converges to the hydrostatic criterion when 2Γ

µA
is suf-

ficiently large, and is unable to explain the observed
cavitation condition. Gent and Tompkins (1969b) and
Gent and Wang (1991) have addressed this problem
through incorporation of both surface tension and Grif-
fith’s energy balance approach to fracture. Even though
these considerations bring size dependence to the cavi-
tation criterion and explains why the initial cavity with
smaller size is more inclined to inflate first, they fail to

clarify why the local negative pressure from the experi-
ment greatly surpasses the prediction of 5µ/2, see Gent
and Tompkins (1969a) without nucleating cavities.

Numerous articles in the literature address differ-
ent aspects of the cavitation problem, both theoreti-
cal/numerical (Ball (1982), Sivaloganathan (1986), Müller
and Spector (1995), Lin and Hui (2004), Lefèvre et al.
(2015), and Kumar and Lopez-Pamies (2021)). Despite
these efforts, a predictive criterion for the onset of in-
terior cavity or crack nucleation that spans the entire

range of sizes of defects is still not available. To date,
Kumar and Lopez-Pamies (2021) appear to have de-
veloped the first theoretical/numerical work that could
reproduce the experimental observation of the distri-
bution of interior fracture nucleation and subsequent
growth, with the macroscopic mechanical response. Their
work posits that nucleation of fracture in poker-chip ex-
periments is governed by the strength of the elastomer,
while the propagation of fracture is governed by the
Griffith competition between the bulk elastic energy of
the elastomer and its surface fracture energy.

While there exists a large literature from different

theoretical and numerical points of view, very few stud-
ies on the poker-chip experiment have been conducted,
except for Lindsey et al. (1963) and Lindsey (1966);
these authors used a transparent polyurathane to ob-
serve cavitation and further crack growth, and provided
limited insight on the nucleation and growth. A poker-

chip like geometry has been implemented recently, for

example in Lakrout et al. (1999), Shull and Creton
(2004), and Bayraktar et al. (2008), but a systematic
and fundamental study, focused on the interior bulk nu-
cleation for the isotropic hyper-elastic incompressible
material with varying geometric constraints, is needed
and is the main objective of this work.

In this investigation, we recreate the classical poker-
chip experiment with the transparent PDMS elastomer
and exploit synchronized mechano-optical and x-ray com-
puted tomography observations to trace the fracture
initiation and further propagation. In Sect. 2, the exper-
imental set-up and protocol are introduced, including
two apparatus designs, sample preparation, experimen-
tal protocol and data processing. Next in Sect. 3, the
in situ direct optical observations are focused on the
nucleation and growth of cavities/cracks; results from
four representative samples that span the entire tran-
sition of the onset of fracture, from surface nucleation
to interior nucleation with different growth regimes. In
Sect. 4, a detailed description of the location and ge-
ometry of the crack nucleation and growth inside of
the sample is provided based on the x-ray image anal-
ysis. This is followed in Sect. 5 by a description of the

entire process of nucleation, growth and coalescence of
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cracks in poker-chip specimens of different diameter-to-
thickness ratios. The quantitative analysis and charac-
terization of crack nucleation based on the observations
of two-dimensional projection from the microscope, and
of three-dimensional geometric features of the cracks
are provided in Sect. 6. Finally, the experimental obser-
vations and theoretical interpretations are summarized

in Sec. 7.

A detailed derivation and calculation of the frac-
ture nucleation criterion and a full-field numerical sim-

ulations based on the variational phase field model in
comparison with the collected experimental observation
will be presented in the companion article.

