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 SPECIFICATIONS 

Hydrolysis embrittles poly(lactic 
acid)
Meixuanzi Shi,┼ Quan Jiao,┼ Tenghao Yin, Joost J. Vlassak,*    
and Zhigang Suo* 

The backbones of biodegradable and bioderived polymers often contain chemical 
bonds, such as ester and amide that are susceptible to hydrolysis. Here, we show 
that hydrolysis causes a transition from ductile to brittle fracture in poly(lactic acid) 
(PLA). Submerged in an aqueous solution and bearing a load, a sample with a 
precrack undergoes extensive plastic deformation when the crack grows fast, but 
negligible plastic deformation when the crack grows slowly. In the former, the ductile 
fracture creates rough and porous crack surfaces, indicating that polymer chains slip 
before scission. In the latter, the brittle fracture creates flat crack surfaces, indicating 
that polymer chains slip negligibly before scission. Furthermore, at a low load and 
over a broad range of pH, the velocity of a crack in PLA correlates with the rate of 
hydrolysis of lactic acid oligomers. Taken together, these observations demonstrate 
that PLA suffers hydrolytic embrittlement. The phenomenon should be taken into 
account in the design of—and with—biodegradable and bioderived polymers.

Impact statement 
In thermoplastics of high molecular weights, repeat 
units form long polymer chains by chemical bonds, 
and the long polymer chains form solids by physical 
interactions. Between neighboring repeat units, the 
chemical bonds are commonly much stronger than the 
physical interactions. Polymer chains slip extensively 
before scission in ductile fracture, but slip negligibly 
before scission in brittle fracture. In biodegradable 
and bioderived thermoplastics, repeat units often link 
by chemical bonds susceptible to hydrolysis. Here, we 
show that hydrolysis embrittles a leading bioderived 
thermoplastic, poly(lactic acid). Even a small load 
exposes a crack tip to water molecules from the 
environment, hydrolyzing ester bonds and breaking 
chains with negligible chain slip. The material has a 
toughness above 104 J/m2. However, submerged in 
an aqueous solution, the material can grow a crack at 
an energy release rate as low as 1 J/m2. Hydrolytic 
embrittlement should be investigated for biodegrad-
able and bioderived polymers under development for 
health care and sustainability.

Introduction
Poly(lactic acid) (PLA), commonly derived 
from corn and sugarcane, is a leading bio-
degradable polymer.1,2 PLA is a polyester 
that undergoes hydrolysis in moist environ-
ments.1,3 The hydrolysis is slow enough to 
allow PLA to be used in applications tradi-
tionally reserved for plastics derived from 
petroleum, but fast enough to serve as a 
mechanism of biodegradation for some sin-
gle-use products. The range of applications 
of PLA has been growing; examples include 
deli trays,4 packaging,5,6 medical implants,7,8 
and 3D printing.9,10 It was discovered 
recently, however, that PLA can grow cracks 
at appreciable velocities even at low loads.11 
A small load opens a crack and allows water 
molecules to react with the ester bonds at the 
crack tip. Such hydrolytic cracks can greatly 

outrun degradation, and raise reliability con-
cerns. Hydrolytic cracking has been reported 
in medical sutures made of another biode-
gradable polyester, poly(glycolic acid).12 
The behavior of hydrolytic cracking should 
be fully characterized to enable wider appli-
cations of PLA. Moreover, intense efforts are 
ongoing to develop biodegradable and bio-
derived polymers, the backbones of which 
are commonly susceptible to hydrolysis.13–15 
PLA may serve as a model material to study 
hydrolytic cracking of such polymers.

Historically, similar environmentally 
assisted cracking has been studied in many 
other materials, including metals,16,17 
oxides,18–20 and polymers with unsaturated 
carbon bonds (e.g., natural rubber21,22). This 
long-standing fielding was recently rejuve-
nated by its relevance to biodegradable and 
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biomedical materials. Several studies have reported hydrolytic 
growth in degradable elastomers, for example, poly(glycerol 
sebacate)23 and poly(dimethylsiloxane).24,25 A recent review 
by Baumberger et al.26 discussed various aspects of environ-
mental control of crack propagation in hydrogels.

