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Degradable polymers are under intense development for sustainability and healthcare. Evidence has
accumulated that the chemical reaction that decomposes a polymer an also grow a crack. Even under
a small load, the crack speed can be orders of magnitude higher than the overall rate of degradation,
leading to premature failure. Here, we demonstrate that a crack slows down markedly in a composite
of two degradable materials. In a homogeneous degradable material, the stress concentrates at the
crack tip, so that a relatively small applied stretch induces a high stress and a high rate of reaction.
The fracture behavior of a composite that consists of two degradable materials, a stiff material for
the fibers and a compliant material for the matrix, with strong adhesion between both, is different:
The soft matrix blunts the crack and distributes the stresses at the crack tip over a long length of
the fibers. The same rate of reaction requires a larger applied stretch. This stress de-concentration
retards crack growth in the composite. We demonstrate this concept using a composite made of stiff
polydimethylsiloxane (PDMS) fibers in a soft PDMS matrix. In the presence of water molecules in the
environment, siloxane bonds in the PDMS hydrolyze, causing hydrolytic crack growth. We show that
a hydrolytic crack grows much more slowly in a PDMS composite than in homogeneous PDMS, and
may even arrest in the composite. It is hoped that this concept will contribute to the development of
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degradable materials that resist premature failure.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

A degradable polymer decomposes in response to a trigger,
such as moisture, light, temperature, or an enzyme. Developing
degradable polymers has been a fast-moving field for two prin-
cipal reasons. First, the accumulation of petroleum-based plastics
in the world poses an environmental challenge [1,2]. The rising
concerns over plastic pollution are visibly captured by the phrase
“plastic ocean” [3]. It is often said that the oceans will have more
plastics than fish by 2050 [4]. Second, degradable polymers have
enabled many medical applications, including drug delivery [5,6],
resorbable devices [7,8], and orthopedic scaffolds [9,10].

A basic issue with degradable polymers has been identified
recently. The reaction responsible for degradation of a polymer
can also cause premature fracture by crack growth [11]. For
example, poly(glycerol sebacate) (PGS) is a degradable polyester
recently approved by the U.S. Food and Drug Administration
(FDA) for biomedical applications [12,13]. Water in the envi-
ronment can react with an ester bond in the PGS to form a
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carboxyl group and a hydroxyl group, thus severing the chain
and degrading the polymer. It was discovered recently that PGS
is susceptible to hydrolytic fracture [11]. The same reaction that
is responsible for degradation, hydrolysis of the ester bonds in
the PGS network, can cause a crack to grow at a speed su-
perseding the erosion rate by orders of magnitude, even when
the external load is small. The crack provides a path for water
molecules to reach the crack tip and the stress concentrated at
the crack tip may accelerate the rate of hydrolysis. This phe-
nomenon is believed to take place in all polymers that degrade
by hydrolysis, and possibly in polymers that degrade by other
chemical reactions as well. Such crack growth causes premature
failure of degradable polymers. Incidentally, similar environmen-
tally assisted crack growth has been observed in many other
materials, including oxides [14-16], metals [17,18], and poly-
mers with unsaturated carbon bonds or with siloxane bonds
(e.g., natural rubber [19] and polydimethylsiloxane [20]).

Here we describe an approach to retard environmentally as-
sisted crack growth in degradable polymers. We show that, even
though a crack grows fast in a degradable polymer, a composite
of two degradable polymers can retard crack growth if it consists
of a stiff material for the fibers and a compliant material for
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the matrix, with strong adhesion between both. For a crack in
a homogeneous polymer, the stress at the crack tip concentrates
to the scale of the polymer mesh size (Fig. 1a). By contrast, in
the composite, the soft matrix enables the crack to blunt and
distribute the stress over a long fiber segment (Fig. 1b). For the
same rate of hydrolysis at the crack tip, the composite is able to
sustain a larger stretch. It is this de-concentration of stress that
slows down the hydrolytic crack.

We illustrate this concept using a well-known elastomer, poly-
dimethylsiloxane (PDMS). PDMS is a polymer network that con-
sists of a siloxane chains with methyl side groups (Fig. 1a), and
is easier to synthesize than PGS. The methyl side groups make
PDMS hydrophobic, but the siloxane bonds can react with water
molecules in the environment to form silanol groups. This hydrol-
ysis of siloxane bonds severs the polymer chains and degrades the
PDMS [21]. Similar to PGS, homogeneous PDMS is susceptible to
hydrolytic crack growth [20]. We demonstrate that in a composite
of stiff PDMS fibers and a compliant PDMS matrix with good
adhesion between both [22], cracks arrest at the matrix-fiber
interface. By contrast, hydrolytic cracks grow fast in both stiff and
compliant homogeneous PDMS.