2 Experimental set-up and protocol

2.1 Specimen design

The poker-chip specimen design of Busse (1938), Yerz-
ley (1939), and Gent and Lindley (1959), is a variant of
the ASTM-D-429 standard from 1935; it consists of two
cylindrical metal grips attached to a cylindrical rubber
specimen with a thickness T and diameter D. The as-
pect ratio is defined as α := D/T . This arrangement
does not permit observation of the progression of nu-
cleation and growth of damage in the interior, but only
global load-elongation measurement as well as the fi-
nal failure surface. In this work, the metal grips were
replaced with polymer grips to facilitate such observa-
tions1; the design is shown in Fig. 1. The top grip is
made of a translucent polycarbonate (PC) cylinder to
provide a diffuse optical background while the bottom
grip is made of an optically transparent polymethyl-
methacrylate (PMMA) to provide a clear viewing path
from below. The top grip is attached to the loading ma-
chine through the threaded connection while the bot-
tom grip is connected to the loading machine through
a set of four pins inserted into mating holes in the

PMMA cylinder. The PC and PMMA materials may
be assumed to be rigid relative to the PDMS2.

2.2 Specimen preparation

The PDMS base (Dow Corning Sylgard 187) and curing
agent were mixed in a nominal 30:1 ratio (by weight) in
a paper cup, stirred for 15 minutes and then degassed
for about 45 minutes to extract trapped air from the

1 Lindsey et al. (1963) have used a similar approach and
observed the nucleation of cracks
2 The Young’s moduli of PC and PMMA are 2.4 GPa and

2.9 GPa, respectively, while the PDMS elastomer has an ini-
tial modulus on the order of 0.1 MPa

mixture. These timings correspond to a 10 g mix of the
polymer; they would have to be adjusted based on the
amount of polymer to be mixed. The surfaces of the
two grips that are to be adhered to the specimen were
cleaned with ethanol to remove contaminants. These
surfaces were then coated with a thin layer of Dow
Corning 92-023 primer and allowed to dry at room tem-

perature for more than 30 minutes. This primer coating
is essential in the preparation of the poker-chip speci-
men since it prevents delamination or interfacial frac-
ture and allows for damage to nucleate in the interior of
the specimen. In order to make a specimen mold, a thin
transparent polymer sheet was used to wrap around the
PMMA grip to form a cylindrical mold. The PDMS liq-
uid was then poured into this mold without generating
air bubbles; then the PC grip was slipped on top and
allowed to settle on the liquid PDMS layer, carefully
avoiding trapping of air between the two; note that the
thickness of the PDMS layer is manually controlled sim-
ply by controlling the volume of PDMS poured into the
mold. Finally, the samples are cured at 80 ◦C for 12
hours, and then allowed to relax at room temperature
for an additional 12 hours prior to testing.

The manufacturing process described above results
in the formation of a clear PDMS layer, strongly bonded

between the two end grips. Optical clarity implies that
air bubbles, if present, are likely to be below a few 100
nm in size. However, there are two other types of defects
that were observed in the specimens. First, isolated,
large air bubbles (≈1 mm in diameter) developed near
the outer cylindrical boundary of the poker-chip speci-
men during the curing process in some specimens; how-
ever, these had very little influence on the nucleation
of damage in the interior of the specimen, as we will
show later through direct observation3. Second, some
variability in the thickness of the PDMS layer was ob-
served, especially in the specimens with a larger aspect
ratio; as a result, all specimens may not be perfectly
axisymmetric; however, from the x-ray measurements,
we can determine that these imperfections are small
enough to be negligible.

2.3 Apparatus and experimental protocol

Two different apparatuses were built to perform the

poker-chip experiments. Apparatus A was designed to
collect high magnification optical images synchronously
with the measurement of the macroscopic mechanical

3 Lindsey (1966) introduced bubbles and demonstrated
that their influence on the response was indeed negligible.
Also, it is difficult to achieve higher spatial and temporal res-
olution; given this limitation, the identified event is an upper
bound for the nucleation of the crack.
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α ∈ (2, 75), and different PDMS compositions including
20:1, 30:1, and 45:1. The observed response, in terms of
the nucleation and growth of damage/fracture, falls into
four categories: (i) surface crack nucleation and growth,
(ii) single interior crack nucleation and growth, (iii)
multiple interior crack nucleation and growth, and (iv)
numerous interior crack nucleation. In this section, ob-

servations from tests performed on four samples of 30:1
resin-to-curing agent ratio with progressively increasing
aspect ratio are described. Specimens with other com-
positions exhibited qualitatively similar behavior. In
each case, we present the load-versus-time curve, where
the load is divided by the initial cross-sectional area, in-
dicated as S. Also, sequences of images that are selected
from the recording of the Keyence microscope (tempo-
ral and spacial resolutions are 15 frames/second and
16 µm/pixel respectively) are presented. The full video
recordings are available in the Supplementary Material.