A thermoplastic polymer fractures by two molecular pro-
cesses: slip between polymer chains and scission of poly-
mer chains.27–31 Depending on temperature, strain rate, and 
chemical environment, the polymer can fracture by chain 
scission without chain slip (Figure 1a), by chain slip without 
chain scission (Figure 1b), or by chain slip and chain scission 
(Figure 1c).

For the PLA used in this work, when a sample without 
precrack is stretched, polymer chains slip before scission (Fig-
ure 1c). The repeat units of PLA and water molecules have 
high energy of mixing, so that the concentration of water 
molecules in PLA is low, and hydrolysis is negligible during 
the experiment.32,33 Similarly, when a sample with a precrack 
is stretched with a large load, hydrolysis is still negligible, 
and the crack advances rapidly, surrounded by a large zone 
of plastic deformation. In both cases, the fracture surfaces are 
rough and porous.

Here, we show that hydrolysis can cause the PLA to 
fracture by chain scission without chain slip (Figure 1a). A 
previous study showed that PLA is susceptible to hydrolytic 
cracking and that the crack velocity is sensitive to humidity 
and pH.11 The previous work did not examine the fracture 
surfaces, and the range of energy release rate tested was nar-
row, 1100–1450 J/m2, within which the crack velocity was 
nearly constant. To demonstrate fracture by chain scission 
without chain slip, here we test samples using a wide range 
of energy release rates, 1–10,000 J/m2, in aqueous solu-
tions of a wide range of pH, 1–12. We also examine frac-
ture surfaces using a scanning electron microscope (SEM). 

Depending on energy release rate and pH, the crack velocity 
varies by orders of magnitude. At high energy release rates, 
a crack grows fast and plastic deformation is extensive, 
producing porous and rough fracture surfaces, indicating 
fracture by a combination of chain slip and chain scission. 
At low energy release rates, a crack grows slowly and plastic 
deformation is negligible, producing flat fracture surfaces, 
indicating fracture by chain scission with negligible chain 
slip. Given an energy release rate, a crack grows faster in 
acidic and basic solutions than in a neutral solution. This 
behavior correlates with the rate of hydrolysis of lactic acid 
oligomers. Taken together, these observations demonstrate 
that hydrolysis of PLA turns a ductile polymer into a brittle 
one.

Materials and methods
This study was performed using a commercial poly(L-lac-
tic acid) film (Goodfellow #247-628-87) with a thickness 
of 50 µm. According to the description provided by the 
manufacturer, the film is processed by biaxial stretching. 
Because the film is a commercial material, more detailed 
information on composition and processing is unavailable. 
We characterize the film using differential scanning calo-
rimetry (TA Instrument Discover 250). A “heat-cool-heat” 
program is used to scan the sample over a temperature range 
of 25–200°C at a rate of 5°C/min.

For the uniaxial tensile test, we prepare dog-bone-shaped 
specimens, gauge length 12 mm and width 2 mm, according 
to the ISO 527-2-5B standard, using a sample cutting die 
(Ace steel rule dies). The film thickness is measured using 
both a digital thickness gauge (Clockwise Tools DTNR-055) 
and a micrometer (Mitutoyo MDC-1 SFB). The tensile spec-
imens are deformed using a tensile tester (Instron 5966) with 

a crosshead velocity 
of 0.1 mm/s. During 
the tensile experi-
ments, the force is 
recorded at a fre-
quency of 20 Hz.

To study crack 
growth, we prepare 
single-edge notch 
t e n s i l e  ( S E N T ) 
specimens with a 
width of 40 mm and 
a height of 120 mm. 
A precrack with a 
length of 10 mm is 
introduced using a 
razor blade. Acrylic 
clamps are glued 
to the short edges 
of the SENT speci-
mens. For the critical 

chain scission chain slip

a b c

Figure 1.   Molecular processes of fracture of thermoplastic polymers. (a) Fracture by chain scission without 
chain slip. (b) Fracture by chain slip without chain scission. (c) Fracture by chain slip and chain scission.
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fracture experiments, the SENT specimens are pulled by a 
tensile tester (Instron 5966) with a crosshead velocity of 
0.1 mm/s, while the force is recorded at a frequency of 20 Hz. 
In the hydrolytic fracture experiments, a constant force is 
applied to the SENT specimens using a dead weight of mass 
m. The net tensile force on the sample is the weight of the mass 
minus the buoyancy force,

where the density of the hanging mass is ρm = 7.5 g/cm3, the 
density of all aqueous solutions is assumed to be ρw = 1.0 g/
cm3, and g = 9.8 m/s2 is the gravitational acceleration. The 
mass is attached to the bottom acrylic clamp using a stainless-
steel clip, and a pair of thin silicone rubber pads are glued to 
both sides of the acrylic clamps to prevent the clip from sliding 
when the applied mass exceeds 1 kg. Because the total mass of 
the acrylic and silicone rubber is only ~5 g and their densities 
~1.2 g/cm3 are close to that of the solution, we ignore their 
contribution to the total tensile force.