2. Materials and methods

To test the hypothesis that a composite retards hydrolytic
cracks, a commercially available PDMS precursor, Sylgard 184
(Dow Corning), is used for this study. The precursor consists of
two liquids, a base and a curing agent. By changing the ratio of
the two liquids, we can tune the elastic modulus of the elastomer.
We use the weight ratios of 10:1 and 30:1 to prepare the “stiff”
and “compliant” homogeneous PDMS, which are then used to
fabricate fibers and matrix, respectively. The precursor of the
stiff PDMS is mixed, degassed (Thinky ARE-250), and cast into a
rectangle acrylic mold having a depth of 0.75 mm. The sample is
cured in an oven (VWR Model 1410) at 65°C for 4 h. The cured
film is then cut into fibers with a width of 2 mm and a length
of 100 mm. The fibers are aligned in one layer in another acrylic
mold with a depth of 1.5 mm. The spacing of adjacent fibers is
10 mm, and the final volume fraction of fibers in the composite
is approximately 10%. The precursor of the compliant PDMS is
poured into the mold and the mixture is de-gassed in a vacuum
desiccator for 20 min before curing overnight at 65°C. For better
visualization of the crack, both precursors are doped with less
than 0.25 vol. % of a dye, yellow for the matrix and green for the
fibers.

We prepare rectangular samples of the compliant, stiff, and
composite PDMS. The long edges of each sample are glued to
rigid clamps, so that the deforming part of the sample has a
height H = 20.0 mm, length L = 102.0 mm, and thickness
B = 1.5 mm. The two rigid clamps are pulled by a tensile tester
(Instron 5966) at a constant velocity of 0.1 mm/s and the force
is recorded at a frequency of 20 Hz. For the composite samples,
the fibers are aligned with the direction of tension. The force
divided by the cross-sectional area LB in the undeformed state
defines the nominal stress, s. The height in the deformed state
divided by the original height H defines the stretch, A. Typical
stress—-stretch curves for the compliant, stiff, and composite PDMS
obtained using this method are shown in Fig. 2a. The area under
each curve yields the work per unit volume W(X). In this test
configuration, the initial slope of each curve yields the shear
modulus u, according to s = 4u(A — 1). The shear moduli of
the compliant, stiff, and composite PDMS are listed in Table 1.
Evidently, the ratio of the moduli of the fibers and the matrix is
approximately 11.

The toughness of the compliant, stiff, and composite PDMS is
measured using similar samples, except that the samples contain
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Table 1
Mechanical properties of the compliant, stiff and composite PDMS samples.

Compliant PDMS  Stiff PDMS Composite PDMS
Shear modulus (kPa) 34 + 4.0 377 £280 71+ 112
Toughness (J/m?) 335 + 39.7 305 £ 25.0 993 + 96.2

pre-cracks perpendicular to the direction of tension [23]. Pre-
cracks with a length of 15 mm, are introduced in the samples
using a razor blade. These samples are then tested using the same
procedure as before (Fig. 2b). As the tester pulls a sample, the pre-
crack blunts and then propagates across the sample at a critical
stretch A.. The toughness is determined using G = HW(A.),
where the energy density W()\) is measured using a sample
without pre-crack (Fig. 2¢). The measured values of toughness are
335 £ 39.7 J/m?, 305 £ 25.0 J/m?, and 993 =+ 96.2 J/m?, for the
compliant, stiff, and composite PDMS, respectively (Table 1). The
composite exhibits much higher toughness than both the stiff and
compliant homogeneous PDMS, as demonstrated before [22].

To study hydrolytic crack growth, a rectangular specimen with
a pre-crack is held at a stretch A by a rigid fixture, so that the en-
ergy release rate is G = HW(A). The specimen is then submerged
in distilled water, and the growth of the crack is recorded with
a camera (Nikon D4 DSLR and Sigma 35 mm Macro lens). The
resolution of the camera is better than 0.2 mm, and an image is
taken every 3 to 30 min, depending on crack velocity. The velocity
is calculated as crack extension divided by time interval. For cases
of extremely low velocity (i.e., lower than 2 x 1078 m/s), the
velocity is calculated using the first and the last frame only. The
height of the samples of the compliant and composite PDMS is
the same as before, 20.0 mm. Because stiff PDMS specimens with
pre-cracks sustain less than 15% strain before fracture, we used
samples with a height of 40.0 mm for this material to more easily
control the stretch and to reduce experimental error. For the same
reasons, we also extend the length of the pre-crack from 15 mm
to 25 mm for these samples.

The analytical solution G = HW(A) is derived under the
assumption that the length of the crack C is much larger than the
height H of the sample. This requirement is often inconvenient
in practice. We use the finite element method (ABAQUS 2016)
to calculate the energy release rate when (/H is small (Fig. 2d).
Even for the samples with a height of 40 mm, the applied energy
release rate varies only slightly over the relevant range of crack
lengths. For these samples, we average the energy release rate
over the center 50% of the sample resulting in a correction factor
of 1.06 for the analytical energy release rate (G = 1.06 HW(1)).