Test Aspect ratio Composition ratio

Optical A 4.7 28.5

B 8.9 30.0

C 11.3 29.5

D 41.6 29.5

X-ray E 8.2 28.4

F 18.4 31.2

G 75.7 28.4

H 10.2 20.0

Table 1: Summary of 8 tests described in Sec. 3 and
Sec. 4 including the aspect ratio and composition ratio.
Note that the composition of Test H is 20:1, but exhibits
a similar qualitative response as the specimens with a
30:1 composition.

3.1 Test A: Surface crack nucleation

A specimen of 5.3 mm thickness with α = 4.7 was ex-
amined based on the preceding protocol; we will label
this as Test A. Fig. 4a shows the normalized load as
a function of time with an expanded view of the curve
near the maximum load point. Fig. 4b shows selected
microscopic images corresponding to the times labeled
in Fig. 4a. In the beginning of the test, at Frame 15,
no interior defects were detected except for an initial
cavity sitting near to the free boundary of the specimen
as indicated in the figure; it has a negligible effect on
the overall response of the specimen as will become evi-
dent later. Configuration b corresponds to a normalized

force of S = 0.127 MPa. A small defect emerges near the

top, identified in the black box in Frame 7245; a mag-
nified view of this region is shown in the left column,
highlighting the feature by a red circle. Notice that it
is not an interior nucleation but surface nucleation of
a crack. About 40 seconds later (Frame 7800, config-
uration c), the crack has grown to an elliptical shape,
while the corresponding load has reached a global max-
imum Smax = 0.13 MPa. In another 10 seconds (Frame
7965, configuration d), the crack grew to a size of 5
mm; meanwhile a second surface crack nucleated near
the bottom of the image. In configurations e and f, the
two cracks spread towards the central region in a sta-
ble manner and merge, creating rough fracture surfaces.

Through all of this loading, the initial cavity remains
unaltered, indicating that this defect did not alter the
response of the specimen significantly. This kind of re-
sponse - nucleation and growth of one or more surface
cracks - was observed in repeated experiments when the
aspect ratio α was in the range of 2 to 7.

3.2 Test B: Single interior crack nucleation, dominated
by crack growth

We describe next, the response of a sample with thick-
ness t = 2.8 mm, and aspect ratio α = 8.9, with the
same experimental protocol as before; we will label this
as Test B. The normalized load as a function of time
and selected microscopic images are shown in Fig. 5.
The specimen did not have any macroscopically visi-
ble defects initially as can be seen from the image at
Frame 15 (configuration a). With loading, the first op-
tically detectable defect was nucleated in Frame 2270
(configuration b) as identified in the black square, and

shown at a greater magnification for easy visualization;
the size of this feature is already of about 100 µm in
the major axis5. With continued increase of the cross-
head displacement, through Frames 2360 (configuration
c) and 2430 (configuration d), the defect emerges into
a clearly identifiable elliptical shape6 and increasing in
size to nearly 1 mm, while the macroscopic load con-
tinues to increase; clearly, the nucleation of the interior
crack alone was inadequate in softening the global re-
sponse; however, when the crack grows to a size com-
parable to the specimen thickness, the load begins to
drop.

Continued loading beyond Frame 2430 leads to a
maximum load of Smax = 0.151 MPa at Frame 2450

5 We refrain from calling these cavities because by the time
the intrinsic defects of size 10 to 100 nm grow to a visible size
of 10 to 100 µm, it must have transitioned into a crack
6 We know from x-ray CT scans described later that these

are actually ellipsoidal
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(c) Selected sequences of images
in Test C illustrating the second
interior crack nucleation, and
two-crack influence.