During the hydrolytic fracture experiments, we record 
crack length as a function of time using a digital microscope 
(Celestron Digital Microscope Pro). The microscope has a 
working distance of a few centimeters and can image a field 
of view a few centimeters across with a resolution better than 
100 µm. The crack velocity, v is obtained from the derivative 
of the crack length with respect to time.

We measure the hydrolytic crack growth by submerging 
specimens in aqueous environments of various pH. We use 
deionized water as an aqueous environment with a nominal 
pH 7. The DI water absorbs carbon dioxide from the air, 
which reduces its pH value. Our measurements indicate that 
the pH of DI water reduces from 7.5 to 7.1 in one week. 
For practical purposes, in this work we label the tests done 

� 1F =
ρm − ρw

ρm

mg,

using DI water simply by pH 7. In all other tests, pH val-
ues are set by the buffered solutions. The solution of pH 12 
is made by dissolving 0.4 g of sodium hydroxide (S8045, 
Sigma-Aldrich) in 1 L of deionized water. Buffered solu-
tions are used to maintain stable pH 1, 4, 10. The buffered 
solution of pH 10 is prepared by mixing 183 mL of 0.1 M 
sodium hydroxide solution and 4.77 g of sodium tetraborate 
decahydrate (S9640, Sigma-Aldrich) and adding deionized 
water for a total volume of 1 L. The buffered solution of 
pH 4 is prepared by mixing 1 mL of 0.1 M hydrochloric 
acid (HX0603-3, Millipore Sigma), 10.21 g of potassium 
hydrogen phthalate (P1088, Millipore Sigma), and deionized 
water for a total volume of 1 L. The buffered solution of pH 
1 was obtained by mixing 670 mL of 0.2 M hydrochloric 
acid, 3.73 g of potassium chloride (6858, Mallinckrodt), and 
deionized water for a total volume of 1 L. pH values are 
periodically monitored using a pH meter (Aperta Instruments 
PH60) to ensure that pH variations stay within ± 0.1 for all 
experiments in acidic and basic environments.

To prepare for scanning electron microscope imaging 
(Zeiss Ultra Plus), the fractured specimens are gently rinsed 
using deionized water and dried in air. To prevent charging 
during imaging, a 5-nm coating of Pt80Pd20 alloy is deposited 
on the specimens using a sputter coater (EMS 150 T S metal 
sputter coater). The fracture surfaces are examined at an accel-
erating voltage of 3 kV.

Results
Differential scanning calorimetry (DSC)
Figure 2 shows a typical differential scanning calorimetry 
scan of the PLA film used in this study. The result of the 
first heating scan shows that the film has a glass-transition 
temperature Tg = 58.6°C, a cold crystallization temperature 
Tcc = 84.8°C, and a melting temperature Tm = 166.4°C. The 
degree of crystallinity of the as-received film is determined by 

where �Hm and �Hcc are the enthalpies associated with melt-
ing and cold crystallization, and �H

f0
 is the specific enthalpy 

of fusion (93 J/g) for PLA crystals.34 The degree of crystallin-
ity of the PLA in the as-received state is 13.3 percent. During 
cooling, the PLA crystallizes at 110.2°C with a large change 
in enthalpy, indicating that, at the cooling rate used in the 
DSC scan, the sample crystallizes more completely than the 
as-received film. Consequently, in the second heating scan, no 
cold crystallization is observed. The large endothermic peak 
near 60.5°C in the first heating scan indicates a high level of 
physical aging of the as-received film during the heating scan, 
but this peak is absent in the second heating cycle, suggest-
ing that the as-received film was cooled much faster during 
processing than the scan rate of 5°C/min used for the DSC 
measurement. The second heating scan shows two melting 
peaks, which are associated with the melting of disordered and 

