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Entanglement of polymer chains is ubiquitous in elastomers, gels, and biological tissues. While
the effects of chain entanglement on elasticity and viscoelasticity of polymer networks have been
intensively studied, it remains elusive how chain entanglement affects fracture and fatigue of polymer
networks. In this paper, using polyacrylamide hydrogels as a model material, we systematically
compare fracture toughness and fatigue threshold of polymer networks with various levels of chain
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Fracture network are almost the same, although the unentangled polymer network still contains non-ideal

Fatigue features including topological defects (i.e., dangling chains and cyclic loops) and structural hetero-

Chain entanglement geneity (i.e., non-uniform chain lengths and non-uniform functionalities). In contrast, the fracture

;Oufhe“i_ng toughness of an entangled polymer network can be over ten times (up to 16 times) higher than its
ysteresis

fatigue threshold, indicating substantial toughness enhancement due to chain entanglement. Different
from the conventional toughness enhancement due to bulk dissipation of polymer networks, the
toughness enhancement by chain entanglement requires low stress-stretch hysteresis (<10%) of the
bulk entangled polymer networks. We attribute the toughness enhancement in entangled polymer
networks to a new dissipation mechanism, near-crack dissipation, which is possibly induced by pull-out

of chains and/or delocalized damage of chains around the crack tip.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Entanglement of polymer chains refers to the topological con-
straints that restrict the molecular motion of neighboring poly-
mer chains [1]. Chain entanglement is ubiquitous in various soft
materials including elastomers, gels, and biological tissues. The
presence of chain entanglement in polymer networks impacts
many mechanical and physical properties of soft materials. For
example, chain entanglement can increase rigidity of polymer
networks by imposing topological constraints on both crosslinks
and polymer chains [2,3]. Chain entanglement can also induce
viscoelasticity of polymer networks due to the reptation of entan-
gled polymer chains [1]. While the effects of chain entanglement
on elasticity and viscoelasticity have been intensively studied, its
effects on fracture and fatigue of polymer networks have not been
well understood.

Fracture and fatigue are two important modes of mechanical
failures of soft materials (Fig. 1). As a fatigue crack propagates in
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a soft material under cyclic loads, the measured fatigue thresh-
old TIfaigue accounts for the intrinsic fracture energy, i.e. the
energy required to fracture a layer of polymer chains [4]. As a
fracture crack propagates in a soft material under a monotonic
load, the measured fracture toughness Ifacture accounts for both
the intrinsic fracture energy and the energy dissipated in the
process zone around the crack tip [4]. The ratio of the fracture
toughness to the fatigue threshold of a soft material gives its
toughness enhancement [Facture/ I fatigue- The fracture toughness
and fatigue threshold have been measured for various soft tough
materials, including vulcanized rubbers [5], double-network
hydrogels [6,7], interpenetrating tough hydrogels [8,9], viscoelas-
tic polyampholyte hydrogels [10,11], and semi-crystalline hydro-
gels [12-14]. Their toughness enhancement can be as high as
thousands of times. The high toughness enhancement of these
soft tough materials typically relies on their large stress-stretch
hysteresis [7,9,11,15-17] up to 90% [11]. The stress-stretch hys-
teresis is defined as the ratio of the dissipated mechanical energy
to the total mechanical work done to the material [15,18]. As
a fracture crack propagates in such a soft material under a
monotonic load, the large stress—stretch hysteresis in the process
zone around the crack dissipates substantial mechanical energy,
thereby toughening the material.
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Fig. 1. Fracture and fatigue of entangled and unentangled polymer networks. (a) Fracture toughness and fatigue threshold are almost the same for a nearly unentangled
polymer network, i.e., Ifracture = ITatigue- While the unentangled polymer network contains non-ideal features including structural heterogeneity (e.g., non-uniform
chain lengths, non-uniform functionalities), and topological defects (e.g., dangling chains and cyclic loops), these non-ideal features do not induce significant toughness
enhancement of the unentangled polymer network. (b) Fracture toughness is many times larger than fatigue threshold for a highly entangled polymer network, i.e.,

