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Degradable polymers are being developed for medical applications and environmental sustainability.
The molecular mechanism of degradation is known: a polymer dissociates in response to a trigger,
such as light, water, or biomolecules. However, the spatial and temporal processes of degradation
are poorly characterized. Here we show that degradation can be highly heterogeneous, and can
readily lead to cracks that outrun erosion in speed by orders of magnitude. This paper studies crack

Keywords: growth in poly(glycerol sebacate) (PGS), a degradable elastomer developed for medical applications.
Degradable polymer The elastomer is a polyester in which ester bonds hydrolyze in the presence of water molecules. We
Elastomer prepare a sample of PGS with a precut crack, apply various loads, and record the crack growth using

Stress corrosion
Environmental stress cracking
Slow crack growth

a camera. A small load opens a crack in PGS, and provides a path for water molecules to reach the
crack tip, possibly by clearing the hydrophobic debris of reaction products, enabling hydrolysis at the
crack tip to outrun elsewhere. We show that the speed of the hydrolytic crack depends on relative
humidity, pH, and applied load. In a fixed environment, we identify two regimes of crack growth: one
is sensitive to the magnitude of the applied load, and the other is not. The hydrolytic crack causes the
polymer to lose its load-carrying capacity prematurely, and fragmented polymer particles can cause
severe medical complications.

© 2020 Published by Elsevier Ltd.

1. Introduction

Degradable polymers are used in surgery [1,2], drug deliv-
ery [3-6], and tissue engineering [7-9]. Degradable polymers are
also being developed for environmental sustainability [10-13].
Nearly a century of use of non-degradable polymers has harmed
the environment; for example, the oceans will soon be populated
by more plastics than fish, and become “plastic oceans” [14].

A polymer degrades by a complex process in space and time.
At the molecular scale, atomic bonds break in response to a
trigger, such as light, water, and biomolecules. The kinetics of
bond cleavage, or the degradation kinetics, can be significantly af-
fected by properties of the surrounding environment [15]. Exam-
ples include cellulose degrading more rapidly at higher relative
humidities [16], and the reaction mechanism of poly(lactic-co-
glycolic acid) changing from bulk erosion at low pH to surface
erosion at high pH [17]. After dissociation, polymer chains detach
from the material and diffuse into the surroundings. Polymer
chains may shed by volume or surface erosion, dictated by the
rates of diffusion and reaction [18-21]. Volume erosion consists
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of homogeneous dissociation of polymer chains throughout the
material, whereas surface erosion consists of homogeneous disso-
ciation across the surfaces of the material. However, degradation
is commonly observed to be heterogeneous, forming cracks and
voids [21]. Such morphological changes fit neither volume nor
surface erosion.

When a load is applied to a material, a crack concentrates
stress at the crack tip. If the material is exposed to a corrosive
environment, then stress at the crack tip can lead to crack growth
even when the magnitude of the load is small. This phenomenon,
commonly called stress corrosion cracking, can lead to unex-
pected and catastrophic fracture of a material. Stress corrosion
cracks have been observed in many materials, including silica
glass [22,23], metals [24,25], natural rubber [26], non-degradable
polymers [27], and conductive polymers [28], but have not been
studied in degradable polymers. We expect that, since degradable
polymers corrode in response to a trigger, degradable polymers
will suffer stress corrosion cracking.

This paper begins the study of stress corrosion cracking in
degradable polymers. Here we show that degradation can be
highly heterogeneous, and that, subject to a small mechanical
load, the speed of a crack can be orders of magnitude higher than
the speed of surface erosion. We choose poly(glycerol sebacate)
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(PGS) as a model degradable polymer. We prepare a sample
of PGS with a crack, apply various loads, and record the crack
growth using a camera. To study the effect of the environment on
stress corrosion cracking, we measure crack speed as a function of
relative humidity and pH. We find that the crack speed increases
with increased humidity and decreased pH. In a fixed environ-
ment, we identify two regimes of crack growth: one is sensitive
to the magnitude of the applied load, and the other is not. We
interpret these regimes of crack growth in context of existing
literature on stress corrosion cracking. In practice, the surfaces
of degradable polymers will inevitably contain crack-like flaws.
Since many applications require these materials to carry loads, it
is possible that stress corrosion cracking of degradable polymers
is already widespread.