� 2X =
�Hm −�Hcc
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f0
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Figure 2.   Differential scanning calorimetry scan of the PLA film 
used in this study. The heating-cooling-heating cycle is performed 
at a rate of 5°C/min.
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ordered phases. Such phase separation is commonly observed 
in PLA with a high L-lactic content.35

Tensile test
Consider a sample under uniaxial tension (Supplementary 
Video 1). Along the stress–strain curve we mark several states 
of deformation (Figure 3a). As the crosshead moves, the stress 
rises steeply and peaks at a strain of 0.03. Associated with the 
peak stress, one end of the sample whitens. The nucleation site 
of the whitening is likely due to stress concentration. Subse-
quently, the white zone spreads along the sample, while the 
stress decreases gradually. At a strain of 0.09, a neck becomes 
evident to the naked eye. At a strain of 0.37, the neck has 
reached a constant width and propagates along the sample, 
while the stress plateaus. At the constant stress, the sample 

does not deform further in either the necked or unnecked 
region, and the motion of the crosshead is entirely accom-
modated by propagation of the neck. At a strain of 2.90, the 
neck reaches the other end of the sample, leaving the sample 
with a uniform width. Subsequently, the stress rises again, and 
the sample deforms uniformly, before it ruptures at a strain 
of 3.30.

It is known that whitening results from cavitation.36 
We measure the dimensions of the deformed sample. The 
unnecked white region changes thickness, width, and length 
slightly, and thus changes volume slightly. In the necked 
region, however, the width changes from 2 to 1.45 mm, and 
the thickness changes from 0.050 to 0.028 mm. The sample 
fractures at a tensile strain of 3.30. Consequently, the volume 
of the necked region is 1.74 times the undeformed material. 
This observation is consistent with cavitation before fracture.

We have repeated the uniaxial tensile test using a large 
number of samples (Figure 3b). The as-received film has a 
square shape. We cut dogbone samples with gauge length par-
allel to the two edges of the film, and label them as horizontal 
and vertical directions. Some samples rupture before the neck 
reaches the other end of the sample. In such cases, the sample 
typically ruptures near the front of the neck, possibly when 
the front of the neck meets a defect in the sample. For the six 
samples cut from the film in the vertical direction, two samples 
rupture before the necks propagate through the entire sam-
ples, and the other four samples rupture after the necks propa-
gate through the entire samples. In all cases, the stress–strain 
curves are highly reproducible prior to rupture. Similar obser-
vation is made for five samples cut in the horizontal direction. 
Apparently, the stress–strain curves of the samples in the two 
directions differ only by the strain at which the stress rises 
again after the plateau. Young’s modulus is 2.3 ± 0.07 GPa. 
The strain at which the stress peaks is 0.027 ± 0.03 and the 
corresponding stress is 56.5 ± 3.8 MPa. The plateau stress is 
44.2 ± 1.2 MPa. The strain at which the stress rises again is 
2.91 ± 0.05 for the vertical samples, and 3.42 ± 0.02 for the 
horizontal samples.

Single‑edge notched tensile test
We next conduct the single-edge notched tensile (SENT) test 
(Supplementary Video 2). We record the stress–strain curve, 
along with snapshots of the sample at several strains (Fig-
ure 4). At small strains, the stress increases linearly with 
strain, except for a small deviation in the very beginning, 
possibly due to some initial misalignment of the sample. At a 
certain strain, the sample wrinkles and the stress drops some-
what. Shortly after, a white zone emanates from the crack tip. 
When the stress increases again, the white zone enlarges, but 
the crack does not advance. As the strain increases further, 
the crack tip blunts and starts to advance soon after. Then the 
stress reaches the maximum σm. As the crack advances across 
the sample, the white zone enlarges further and reaches the 
other side of the sample. Eventually the sample ruptures. We 
repeat the test using three samples cut in the same orientation, 
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Figure 3.   Uniaxial tensile test. (a) Stress–strain curve of a sample, 
along with snapshots at several strains. The stress is defined by 
the force divided by the area of the sample in the undeformed 
state, and the strain is defined by the displacement of the cross-
head divided by the gauge length of the sample in the unde-
formed state. (b) Stress–strain curves of multiple samples. The red 
and blue curves correspond to samples cut from the as-received 
film in two perpendicular directions parallel to the edges of the 
film.
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and the stress–strain curves of the three samples very nearly 
coincide.