Tfracture > Ffatigue-

Chain entanglement usually gives low stress-stretch hystere-
sis of bulk polymer networks. For example, the maximum stress—
stretch hysteresis reported so far is below 10% for polyacrylamide
(PAAm) hydrogels, below 4% for unfilled natural rubber, and
below 8% for polydimethylsiloxane (PDMS, Sylgard 184) [19,20].
Intriguingly, these low-hysteresis soft materials still demonstrate
high toughness enhancement. For example, Lake et al. [5] and
Rivlin et al. [21] measured the fatigue threshold and fracture
toughness of low-hysteresis unfilled vulcanized natural rubber
as 50 J/m? and 3,700 J/m?, respectively. More recently, Tang
et al. [22], Zhang et al. [14], and Yang et al. [19] measured
the fatigue threshold and fracture toughness of polyacrylamide
(PAAm) hydrogels with various constituents. Despite the low
stress—stretch hysteresis ratios of PAAm hydrogels (below 10%),
they show high toughness enhancement up to 9.4 [14]. Yang et al.
further studied the effect of network imperfection in promot-
ing the toughness of PAAm hydrogels; they attributed the high
toughness of PAAm hydrogels to non-uniform chain lengths and
distributed chain scissions around the crack. Recently, Norioka
et al. [23] and Kim et al. [24] studied the impact of chain entan-
glement on mechanical properties of polymers. Norioka et al. [23]
indicated the essential role of chain entanglement for toughness
enhancement. Kim et al. [24] ascertained that the dense entan-
glements enable transmission of tension in a polymer chain to
many other chains, giving high fracture toughness, high fatigue
resistance, low friction, and high wear resistance. Despite these
previous works, one important question remains unanswered:
how does the low stress-stretch hysteresis of bulk entangled
polymer networks give high toughness enhancement, which is
contrary to the well-known toughening mechanism for high-
hysteresis materials such as ductile metals [25], filled rubbers [26,
27], and tough hydrogels [7,9]? Notably, previous studies have
not systematically tuned the level of chain entanglement in poly-
mer networks, but such systematic tuning of chain entanglement
can be critical to answering this question [18].

In this paper, we use PAAm hydrogels as a model material
system to investigate the effect of chain entanglement on frac-
ture and fatigue of polymer networks. In order to systematically
control the level of chain entanglement, we vary the density of
crosslinkers while maintaining the polymer content in the hydro-
gels. We find that the fracture toughness and fatigue threshold of

a nearly unentangled polymer network are almost the same. Since
the nearly unentangled polymer network still contains non-ideal
features [28] including structural heterogeneity (i.e., non-uniform
chain lengths and non-uniform functionalities) and topological
defects (i.e., dangling chains and cyclic loops), our experiments
reveal that these non-ideal features do not induce significant
toughness enhancement of the unentangled polymer network
(Fig. 1a). We further find that the fracture toughness of an en-
tangled polymer network is 16 times higher than its fatigue
threshold, although the maximum stress-stretch hysteresis ratio
of the entangled polymer network is lower than 10% (Fig. 1b).
We attribute the low-hysteresis toughness enhancement in en-
tangled polymer networks to the near-crack dissipation, which is
possibly caused by pull-out of chains and/or delocalized damage
of chains around the crack tip. This work not only reveals the
effect of chain entanglement on fracture and fatigue of polymer
networks but also suggests an effective toughening mechanism
for low-hysteresis soft materials.

2. Results and discussions

2.1. Fabrication of polymer networks with controlled chain entan-
glements

We vary the mass fraction of crosslinkers ¢ (i.e., the ratio of
the mass of crosslinkers to the total mass of the hydrogel) while
maintaining the mass fraction of polymers ¢, (i.e., the ratio of the
mass of polymers to the total mass of the hydrogel) in the as-
prepared state (i.e., reference state) to control the level of chain
entanglement in the hydrogels. Given the molecular weight of
the monomer as M;;, and the molecular weight of the crosslinker
as M., we can calculate the average chain length (i.e., number of
monomers) between neighboring crosslinkers in the as-prepared
state as N = (¢,M.) / (¢.Mp). By further imposing the mass
conservation in the hydrogel, we can calculate the average chain
density (i.e., number of chains per unit volume of the hydro-
gel) in the as-prepared state as n™f = Nypg/ (N*'My) with
N4 = 6.02 x 102 mol ™! being the Avogadro constant and p, =
103 kg/m> being the hydrogel's density. When immersed in a
deionized water for a sufficient time, the hydrogel swells and
increases its length by a ratio of A;. Notably, the swelling of
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Table 1
Summary of notations used in the experiments.
Notation Definition Notation Definition
[ Ratio of the mass of crosslinkers to the total mass of the b Ratio of the mass of polymers to the total mass of the
hydrogel in the as-prepared state hydrogel in the as-prepared state
Mp Molecular weight of the monomer M, Molecular weight of the crosslinker
Nref Average number of monomers between neighboring nref Average number of chains per unit volume of the hydrogel
crosslinkers in the as-prepared state in the as-prepared state
Na Avogadro constant Pg Hydrogel density (taken as water density)
N Average number of monomers between neighboring n Average number of chains per unit volume of the hydrogel
crosslinkers in the swollen state in the swollen state
As Ratio of the hydrogel length in the swollen state to the