2. Materials and methods

This paper reports that cracks outrun erosion in poly(glycerol
sebacate) (PGS) in the presence of water molecules, at room
temperature, subject to a small mechanical load. The speed of
a crack can be orders of magnitude higher than the speed of
surface erosion. PGS and its derivatives have been developed for
drug delivery and the regeneration of nerve and bone tissues [6,
9,29-32]. PGS is a three-dimensional polyester network formed
through the condensation of glycerol and sebacic acid molecules
(Fig. 1). A sebacic acid molecule has two -COOH groups, and
a glycerol molecule has three —-OH groups. The two species of
molecules can condense into a polyester chain, producing water
molecules and leaving one —OH group on every glycerol monomer
available for chemical coupling. This -OH group on a glycerol
monomer and a sebacic acid monomer can also condense into
an ester bond, forming a branch. Fig. 1 shows two PGS polymer
chains crosslinked by a single sebacic acid molecule. Other possi-
bilities include two polyester chains connected by a PGS polymer,
multiple crosslinks between two PGS polymers, and defects such
as loops and dangling chains. PGS degrades through hydrolysis
of the ester bonds. Condensation and hydrolysis are reactions in
opposite directions.

We synthesize PGS in two steps. First, we melt the solid
sebacic acid and mix it with glycerol at a 1:1 ratio, in a N,
atmosphere, at 120 °C for 24 h. At the end of this step, reactants
are partially polymerized and remain a liquid. Second, we pour
the mixture into a mold to form an elastomer in a vacuum oven
(VWR symphony Vacuum Oven), at 120 °C for 48 h, after gently
decreasing pressure to vacuum for 5h. Once the samples are re-
turned to ambient temperature and relative humidity, hydrolysis
prevails, and degradation begins.

We characterize the mechanical behavior of PGS by measuring
the shear modulus, work of fracture, and toughness. We test
samples with and without precut cracks [33]. A rectangular PGS
sample without precut crack is gripped with two rigid clamps,
with the exposed sample having length 10 cm, height 1 cm, and
thickness 3 mm (Fig. 2a). The clamps are pulled by a tensile tester
at a constant velocity of 0.5 mm s~ !, and the force is recorded
as a function of displacement. Define the nominal stress s as the
force in the current state divided by the length and thickness of
the sample in the undeformed state. Define the strain ¢ as the
displacement divided by the height in the undeformed state. The
measured stress-strain curve varies appreciably from sample to
sample. This variation may be tightened by better control of syn-
thesis, but we have not pursued this matter. For our experimental
setup, the small-strain shear modulus w is calculated according
to s = 4ue (see Appendix A). Our measurement gives a shear
modulus of 64.08 £+ 10.45 kPa. The fracture strain is 0.84 + 0.3.
Define the work of fracture Wy as the work done up to fracture
divided by the volume of the sample, as given by the area under

the stress—strain curve. Our data give Wy = (104.6 & 28.8) x 103
Jm™.

A 20 mm crack is cut into the PGS sample with a razor blade,
parallel to the clamps (Fig. 2b). Toughness is defined as the
energy needed to advance the crack per unit area. The sample
is elongated to a strain €, and the energy release rate is G =
HW(e), where H is the height of the sample in the undeformed
state, and W(e¢) is the work per unit volume of the PGS sample
without a crack. When the sample with a crack ruptures, the
energy release rate is calculated at the critical strain, and this
critical energy release rate gives the toughness. The measured
toughness is 432 & 73.1 ] m~2. This is perhaps the first time that
the toughness of any degradable elastomer is reported. The value
should be compared to common elastomers, such as PDMS (~300
J/m?) [34] and natural rubber (~10* J/m?) [35]. Since the crack
length is similar to the sample height in our experiments, it is
possible that the energy release rate is a function of the crack
length, which may introduce error into our measurements [33].
This possible error may be reduced by decreasing the sample
height or increasing the precut crack length, but we have not
pursued this matter.

The toughness assesses the resistance of a material to fracture
in the presence of crack-like flaws, which may lead to rupture at
stresses far below the strength of a pristine sample. Indeed, some
of our samples without precut cracks rupture at the same stretch
as those samples that do have precut cracks (Fig. 2a). All samples
have defects, but if a flaw is smaller than the fractocohesive
length, then the strength of the sample will not be reduced [36].
For PGS, we estimate the fractocohesive length to be I"/W; ~
4.1 mm. For our experimental setup, the length scale to compare
with the fractocohesive length is the height H of the sample in
the undeformed state. We leave this line of thoughts here, and
focus our attention on stress corrosion cracking.