For the single-edge notch tensile test, the energy release 
rate is37

where E is Young’s modulus, a is the crack length, and σ is 
the applied stress (i.e., the applied force divided by the cross-
sectional area of the uncut sample). For a crack in a thin sheet, 
the size of the plastic zone rp is estimated by38

where σY is the yield strength (i.e., the peak stress in Figure 3), 
which also marks the onset of whitening. Thus, rp is the size 
of the whitening zone. Equations 3 and 4 are valid when the 
plastic zone is much smaller than the characteristic length of 
the sample, such as the crack length. The conditions of small-
scale yielding prevail when, say, rp < a/25. Take representative 
values a = 10 mm, σY = 60 MPa, and E = 2.3 GPa (Figure 3a). 
The small-scale yielding condition holds when G <  3900 J/
m2. As previously noted, the plastic zone for ductile fracture 
is sometimes comparable to the crack length. Nonetheless, 
we still use (3) to calculate G. Thus, we should not attach 
quantitative significance to values of G larger than 3900 J/m2. 
Our interest is mostly focused on the brittle fracture caused 
by hydrolysis, when the plastic zone is small and the energy 
release rate is low.
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The toughness of the PLA film is estimated as fol-
lows. We pull a sample with a precut crack in air at a 
prescribed rate of displacement (Figure 4). The applied 
stress reaches maximum at σm = 28.2 ±  0.2 MPa. This 
maximum stress is used in Figure 4 to estimate the 
toughness, giving Gc = 2.45  ± 0.4 × 104 J/m2. As men-
tioned, this energy release rate violates the small-scale 
yielding conditions and should therefore not be taken 
quantitatively.

Hydrolytic crack growth
Hydrolytic crack growth is evaluated by submerging a 
SENT specimen in an aqueous solution of fixed pH and 
applying a constant force. (Figure 5a). When the crack 
is short, the energy release rate is low, the crack grows 
slowly, and the white zone around the crack tip is neg-
ligible (Figure 5b). When the crack is long, the energy 
release rate is high, the crack grows fast, and the white 
zone is large (Figure 5c). The size of the white zone indi-
cates the extent of plastic deformation. When negligible 
plastic deformation accompanies the crack growth, the 
fracture surface is flat, and the thickness of the film near 

the fracture surface remains nearly unchanged (Figure 5d). 
When extensive plastic deformation accompanies the crack 
growth, the fracture surface is porous, and the thickness of the 
film near the fracture surface reduces substantially (Figure 5e). 
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Figure 4.   Fracture of a sample containing a precut crack. Stress–
strain curve, along with snapshots at several strains. The stress is 
defined by the applied force divided by the cross-sectional area of the 
uncut sample. The strain is defined by the displacement of the cross-
head divided by the length of the undeformed sample.

These general trends are observed for samples subject to vari-
ous forces and submerged in solutions of various values of 
pH. Rough and porous fracture surfaces are also observed for 
a crack growing in air.

The camera records the crack length as a function of time for 
each sample bearing a constant load in an aqueous solution of 
a given pH (Figure 6). For example, for a sample submerged 
in a solution of pH 10 and bearing a hanging mass of 500 g, the 
crack length grows nonlinearly in time (Figure 6b). The crack 
velocity increases both with crack length and applied load.

When small-scale yielding prevails, the effects of the 
applied force and the crack length can be combined using a 
single loading parameter, the energy release rate (3). We plot 
the velocity of the crack as a function of energy release rate 
for experiments conducted in solutions of various values of 
pH and subject to various dead weights (Figure 7). Note that 
small-scale yielding prevails for most data points. For each 
sample, submerged in a solution of a fixed pH, subject to a 
dead load, the energy release rate increases as the crack grows. 
Consequently, the measured crack length as a function of time 
generates a large number of data points. To display statistical 
variations, multiple samples are often tested under the same 
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conditions. We measure crack velocity over about seven orders 
of magnitude, depending on energy release rate and pH. At a 
given pH, the crack velocity increases with the energy release 
rate. For example, at pH 12, we observe that the crack grows 
under energy release rates ranging from 1.6 to 8000 J/m2, at 
velocities ranging from 6 × 10–9 to 6 × 10–4 m/s. For a given 
pH, when the energy release rate is low, the crack velocity 
decreases nearly vertically, suggesting that a threshold energy 
release rate exists, below which the crack does not grow.