3. Results and discussion

We first demonstrate that homogeneous samples of both com-
pliant and stiff PDMS are susceptible to hydrolytic cracking in
an aqueous environment. The crack extension in compliant and
stiff PDMS is plotted as a function of time (Fig. 3a and b). The
hydrolytic crack grows continuously with time and the velocity
spans approximately five orders of magnitude, depending on
the applied energy release rate. The crack extension in each
experiment is approximately linear with respect to time, and the
average velocity of each experiment is used to construct the V-G
curve (Fig. 3c¢). For stiff PDMS samples, at an energy release rate
less than 70 J/m?, no crack growth is observed after 120 h. We
estimate the upper-bound velocity by dividing the measurement
resolution of crack extension in our setup (i.e., 0.2 mm) by the
time span of the experiment, and plot a downward arrow for each
experiment in which no crack extension is observed. It is worth
mentioning that the hydrolytic crack growth in PDMS has been
investigated recently [20]: the crack velocity is found to be ~10
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Fig. 1. In a moist environment, a crack in PDMS grows as the siloxane bonds in the polymer network react with water molecules to break the network. A tensile
stress increases the rate of hydrolysis. (a) In homogeneous PDMS, the stress concentrates at the crack tip, so that a relatively small applied stretch induces high
stress and a high rate of hydrolysis. (b) In a PDMS composite, the compliant matrix enables the crack to blunt and to de-concentrate the stress. The same rate of

hydrolysis requires a larger applied stretch.
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Fig. 2. Stress-stretch curves of PDMS samples and FEM simulations of energy release rate. (a) Stress-stretch curves of samples without pre-cut. (b) Stress-stretch
curves of samples with a 15 mm pre-crack. (c) Strain energy density W(X) obtained by integrating the stress-strain response of PDMS samples without pre-crack.(d)
Energy release rate as a function of crack length in samples with different heights calculated using FEM simulations (ABAQUS 2016). Gapalytical is calculated using
G = HW(A), where W(A) is obtained by integrating the stress-strain curve of a sample with the same dimensions. Gy is evaluated as a function of crack length

using contour integrals.

times faster in aqueous environment than in air (RH = 11.3%) at
an energy release rate of 60 J/m?. We label this crack velocity
(4.5 x 107 m/s) measured in low-humidity air in Fig. 3c as a
reference.

Gent and co-workers showed that PDMS erodes in moist envi-
ronments even under no mechanical load [21]. They measured a
loss of mass of about 0.8% in humid air at 25°C after 340 h, result-
ing in a surface erosion rate of approximately 2.9 x 1012 m/s.

This value is more than two orders of magnitude lower than the
lowest observed hydrolytic crack velocity (Fig. 3c). Even under a
small load, a hydrolytic crack outruns surface erosion by orders
of magnitude.

We proceed to examine hydrolytic crack growth in a PDMS
composite. We introduce a pre-crack in the composite, with the
crack tip in the matrix. We then pull the composite to a constant
stretch, and record the crack extension as a function of time
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Fig. 3. Hydrolytic crack growth in homogeneous compliant and stiff PDMS. (a)
Crack growth in compliant PDMS as a function of time at various values of
energy release rate. (b) Crack growth in the stiff PDMS as a function of time at
various values of energy release rate. (c) Crack velocity as a function of energy
release rate. The downward arrow indicates no crack growth was observed in the
experiment. Also marked are the crack velocity measured in air (RH = 11.3%) at
G = 60J/m? [20] and surface erosion rate of PDMS in a moist environment [21].

(Fig. 4). The crack grows in the matrix, and arrests at the interface
between the matrix and a fiber (Fig. 5a). In two experiments,
however, the cracks break fibers (Fig. 5b,c). In these cases, the
crack grows rapidly across the matrix, and arrests at the interface
between the matrix and the next fiber. An optical micrograph of
the crack tip region shows that the crack cuts the matrix around
the fiber, but does not cut the fiber, and the fiber eventually stops
the crack (Fig. 5b). No further breaking of fibers is observed for
the entire duration of each experiment (2.5-7 days). If the applied
energy release rate is sufficiently large (i.e. > 242 J/m?), the large
shear deformation near the crack tip develops into two short kink
cracks along the matrix-fiber interface as indicated by the pair of
black arrows in Fig. 5c. If the energy release rate is increased fur-
ther (i.e., > 447 J/m?), the kink cracks continue to grow along the
fiber/matrix interface until they reach the sample grips (Fig. 5d).
Thus, the composite arrests cracks at energy release rates as large
as 447 J/m?. This value is much higher than the threshold for the
fracture of stiff PDMS (~75 J/m?). Indeed, the value of 447 J/m?
is even higher than the toughness of both constituent materials
(Table 1).