3. Results
3.1. Stress corrosion cracking

We next study stress corrosion cracking of PGS in water. We
grip a PGS sample (length 10 cm, height 2 cm, and thickness
3 mm) with two rigid clamps, precut a crack (20 mm), and
pull the clamps to stretch the sample to a constant strain cor-
responding to an energy release rate of 19.2 ] m~2. This energy
release rate is much below the toughness, so that the crack does
not advance rapidly. The stretched sample is then submerged in
deionized (DI) water, and the crack tip is observed with a camera
(Canon EOS 70D and Canon EF 24-105 mm lens, resolution of
0.1 mm) (Fig. 3a). The camera periodically takes a photo of the
crack tip. The crack advances slowly, but much more rapidly than
the surface erodes (Fig. 3b). The crack velocity is calculated as
the crack growth divided by the time between images. The crack
length increases linearly with time, indicating a constant crack
velocity (Fig. 3c). The average crack velocity is calculated to be
1.15 x 1075 m s~!. We repeat this experiment with several values
of energy release rate (Fig. 3c). The data for all stress corrosion
experiments is provided in Table B.1 (Appendix B).

We next study the effect of pH on stress corrosion cracking
(Fig. 4). A constant energy release rate is applied to a PGS sample
with a precut crack. The stretched samples are submerged in
either dilute hydrochloric acid solution at pH 2 or dilute sodium
hydroxide solution at pH 12, and the crack length is measured
using a camera. The crack growth velocity is much slower in
alkaline solution than in acid solution and neutral DI water. At
an energy release rate of 29 ] m~2, the crack velocity in alkaline
solution is 4.6 x 1077 m s~!, whereas the crack velocity in acidic
solution is 1.5 x 107> m s~!, approximately 33 times slower. We
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Fig. 1. Synthesis and degradation of PGS. PGS is synthesized through condensation of hydroxyl groups on glycerol and carboxylic acid groups on sebacic acid,
producing ester bonds and water molecules. PGS degrades through hydrolysis of the ester bonds in the presence of water molecules.
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Fig. 2. Stress-strain curve and toughness. a. A PGS sample is gripped between two rigid clamps, stretched at a constant velocity, and the stress is measured. b. A
crack is cut into an identical PGS sample with a razor blade. The notched sample is stretched at a constant velocity, and the critical strain at the onset of crack

propagation is measured. Each curve represents a separate sample and test.

interpret these findings to mean that hydronium ions catalyze the
hydrolysis of the ester bonds.

The crack velocity is also accelerated by an applied load for
all solutions. When the applied load is low, the crack will seem
to shrink in photos rather than propagate due to the swelling,
leading to the negative crack velocity. This observation indicates
that, for a given environment, a threshold of energy release rate
exists, below which the crack does not outrun erosion.

We now study the effect of humidity on stress corrosion crack-
ing. A constant energy release rate is applied to a PGS sample
with a precut crack. The stretched samples are left in an ambient
environment of 10% relative humidity, and the crack length is
measured using a camera (Fig. 5). The crack advances ahead
of the surfaces of the bulk material, indicating stress-assisted
degradation at the crack tip. At an energy release rate of 22.5 ]
m~2, the crack velocity in air is measured to be 2.28 x 1077 m
s~1. This crack velocity is ~20 times slower than the equivalent
test in DI water, where the crack velocity at an energy release
rate of 19.2 ] m~2 is 1.15 x 107% m s~!. The difference between
crack growth in humid air and in liquid water is understood by
considering the concentration of water molecules at the crack
tip, where liquid water will provide greater availability of water
molecules to hydrolyze ester bonds.

3.2. Regimes of crack growth

In the absence of mechanical load, PGS degrades through
surface erosion [29]. It was reported that a rectangular sample,
sides 5 mm, 5 mm, and 2 mm, after being submerged in a PBS
solution for 60 days, lost mass by 17%. We use this observation
to estimate the erosion speed as follows. The initial sample has a
surface area of 90 mm?, and a volume of 50 mm?. The loss of mass

is taken to correspond to a loss of volume of 8.5 mm?. This loss of
mass corresponds to erosion of a layer of thickness of 0.094 mm.
We further assume that the surface erosion is linear in time, and
estimate the erosion speed to be ~1.82 x 107" m s~

This estimated erosion speed is two orders of magnitude lower
than the crack speed that we measured at the lowest energy
release rate for a sample submerged in DI water. This difference
may be caused by several factors. (1) PBS has a buffered pH of
7.4. We have shown that degradation is slower at higher pH.
Therefore, the crack speed in DI water should be faster than the
erosion speed for a sample in PBS. We have not studied the effect
of other ions, if any, on crack speed. (2) The crack removes debris
of the reaction products by advancing into the material. Even a
small energy release rate opens the crack to a displacement much
larger than the size of a water molecule. The removal of debris
will increase the crack velocity above the erosion velocity. (3)
When the stretch is small, the crack propagation distance is too
small to detect by comparing photos. In this circumstance, the
error in the measured results is large.