Discussion and conclusion
Long polymer chains jam slip
PLA fractures in air by a combination of chain slip and chain scis-
sion. When a sample without precrack is stretched, the transparent 
film turns white, and a neck propagates from one end of the sample 
to the other end (Figure 3a). The plastic deformation indicates 
chain slip. After the neck reaches the other end of the sample, 
the applied force rises again, which indicates that chain slip is 
jammed.

Fixture
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Crack

Camera
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t = 198 min G = 310 J/m2

5 mm

v = 7 × 10–7 m/s

5 mm

t = 259 min G = 1570 J/m2 v = 2 × 10–5 m/s

10 µm 10 µm

a

d e

b

c

Figure 5.   Observation of a crack growing in a sample submerged in a solution of controlled pH. (a) A single-
edge notched tensile specimen is submerged in a buffered aqueous solution. A constant force is applied by a 
hanging mass. The crack growth is monitored using a camera. (b) When a sample is submerged in a buffered 
aqueous solution of pH 10 and is subject to a hanging mass of 500 g, the crack grows initially with a negligible 
white zone. (c) As the crack grows longer, the crack grows faster and the white zone becomes larger. (d) Scan-
ning electron microscope (SEM) image of a brittle fracture surface (basic solution, pH 12). (e) SEM image of a 
ductile fracture surface (deionized water, pH 7).
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Figure 6.   Crack growth with time in samples submerged in aqueous solution of various values of pH: (a) pH 12, 
(b) pH 10, (c) pH 7, (d) pH 4, (e) pH 1. The masses attached to the samples are indicated.
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Whether the sample fractures by chain slip alone or by a 
combination of chain slip and chain scission can be approxi-
mately analyzed by a shear lag model. For simplicity, con-
sider the free-body diagram of a single straight polymer chain, 
pulled by a stress σ at one end of the chain. As the chain slips 
relative to other chains, a frictional stress τ acts along the 
chain, resisting the slip. The balance of forces requires that 
πD2

4
σ = πDLτ  , where D is the diameter and L is the length 

of the chain, so that σ = 4τ L

D
 . The slip stress τ results from 

physical interactions between chains. The tensile stress σ is 
limited by the strength of covalent bonds along the chain. 
The slip stress is typically orders of magnitude lower than the 
covalent strength of the chain. The balance of the two forces 
results from the large ratio L/D. A thermoplastic of a high 
molecular weight can both undergo substantial chain slip and 
chain scission.

When the chain is short, the tensile stress in the chain is 
smaller than the covalent strength, and the sample fractures by 
chain slip alone (Figure 1b). When the chain is long, the tensile 
stress can reach the covalent strength, and the sample fractures 
by a combination of chain slip and chain scission (Figure 1c). 

We estimate τ by the yield strength, and L/D by the number of 
repeat units per chain. Taking representative values, τ  ~ 107 Pa 
and L/D  ~ 1000, we estimate that σ  ~ 1010 Pa, which is on the 
order of the covalent strength. Thus, the chain is long enough 
to jam slip, building up tension in the chain to break the chain.

Chains slip before scission
In the uniaxial tensile test, a sample undergoes extensive plas-
tic deformation prior to fracture. Similarly, when a sample 
with a precrack is subject to a tensile force in air, a white 
zone forms around the crack tip, spreading to the other side of 
the sample, and then the crack propagates through the sample 
(Figure 4). The whitening is likely caused by the formation of 
small voids.36 SEM imaging shows that the fracture surface 
is similar to that of a crack growing in a sample submerged 
in deionized water (Figure 5e), confirming that chains slip 
extensively before scission.