length in the as-prepared state

Table 2

Compositions and parameters of PAAm hydrogels with controlled chain entanglements.

Amount of crosslinkers® (1) o (%) b (%) N NM;,(g/mol) n As
10%/m? mol/m?

165 14 0.0029 10,402 738,542 0.11 0.02 2.20

300 14 0.0053 5,721 406,191 0.28 0.05 1.95

1000 14 0.0177 1,716 121,836 1.54 0.26 1.65

1500 14 0.0265 1,144 81,224 2.90 0.48 1.53

3000 14 0.0531 572 40,612 591 0.98 1.52

4Denotes the amount of 0.23 wt.% bis-acrylamide we add in 13 ml of the solution A.

the hydrogel does not change the average chain length between
neighboring crosslinkers, but decreases the average chain density
in the hydrogel due to its expanded volume. Hence, the average
chain length between neighboring crosslinkers in the hydrogel
in the swollen state is the same as that in the reference state,
i.e,N =N* = (¢,M.) / (¢:Mpn). The average chain density of the
hydrogel in the swollen state can be calculated as n = nYEf/Ag =
(Napgdp) / (N™'Mpnd3).

We follow the routine protocol for synthesizing polyacry-
lamide hydrogels via free radical polymerization. 14 g acrylamide
monomers (i.e., AAm, A8887, Sigma-Aldrich) with molecule
weight of M;;, = 71 g/mol are first dissolved in 86 ml of deionized
water, yielding the solution A. 110 pl of 0.1 M Ammonium
persulfate (i.e., APS, A3678, Sigma-Aldrich) as the photo initiator,
controlled amount (i.e., 165, 300, 600, 1000, 1500, 3000 l)
of 0.23 wt% N,N’-Methylenebisacrylamide (i.e., Bis-acrylamide,
146072, Sigma-Aldrich) with molecule weight of M. = 154 g/mol
as the crosslinker, and 10 pl N,N,N’,N’-Tetramethylethylene-
diamine (i.e., TEMED, T9281, Sigma-Aldrich) as the accelerator are
added into the 13 ml of solution A, yielding a final mass fraction of
polymers ¢, as 14 wt% and controlled mass fraction of crosslink-
ers ¢. as 0.0029, 0.0053, 0.0177, 0.0265, 0.0531 wt%. The pre-gel
solution is further filled with nitrogen gas to produce oxygen-
free conditions and poured into a rectangular-shaped mold with
the dimensions of 40 mm, 20 mm, and 1.5 mm. The mold is
placed on a hot plate at 50 °C to complete the thermal-induced
free radical polymerization. Afterward, the sample is submerged
in deionization water to reach its swollen state, measuring its
swelling ratio in volume Ag’ (Fig. A.1). At least 24 h are required
to ensure the sample reaching a fully swollen state. The average
chain length N and the average chain density n of the hydrogels
in the swollen state are summarized in Fig. 2,a and b for PAAm
hydrogels with various amounts of crosslinkers (see Tables 1 and
2).