When PGS is in a given environment, such as in DI water,
the crack speed is a function of energy release rate (Fig. 6a).
To plot this figure, we have used the data determined in our
measurements (Fig. 3c). Also included is the speed of surface
erosion estimated above. At small values of energy release rate,
the crack speed increases steeply with energy release rate. The
crack speed reaches ~2 x 107> m s~! at an energy release rate
of 50 ] m~2, six orders of magnitude greater than that of erosion.
At an energy release rate of ~70 ] m™2, the crack speed plateaus
at ~2 x 107* m s~!, and becomes insensitive to the magnitude
of the energy release rate. Once the energy release rate equals the
toughness, rupture proceeds by fast fracture, which is unrelated
to hydrolysis.
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Fig. 3. Stress corrosion cracking in PGS submerged in deionized water. a. A PGS sample is precut with a crack, stretched to a constant strain, submerged in DI water,
and observed by a camera. b. At an energy release rate of 19.2 ] m~2, the crack advances 3.5 cm in 4 h. c. Crack growth as a function of time, where each line

represents a crack advancing in a sample subject to a value of energy release rate.

Similar regimes of crack growth have been documented in the
literature for many other materials. In a silica glass, a slow crack
grows under applied load in a moist environment [22]. The crack
speed increases with energy release rate when the intense stress
at the crack tip assists in hydrolysis. The crack speed becomes
insensitive to energy release rate when crack growth is rate-
limited by the diffusion of water molecules to the crack tip [23].In
natural rubber, a crack advances due to the attack of the carbon-
carbon double bonds by ozone, and the crack speed is insensitive
to energy release rate [26]. This observation is interpreted as
follows. The stress at the crack tip is not intense enough to
accelerate the chemical reaction, but the crack opens a path
for ozone molecules in the environment to access the polymer
chains at the crack tip. In the conductive polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) ~ (PEDOT:PSS)
and the silicone elastomer polydimethylsiloxane (PDMS), in moist
environment, crack speed increases with energy release rate [27,
28]. Although both PDMS and silica degrade through hydrolysis of
siloxane bonds, PDMS does not display a regime of crack growth
insensitive to energy release rate. This finding is consistent with
the observation that a crack in PDMS opens much more than
a crack in silica. Since this crack opening is significantly larger
than the size of a water molecule, a sufficient number of water
molecules are able to access the polymer chains at crack tip,
and the crack speed is insensitive to the value of energy release

rate [27]. In all cases, the interplay between the stress-assisted
reaction and the transport of reactive species to the crack tip de-
termines whether the crack speed will be sensitive or insensitive
to the value of energy release rate.

We now interpret the experimental data for PGS. In the regime
where the crack speed is sensitive to the value of energy re-
lease rate, the crack tip blunts and sufficient water molecules
are present for the reaction to proceed through stress-assisted
hydrolysis (Fig. 6b). No debris impedes liquid water from reaching
the crack tip, and the crack opening displacement is ~1 mm
(Fig. 6¢). In contrast, in the regime where the crack speed is insen-
sitive to the value of energy release rate, a zone of debris develops
behind the crack tip (Fig. 6d). The zone of debris is on the order of
3 mm in length (Fig. 6e). Water molecules must diffuse through
the debris to reach the crack tip. Taking the diffusivity of water in
elastomers, D, to be 10! m? s~! [37], we estimate the time for
water to reach the crack tip by t ~ L?/D to be 10° s, where L is the
length of the zone of debris. At the plateau crack velocity of ~2
x 107* m s~, the crack grows by the length of the zone of debris
in 10 s. Since the time scale for diffusion is much longer than that
for hydrolysis, we expect that, for energy release rates larger than
~70 ] m~2, crack growth is rate-limited by the transport of water
to the crack tip. This observation is similar to that reported for
a hybrid organic and inorganic molecular network, where bond
cleavage of the inorganic network ahead of the crack tip produced
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Fig. 4. Effect of pH on crack growth. A PGS sample is submerged in a pH 2 hydrochloric acid solution and a constant energy release rate of a. 2.9 J m~2, b. 11.1 ]
m~2, and c. 29 ] m~2 is applied. When the applied load is low, the crack will seem to shrink in photos rather than propagate due to the swelling which leads to
the negative crack velocity. A PGS sample is submerged in a pH 12 sodium hydroxide solution and a constant energy release rate of d. 6.7 ] m™2, e. 16.3 ] m~2, and
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Fig. 5. Effect of humidity on crack growth. A PGS sample with a crack is
stretched in open air at a relative humidity of 10%. The crack length is measured
as a function of time, and each line represents a constant applied energy release
rate. The velocity of the crack is constant in time. A different sample was used
for every energy release rate.