Incidentally, at low energy release rates (e.g., 47 J/m?), cracks
slow down before reaching the fiber. We interpret this obser-
vation as follows. As a crack approaches a fiber, the stress con-
centration is progressively alleviated by the stiff fiber, which
eventually arrests the crack [24]. At more elevated energy release
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Fig. 4. Hydrolytic crack growth and arrest in PDMS composites. Each sample
has a pre-crack with crack tip in the matrix. The sample is loaded to a value
of the energy release rate and the crack extension is recorded as a function
of time. For most samples tested, the crack grows and arrests at an interface
between the matrix and a fiber. In each case marked by an arrow, the crack
breaks a fiber, grows rapidly through the matrix, and stops at the next fiber.

rates, the crack approaches the fiber quickly, but slows down as
soon as it reaches the fiber and it eventually stops.

In general, under mechanical loading, a composite may fail
in one of three ways: a crack may kink onto the matrix/fiber
interface, break a fiber, or grow in the matrix leaving the fibers
intact (Fig. 6) [25]. In our experiments, similar failure modes may
be identified in a PDMS composite with a growing hydrolytic
crack if the applied energy release rate is sufficiently large. The
kink crack is observed only when the applied energy release
rate reaches 158 J/m?. The kink crack may arrest or continue to
slowly propagate along the matrix/fiber interface depending on
the applied energy release rate. This propagation is related to
stress-assisted hydrolysis of the inter-penetrating polymer chains
at the fiber/matrix interface. In the second failure mode, fiber
scission may occur after the crack has arrested at the fiber for
some period of time. Once the fiber breaks, the hydrolytic crack
propagates rapidly through the matrix until it encounters the
next fiber. The last failure mode is not observed in our exper-
iment, probably because of good adhesion between matrix and
fiber. The similarity between the failure modes observed in our
experiment and in experiments carried out in a non-chemically
active environments confirms the role of stress in hydrolytic crack
growth.

We have shown that hydrolytic fracture slows down signifi-
cantly in PDMS composites as a result of stress de-concentration
at the crack tips. We suggest that this mechanics-based de-
sign to stop hydrolytic crack growth may also work for other
stress-assisted chemical reactions, and thus may be of broad
interest. As noted in the introduction, environmentally assisted
crack growth takes place in a wide range of materials. A com-
mon strategy to retard such crack growth is to use chemical
additives [26,27]. However, some of these additives have raised
environmental concerns. For example, N-(1,3-dimethylbutyl)-N’'-
phenyl-p-phenylenediamine (6PPD) has been widely used as an
antioxidant in tire rubber for decades. It was discovered only
recently that 6PPD breaks down into compounds that can harm
coho salmon [28]. Similar additives may raise environmental
and safety concerns for degradable polymers. A mechanics-based
approach to stop premature failure without the use of harmful
additives may have significant benefits in this context.
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Fig. 5. Experimental observations of hydrolytic cracks in PDMS composites. (a) When G = 68 J/m?, the initial crack travels 5 mm within 30 min before being arrested
by the fiber. (b) When G = 112 J/m?, the initial crack is stopped by a fiber for about 19 h before the fiber breaks. The crack rapidly grows in the matrix and is
stopped by the next fiber. The micrograph shows that the crack grows in the matrix around the fiber, but the fiber remains intact and arrests the crack. (c) When
G = 242 J/m?, the initial crack reaches a fiber, kinks along the matrix/fiber interface, and arrests at the next fiber. The micrograph shows the arrested crack and
kink. (d) When G = 447 J/m?, the kinks grow along the matrix/fiber interface to the edge of the sample.

(a) (b)

(c)

Fig. 6. Schematics of three failure modes of the composite. (a) A crack kinks along the matrix/fiber interface. (b) A crack breaks a fiber after being halted for a long

time. (c) A crack propagates in the matrix, leaving fibers intact in its wake.

4. Concluding remarks

In this paper, we have explored an alternative approach to
retard hydrolytic crack growth by developing composites. The
composite is expected to be degradable by the same reactions

as its constituents. No additives are needed. The mechanical
properties (e.g., toughness, fatigue resistance) of the composite
are superior to those of homogeneous materials. We have shown
that the composite significantly retards hydrolytic crack growth,
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even though both the matrix and fibers are susceptible to hy-
drolytic fracture. Under external loading, the soft matrix blunts
the crack and de-concentrates stress, which slows down hydrol-
ysis at the crack tip, and eventually arrests the hydrolytic crack.
The principle is demonstrated using PDMS and implemented on
a macroscopic scale. It is hoped that this approach is evaluated in
various degradable polymers at different length scales.
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