2.2. Rheological characterization of chain entanglement

We next perform rheological tests to characterize the level of
chain entanglement in PAAm hydrogels with different average
chain lengths in the swollen state. We cut the swollen hydrogels
into disk-shaped samples with diameters of 10 mm. The thick-
nesses of the samples are fixed at 1.5 mm in the as-prepared

state. The maximum oscillatory shear stress is controlled as
5 Pa, measuring the rheological properties (e.g., storage modulus,
loss modulus) at small deformations. As shown in Fig. 2c, PAAm
hydrogel with a short average chain length (i.e., N 572)
shows a negligible rate dependence at the angular frequencies
from 0.05 to 20 rad/s. As the average chain length increases, the
rate dependence of storage modulus becomes more and more
pronounced.

The rate dependence of storage modulus in PAAm hydrogels
can be attributed to multiple possible physical causes, includ-
ing migration of water molecules [29], dynamics of reversible
bonds [30,31], and/or reptation of entangled polymer chains [32].
Here, we can exclude the possibility of migration of water
molecules and dynamics of reversible crosslinks because of the
following reasons. First, since the loading mode in our rheology
test is simple shear, there is no hydrostatic pressure applied on
the sample to drive the migration of water molecules. Second,
PAAm hydrogels are covalently crosslinked free of reversible
bonds. Therefore, the rate dependence of storage modulus in
PAAm hydrogels is largely attributed to the reptation of entan-
gled polymer chains. To summarize, the controlled reduction of
crosslink densities in a PAAm hydrogel can effectively produce
chain entanglement by increasing its average chain length. We
denote the PAAm hydrogel with the average chain length of
N = 572 as a nearly unentangled polymer network and the PAAm
hydrogel with the average chain length of N 10,402 as an
entangled polymer network.

2.3. Comparison between fracture toughness and fatigue threshold

We use the pure shear tensile tests to measure the fracture
toughness of PAAm hydrogels with controlled levels of chain en-
tanglement (Fig. 3a). We first measure the nominal stress s versus
stretch A curve of an unnotched sample as plotted in Fig. 3b.
We further introduce a sharp crack in the other sample with the
same dimensions as the notched sample and measure the critical
stretch (i.e., A¢), at which crack propagates steadily. The measured
fracture toughness can be calculated through Ifacture = H f ]AC sdA,
where H is the height of the sample. Fig. 3c summarizes the mea-
sured fracture toughness of PAAm hydrogels with various average
chain lengths. Similar to the rate-dependent fracture toughness
in highly entangled elastomers [33], the fracture toughness of



D. Zheng, S. Lin, J. Ni et al. Extreme Mechanics Letters 51 (2022) 101608

a b c

12 8
- & N=572 Nearlynoentangleme.nt. J
= T =z 1,144 . .
= < o o ® ©
s X o ® °_° o 1
S = o o 1,716 o\ ©
3 2 = e © ° )
Q S p | @ L4 PY
= © g g ° e ® o
£ e gm—_o o o
S = w 57214 ® % 4 @
o S o) ° °« *
& o g e ® e * More entanglments
o] & 2 °
g © I 10,402 h-4
< g :%

< 1021e,

165 300 1000 1500 3000
Bis-acrylamide (pl)

165 300 1000 1500 3000
Bis-acrylamide (pl)

T T
10 100 10!
Frequency (rad/s)
Fig. 2. PAAm hydrogels with controlled chain entanglements. (a) Average chain length N of PAAm hydrogels with various amounts of 0.23 wt% crosslinkers (i.e., Bis-

acrylamide) we add in 13 ml of the pre-gel solution (i.e., solution A). (b) Average chain density n of PAAm hydrogels in the swollen state with various amounts of
0.23 wt% crosslinkers (i.e., Bis-acrylamide) we add in 13 ml of the pre-gel solution (i.e., solution A). (c) Storage modulus versus angular frequency of PAAm hydrogels

with various chain lengths, measured in swollen state.

a Water bath b c
N rom(*saa ST o0
0 - .[1 1,144 o
— 51 £ 500
© =
HI o 2
< 44 10402 | £ 400+
¥ % 1,716 5300
U & 2]
1 — <)
A 1 8 24 "3 2001
" ! g :
) S 1 g 100 3
iy
v : X 0lae® . . —
A, A 1 2 10 12 0 2 4 6 8 10 12

6 8
Stretch

Average chain length N(103)

Fig. 3. Fracture characterization of PAAm hydrogels with various average chain lengths. (a), Schematic illustration of the pure shear tensile test to measure the
fracture toughness Ifacture- (D), Nominal stress versus stretch curves of PAAm hydrogels with different average chain lengths. The cross points denote the critical
stretch A, at which crack propagates in the notched samples. (c), Fracture toughness Ifacture Versus average chain length N.