(g)

(h)

(i)

(j)

(k)

(l)

(d) Selected sequences of im-
ages in Test C illustrating the
third interior crack nucleation,
and three-crack interaction.

(m)

(n)

(o)

(p)
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responding to this increase in compliance, there is an-
other load drop. With further loading all three cracks
exhibit stable growth under displacement control, and
eventually splits the specimen into two pieces. Repeated
experiments with the aspect ratio in the range of 10 to
15 exhibited a similar response. The key observation to
note is that the cracks nucleated in the interior stop

growing and nucleate new cracks!

3.4 Test D: Numerous interior cracks, dominated by
nucleation

The last case we discuss corresponds to a specimen with
an extremely thin layer (0.6 mm) of PDMS, resulting in
α = 41.6; this is labeled as Test D. The normalized load
as a function of time and selected microscopic images
are shown in Fig. 8.

The first crack appears between Frame 5095 and
Frame 5096 (configuration b), sitting near to the top
of the image, highlighted by the black square in Frame

5096 and shown at greater magnification in the left col-
umn (see Fig. 8b). The defect/crack can be identified
by the bright light reflection, and is nearly 500 µm in
size. From Frame 5096 to Frame 5100, a new crack was
nucleated in every other frame as highlighted by the
blue and green rectangles and shown at larger magni-
fication in the left column. We emphasize again that

this is the deformed configuration of a penny-shaped
or elliptical interior crack, projected in 2D. Each nucle-
ated feature is between 500 µm and 1000 µm in size,
is separated from the previous nucleation by a distance
of a few mm, and is clearly triggered7 sequentially by
the previously nucleated crack. Intriguingly, as the first
three cracks were nucleated, the macroscopic load on
the specimen, continued to increase, albeit at a slower
rate, as seen from the inset in Fig. 8a.

With continued stretching at the same rate, a set of
7 cracks were nucleated within the 67 ms time interval
between Frames 5100 (configuration f ) and 5101 (con-

figuration g) (see Fig. 8c). Since the size and spacing
between the nucleated cracks resemble the first three
nucleation events, we infer that this is also a sequential

7 Since the central region is under a nearly uniform stress
state, random nucleation is expected from the weakest point
for the first crack. However, the next crack is nucleated, al-
most always, in the vicinity of the previously nucleated crack
- not from the next weakest point globally, but from the weak-
est point in the neighborhood of the first crack; this is why
we refer to the subsequent cracks being “triggered” by the
previously nucleated cracks. The nucleation of the first crack
causes the stress in the vicinity to drop (due to the increase in
the local compliance of the specimen), and shields a certain
region from further nucleation; but it must also elevate the
stress beyond the region and cause the second nucleation.

nucleation of similar origin. This process continues with
the sequential nucleation seen in Frames 5102 (config-
uration h), 5110 (configuration i) and 5115 (configu-
ration j ). In all these cases, cracks nucleate, but are
unable to grow beyond a certain size of the order of
the thickness of the specimen, and they trigger nucle-
ation of another crack in the vicinity. It is also noted

that at configuration j, the macroscopic load begins to
drop significantly, indicating that the cracks developed
so far have significantly increased the compliance of the
specimen.

Selected sequence of images for configurations k through
p are shown in Fig. 8d. In Frame 5150 (configuration k),
there are O(102) nucleated cracks pervading the cross-
section; clearly, the growth of the nucleated cavities is
resisted by the birth of the surrounding cracks. It is
only after the entire cross-section is covered with nucle-

ated cracks, do they begin the growth phase as shown
in Frames 5200 and beyond. During this time, the exist-
ing cracks propagate, and the inter-region between each
crack is being contracted in the transverse direction and
stretched in the axial direction, and eventually becomes
a thin film or fibril, with the entire cross-section resem-
bling a honeycomb structure.

Eventually, the individual cracks coalesce with each
other and separate the specimen into two pieces. Coa-
lescence of these cracks begins at configuration p and
continues beyond.