a process zone separating the crack tip and the environment [38].
The process zone limits the transport of water to the crack tip
and the resulting crack speed is insensitive to the value of energy
release rate. In our system, it is possible that high energy release
rates separate the crack faces before sufficient bond cleavage has
occurred, stretching a sparsely crosslinked process zone at the
crack tip. It remains unclear the conditions under which the zone
of debris will form.

4. Conclusion

In summary, we demonstrate that cracks outrun erosion in
PGS under small loads. The crack velocity depends on pH, hu-
midity, and applied load. For a fixed environment, we observe
two regimes of crack growth: one is sensitive to applied load, and

the other is not. We propose a mechanism for each regime. Our
findings suggest that other degradable polymers should also be
susceptible to stress corrosion cracking, and thus call for action.
Applications of degradable polymers in medicine and sustain-
ability both require control of the mechanical properties and
morphology of the material throughout its lifetime. In medicine,
cracks may cause fragmentation, leading to complications, pos-
sibly fatal. In sustainability, premature fracture of a material
can reduce its lifetime and performance. Furthermore, this study
opens immediate opportunities to create degradable polymers
that either resist stress corrosion cracking, or encourage it in
useful ways.
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Appendix A

At very small strains, the stress-strain response of a rubber-
like material is linear, and is characterized by the shear modulus,
. Therefore, the shear modulus of a rubber-like material in pure
shear can be determined by measuring the slope of the nominal
stress with respect to strain at very small strains. Assume the
material follows the Neo-hookean model, where o1, 03, and o3 are
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the true stresses and A1, A, and A3 are the stretches in directions
1, 2 and 3, respectively:

o1 — o3 = pu(A] —23) (A1)
0y — o3 = u(A3 —13) (A2)

Define direction 1 along the width, direction 2 along the
height, and direction 3 along the thickness of the pure shear
sample. Since the thickness is much smaller than the height and
width, the sample is in plane stress normal to direction 3: o3 = 0.
Since the width is much larger than the height and thickness, the
sample is in plane strain normal to direction 1: A = 1.

Imposing the incompressibility condition A;A;A3 = 1, the
stretches are related as A3 = Ai Substituting A5 into Eq. (A.2),

the true stress in the loading direction is solved for as

o2 = u(3 = 45%) (A3)

Next, perform a Taylor expansion of o, centered at e = 0,
where the stretch is related to engineering strain, e, by A, =
1+e:

o, =p(1+2e+e?)—(1—2e+3e*+--) (A4)

When the strain is very small, the higher-order strain terms
can be neglected, and the true stress is approximately equal to
the nominal stress, s. Eq. (A.4) can be simplified as

s=4ue (A5)
We interpret u as the small-strain shear modulus. The small-
strain shear modulus is calculated as one quarter of the slope of
nominal stress with strain at very small strains.

Appendix B

See Table B.1.
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Table B.1
Crack speed, v, as a function of energy release rate, G, in DI water, RH=10%, pH=2 and pH=12.
DI water RH=10% pH=2 pH=12
G (Jim?) v (m/s) G (Jjm*) v (m/s) G (Jjm?) v (m/s) G (jm?) v (m/s)
5.68 —2.73 x 107° 9.08 539 x 1078 2.89 -1.02 x 1078 6.713 3.11 x 107°
9.08 1.62 x 1078 225 2.28 x 1077 11.07 132 x 107 16.29 1.30 x 1078
8.47 3.03 x 107° 35.1 127 x 107 29.015 147 x 107 29.1 46 x 1077
11.6 8.42 x 1077 94.2 572 x 107
19.2 1.15 x 1075
194 529 x 1077
31.2 3.22 x 107°
43.1 2.96 x 107°
1154 2.82 x 1074
160.8 228 x 1074
162.1 1.70 x 1074
186.1 3.17 x 107
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