How can a long polymer chain slip without scission? 
Depending on how the as-received film is processed, before 
the film is stretched, each polymer chain is in a more or less 
relaxed configuration. For simplicity, assume that a polymer 
chain is initially in a random-walk configuration and carries 
no tensile stress. When the film is stretched beyond the yield 
strain, the chain begins to slip relative to other chains, giving 
rise to plastic deformation. Further assume that the slip stress 
is constant, specific to the repeat units of the polymer, tem-
perature, and strain rate. For a chain initially in a random-walk 
configuration, the slip stress along the chain changes direction 
from one segment of the chain to another. Consequently, the 
tensile stress in the chain will be small compared to the cova-
lent strength. However, once the chain is jammed, for example 
by forming a hairpin around another chain, to deform further 
the two segments of the chain develop slip stress in the same 
direction along the chain, and the tensile stress in the chain 
builds up. As more segments of the chain develop slip stress 
in the same direction along the chain, the tensile stress in the 
chain builds up further. This process continues until the tensile 
stress in the chain reaches the covalent bond strength, upon 
which the chain breaks.

Hydrolysis takes time to break polymer chains
Next consider a sample with a precrack, submerged in an 
aqueous solution of a given pH, bearing a load. When the 
crack advances too rapidly for hydrolysis to take place and 
knock down the covalent strength of polymer chains, chains 
slip extensively prior to scission, dissipating a substantial 
amount of energy, leading to a high energy release rate. The 
SEM image shows a porous fracture surface that is compara-
ble to that formed in deionized water (Figure 5e). When the 
crack advances slowly enough for hydrolysis to take place 
and knock down the covalent strength of polymer chains, 
chains slip negligibly prior to scission, dissipating only a small 
amount of energy, leading to a low energy release rate. The 
SEM image shows a smooth fracture surface and negligible 
thinning of the sample (Figure 5d). Taking these observations 
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together, we conclude that the PLA film is ductile when the 
crack advances rapidly, and is brittle when the crack advances 
slowly. That is, hydrolysis embrittles the PLA. At low crack 
velocity, hydrolysis causes chain scission by itself, tension in 
the chains is too small to cause appreciable chain slip, and the 
energy release rate is low. By contrast, at high crack velocity, 
hydrolysis cannot cause chain scission by itself, the tension in 
the chains is high enough to cause appreciable chain slip, and 
the energy release rate is high. The observed relation between 
the crack velocity and energy release rate (Figure 7) is com-
monly interpreted in terms of various mechanisms. For exam-
ple, the mechanical load opens the crack and allows quick 
access of water to the crack tip and easy diffusion of debris.11 
Therefore, the energy release rate accelerates the hydrolytic 
fracture. The stress may also enhance the rate of hydrolysis by 
reducing the energy barrier, similar to that studied in silica.20 
Another mechanism involves the cooperative effect of stress 
and ion displacement on the dynamics of cross-link unzipping 

and rupture of hydrogels.39 This article reports the hydroly-
sis-induced embrittlement. Further work is needed to clarify 
mechanisms.

For environmentally assisted crack growth, crack veloc-
ity has been commonly plotted as a function of the energy 
release rate, or equivalently, the stress intensity factor. The 
environment can be characterized by, for example, pH, rela-
tive humidity, or concentration of ions. For example, Fig-
ure 7 for PLA in this article has a similar look to Figure 5 
for silica in the classic paper by Wiedenhorn.40 There are a 
number of differences. For instance, PLA is ductile compared 
to silica, which allows us to construct the curve over a sig-
nificantly large range of energy release rate. We have also 
observed the transition from ductile to brittle crack growth, 
which does not occur in silica.

In this article, we characterize the effect of hydrolysis by 
measuring the crack velocity as a function of energy release 
rate using samples containing precracks. In design practice, 
the stress-life curve measured using samples without pre-
cracks has also been used. Even a sample without precrack 
contains small flaws. These small flaws may or may not affect 
stress-life curves. When hydrolysis prevails, the plastic zone is 
small, and the small flaws are expected to impact the stress-life 
curves. When hydrolysis is absent, the plastic zone is large, 
and the small flaws are not expected to impact the stress-life 
curves.

Velocity of crack growth in PLA correlates with rate 
of hydrolysis of lactic acid oligomers
We plot the crack velocity as a function of pH at a low energy 
release rate, G ≈ 200 J/m2 (Figure 8a). This function is not 
monotonic. The crack velocity is high when the solution is 
either basic or acidic. This observation indicates that H+ and 
OH− both accelerate hydrolytic crack growth. The data show 
that the basic solution is more effective than the acidic solu-
tion. A similar non-monotonic trend is also observed for how 
pH affects the rate of hydrolysis of lactic acid oligomers41 
(Figure 8b). The crack velocity in samples submerged in the 
pH 10 solution is ~3 orders higher than in the neutral solu-
tion (pH 7). By comparison, the rate of hydrolysis of lactic 
acid oligomers in the pH 10 solution is ~2.7 orders of mag-
nitude higher than that in the neutral solution. The similarity 
between the velocity of crack growth and the rate of hydrolysis 
of oligomers further supports the conclusion that the crack 
growth at low energy release rate is due to chain scission by 
hydrolysis. The velocity of a crack and the rate of hydrolysis 
form a length scale, V/k. A comparison between Figure 8a and 
b indicates that the length V/k is on the order of millimeters. 
The significance of this length is not understood at the time 
of this writing.