Repeated tests with specimens with aspect ratio be-
tween 40 and 75 indicated a very repeatable nucleation
dominant response described in this section. The pri-
mary conclusion is that in this range of aspect ratios,
nucleated cracks are unable to grow beyond a certain
size, but nucleation of new cracks in the vicinity domi-
nates the response!

4 Nucleation and growth of cracks under

triaxial loading: x-ray computed tomography

observations

In this section, we explore the three-dimensional geo-
metrical aspects of the nucleated interior cracks and
their further growth, with the aim of addressing the
following questions: (i) where does the crack initiate in

the poker-chip specimens; (ii) what is the geometry of
an isolated crack just after nucleation, and (iii) how
does the crack propagate to dimensions comparable to
the diameter of the poker-chip specimen. These exper-
iments were performed with Apparatus B (see Fig. 3)
following the experimental protocol described in Sec. 2.
In addition, the x-ray related parameters are set as in
Table. 2.
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(c) Selected sequences of
images in Test D illus-
trating the interior se-
quential nucleation after
the mechanical instabil-
ity

(g)

(h)

(i)

(j)

(d) Selected sequences of
images in Test D illus-
trating the interior crack
growth and coalescence

(k)

(l)

(m)

(n)

(o)

(p)
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(v) The fracture event after the burst and growth of
the first crack is also dependent on varying con-
finement:
(1) if the thickness is large enough, α < 10, con-

tinuous propagation with a complex geometry
is observed; however, the complex geometry
can be categorized in three kinds, namely, the

slanted, flat and through crack.
(2) if the thickness is very small, with very large

aspect ratio, α > 40, the nucleated fracture is
not able to continue to grow beyond about a
few thicknesses; rather, the subsequent cracks
are triggered at a distance from the previ-
ous crack(s). This sequential nucleation is uni-
formly distributed over the entire diameter of
the specimen with an inter-distance between
the cracks of d̂n = 2.78

(3) For intermediate aspect ratios, between 10 <
α < 40, there is a competition between the
nucleation of a new crack and propagation of
the previously nucleated crack.

The experiments described above have revealed what
happens during the onset and progression of cracking
in the poker-chip specimen. A quantitative criterion for
nucleation in PDMS remains to be established; we will
address this and simulations of crack growth in a future
contribution.
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Lefèvre V, Ravi-Chandar K, Lopez-Pamies O (2015)
Cavitation in rubber: an elastic instability or a frac-
ture phenomenon? International Journal of Fracture

192(1):1–23
Lin YY, Hui CY (2004) Cavity growth from crack-
like defects in soft materials. International Journal

of Fracture 126(3):205–221
Lindsey G, Schapery R, Williams M, Zak A (1963) The
triaxial tension failure of viscoelastic materials. Tech.
rep., CALIFORNIA INST OF TECH PASADENA
GRADUATE AERONAUTICAL LABS

Lindsey GH (1966) Hydrostatic tensile fracture of a
polyurethane elastomer. Tech. rep., CALIFORNIA
INST OF TECH PASADENA GRADUATE AERO-
NAUTICAL LABS

Liu R, Sancaktar E (2018) Identification of crack pro-
gression in filled rubber by micro X-ray CT-scan. In-
ternational Journal of Fatigue 111:144–150

Lopez-Pamies O (2010) A new I1-based hyperelastic
model for rubber elastic materials. Comptes Rendus
Mecanique 338(1):3–11

Lopez-Pamies O, Nakamura T, Idiart MI (2011) Cav-
itation in elastomeric solids: II—Onset-of-cavitation
surfaces for Neo-Hookean materials. Journal of the
Mechanics and Physics of Solids 59(8):1488–1505

Müller S, Spector SJ (1995) An existence theory
for nonlinear elasticity that allows for cavita-
tion. Archive for Rational Mechanics and Analysis
131(1):1–66

Pham K, Ravi-Chandar K (2017) The formation and

growth of echelon cracks in brittle materials. Inter-
national Journal of Fracture 206(2):229–244
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