entangled PAAm hydrogel shows slight rate dependence as the
loading rate increases from 0.5 min~' to 54 min~! (Fig. A.2).
Notably, the rate dependence of fracture toughness in entan-
gled PAAm hydrogel is much less pronounced compared with
entangled elastomers. This is possibly because the swollen PAAm
hydrogels contain a large quantity of water molecules that screen
the intermolecular interactions between PAAm polymer chains,
thereby decreasing the rate dependence of entangled polymer
networks.

We further perform fatigue tests to measure the fatigue thresh-
old of PAAm hydrogels with controlled levels of chain entangle-
ment. As schematically illustrated in Fig. 4a, we cyclically load an
unnotched sample to measure the nominal stress versus stretch
curve (i.e., s vs. 1) under pure shear tensile loading. The strain
energy density stored in the sample over cycles can be calculated
through W (Aapptied) = fﬁappl‘ed sdx, where Aappiied is the applied
stretch. Similar to the fracture test, we use a razor blade to
introduce a sharp crack in the sample. We perform cyclic loading
on the other notched sample with the same dimensions as the
unnotched sample and further use a camera (Imaging Source) to
record the crack extension (i.e., Ac) over cycles (i.e., Neyce). AS
the camera resolution is around 30 pwm/pixel and we apply 1000
cycles of loading to measure the crack extension per cycle dc/dN,
the detectable value of d¢/dN e is around 30 nm/cycle. The ap-
plied energy release rate can be calculated through G ()»appued) =

HW (}"applied)v where H is the gage length of the notched sample
and Agppiied is the applied stretch. When the applied energy
release rate G is small, there is no observed crack extension,
giving the fatigue crack extension rate as zero (i.e., dc/dNeyce =

0). As the applied energy release rate increases, we can observe
a fatigue crack extension over cycles. The applied stretch and
applied energy release rate for all samples are provided in Ta-
ble A.1. The slope of the fatigue crack extension curve versus cycle
number gives a finite fatigue crack extension rate dc/dNcycie. By
linearly extrapolating the curve to the G axis, we can identify a
critical energy release relate G, as the measured fatigue threshold
of the sample (i.e., Ifaigue = Gc) as shown in Fig. A.3. Fig. 4b
summarizes the measured fatigue threshold as a function of
average chain length. The fatigue threshold increases with the
average chain length, following the Lake-Thomas model [4] as
derived in Appendix B.

Fig. 4c plots the fatigue crack extension curve versus the
applied energy release rate of a nearly unentangled polymer
network (i.e., PAAm hydrogel with the average chain length N =
572), measuring its fatigue threshold as 7.9 J/m?. The measured
fracture toughness of the same material is measured as 8.2 4= 0.7
J/m? as highlighted by the gray region in Fig. 4c, which is al-
most the same as its fatigue threshold. Our data indicate that
a nearly unentangled polymer network has almost the same
fracture toughness and fatigue threshold. Different from the ideal
polymer network which also has the identical fracture toughness
and fatigue threshold [28], the nearly unentangled polymer net-
work (i.e., PAAm hydrogel with the average chain length N =
572) still contains other forms of non-ideal features including
non-uniform functionality, non-uniform chain length, dangling
chains, and cyclic loops. This observation indicates that the non-
ideal features in an unentangled polymer network do not account
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for the difference between fracture toughness and fatigue thresh-
old. Fig. 4d plots the fatigue crack extension curve versus the
applied energy release rate of an entangled polymer network
(i.e., PAAm hydrogel with the average chain length N = 10,402).
Its fatigue threshold is measured as 32 J/m?, slightly larger than
that of the nearly unentangled polymer network (i.e., 7.9 J/m?),
but 16 times lower than its fracture toughness (i.e., 510 £+ 48
J/m?) as highlighted by the gray region in Fig. 4d. The presence
of chain entanglements in PAAm hydrogels results in a huge
difference between fracture toughness and fatigue threshold.