PLA is flaw sensitive
Observe that the PLA whitens at a strain about 0.03, when 
the stress peaks at the upper yield point. At a crack tip, the 
white region corresponds to the plastic zone, in which chains 
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slip. The size of this plastic zone, rp, is estimated by (4). For a 
sample tested in air, the plastic zone is appreciable compared 
to the size of the sample.

After yielding, the material starts to form a neck with a 
small increase in strain (Figure 3a). Note that the strain ~0.03 
at which the stress peaks is much smaller than the strain ~3.3 
at which the sample fractures. Consequently, at the crack tip, 
the size of the plastic zone is much larger than the zone in 
which the neck is well formed. The size of the zone in which 
the neck is well formed at the crack tip is estimated by

where Wc is the work of fracture (i.e., the area under the 
stress–strain curve up to rupture). This equation should be com-
pared with Equation 4 for the plastic zone size, in which σy2/2E is 
the triangular area under the initial elastic rise of the stress–strain 
curve. This elastic energy density is about a factor of 100 smaller 
than Wc, so that rp >  > rn for a given energy release rate G. When 
G reaches a value equal to the toughness Gc, the neck breaks at 
the crack tip and the crack advances. The maximum size of the 
zone in which the film necks, Gc/Wc, is a material-specific length. 
Taking representative values for the PLA film used in this work, 
Wc = 2.41 ± 0.29 × 1010 J/m3 and Gc = 2.45 ± 0.4 × 104 J/m2, we 
estimate that Gc/Wc = 10–6 m. As previously noted, our fracture 
test violates the small-scale yielding conditions, so that the tough-
ness so determined is inaccurate and we use the value of Gc as an 
estimate of the order of magnitude.

We observe that the fracture strain measured under uniaxial 
tension in air varies substantially from sample to sample (Fig-
ure 3b). This observation is interpreted as follows. In a tensile 
test using a sample without precrack, flaws in the sample are 
inevitable. When a flaw is smaller than the material length 
Gc/Wc, the fracture strain of the sample is insensitive to the 
flaw. When a flaw is larger than the material length Gc/Wc, 
the fracture strain of the sample is reduced by the flaw. As 
estimated above, the PLA film used in this work has a small 
material length Gc/Wc, which explains why small flaws can 
substantially reduce the stretchability of the sample.

In summary, subject to tension in air, a PLA film undergoes 
large plastic deformation before fracture, indicating extensive 
slip of polymer chains before scission. We then submerge a 
PLA film in an aqueous solution of a fixed pH, and observe 
the growth of a crack in the film under the combined actions 
of hydrolysis and mechanical load. When the crack grows fast, 
PLA does not have enough time to hydrolyze. The polymer 
chains slip extensively before scission by mechanical stress 
and the energy release rate is high. When the crack grows 
slowly, PLA has enough time to hydrolyze. The polymer 
chains slip negligibly before scission by hydrolysis and the 
energy release rate is low. Under a small energy release rate, 
how pH affects the velocity of crack in PLA is analogous to 
how pH affects the rate of hydrolysis of lactic acid oligomers. 
This observation corroborates that hydrolysis causes the slow 
crack growth under low mechanical loads. The SEM images 
show rough and porous fracture surfaces when the crack grows 

� 5rn = G/Wc,

fast, but flat fracture surfaces when the crack grows slowly. 
This observation further confirms that hydrolysis embrittles 
PLA. Hydrolytic embrittlement must be taken into account 
when PLA is used in applications in moist environments. Simi-
lar considerations should also apply to all polymers in which 
the backbones contain bonds susceptible to hydrolysis. These 
considerations should be taken into account in the develop-
ment of biodegradable and bioderived polymers.
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