2.4. Characterization of the stress—stretch hysteresis

We further perform cyclic loading-unloading tests to measure
the stress-stretch hysteresis ratio of both entangled and nearly
unentangled polymer networks. The maximum hysteresis ratio
hmax is defined as hpmax = Up/Umax, where Up = ff‘"“ sd
is the maximum mechanical dissipation per unit volume of the
material and Uy = f’““ sdA the maximum mechanical work
done on unit volume of the material with s being the nominal
stress, A being the stretch, An.x being the maximum stretch at
which the sample fails. As shown in Fig. 5a, the presence of
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chain entanglement slightly increases the maximum hysteresis
ratio from 5% to 10%. We further compare the stress versus
stretch curves under cyclic loading at various loading rates. For
the nearly unentangled polymer network, its stress versus stretch
curve is nearly independent of the loading rate (Fig. 5b). For the
entangled polymer network (Fig. 5¢), the modulus from the stress
versus stretch curve shows a rate dependence, which is consistent
with the rheology characterization. Intriguingly, the maximum
hysteresis ratios of the entangled polymer network at different
loading rates (i.e., 0.06, 0.12, 0.25, 0.46 s~') are almost the same
(Fig. A.2).

2.5. Bulk dissipation model

To understand the near-crack toughening mechanism in an
entangled polymer network, we first review the bulk dissipation
model [15,16]. The bulk dissipation model describes how a large
stress—stretch hysteresis of a bulk material toughens the material.

Once a crack propagates in a soft tough material, there are two
physical processes. First, the scission of a layer of polymer chains
on the crack path provides the intrinsic fracture energy of the
material Iy, following the Lake-Thomas model [4]. Physically,
the intrinsic fracture energy of a soft material is identical to
its fatigue threshold (i.e., Iy = Ttatigue) [5]. Second, material
elements in a process zone around the crack will experience
loading and unloading as the crack propagates, dissipating sub-
stantial mechanical energy. We denote the contribution of the
bulk hysteretic mechanical dissipation to the fracture toughness
as I'PUIk, Therefore, the total fracture toughness of a soft material
can be expressed as

Ffracture = FO+F1§’UH( (1)

where I'?% = Uplp with Up being the mechanical energy dis-
sipated per the volume of the process zone, and I, being the
size of the process zone. Up is a measurable quantity defined as
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Up = ff"‘“ sdi, where Apn.x is the maximum stretch at which the
sample fails.

To have the explicit expression of the fracture toughness of
a soft material, one needs the stress distribution profile around
the crack tip to estimate the size of the process zone. We take
the soft material as a neo-Hookean solid, giving the leading order
of the nominal stress at a point near the crack tip scales as s
~ Ttracture 4 /X, Where o is the shear modulus of the materials and x
is the distance from the point to the crack tip [34]. We choose the
maximum stress Spyax to determine the boundary of the process
zone, therefore the size of the process zone scales as

Ip Ffractureﬂ/srznax & Tfracture/ Umax (2)

where Umax o S2.,/p is the maximum mechanical work done

on the material. The size of the process zone for soft tough
materials is typically greater than 100 pm [35,36]. A combination
of Egs. (1) and (2) gives the explicit expression for the toughness
enhancement of a soft material as

Ffracture _ l
n 1
where hpax = Up/Umax is the maximum hysteresis defined as
the ratio between the maximum dissipation and the maximum
mechanical work done on the material, 0 < « < 1 is a dimen-
sionless parameter depending on the stress—stretch hysteresis of
the material deformed to different levels of stretch (« = 1 for
highly stretchable materials such as the PAAm hydrogels).

Given the measured hp., we can use the bulk dissipation
model (i.e.,, Eq. (3)) to calculate the toughness enhancement,
which is consistently below 1.1 for PAAm hydrogels with various
levels of chain entanglement (Fig. 6b). In contrast, the measured
toughness enhancement for PAAm hydrogels with high average
chain length (i.e., entangled polymer network) is as large as
16. The discrepancy between the experimental result and bulk
dissipation model’s prediction indicates that the bulk dissipation
model fails to explain the low-hysteresis toughness enhancement
in entangled polymer networks. We attribute the low-hysteresis
toughness enhancement of soft materials to a new mechanism,
near-crack dissipation, as discussed in the next section.

(3)

— ahpax

2.6. Chain entanglement gives near-crack dissipation

In this paper, we propose a new toughening mechanism, near-
crack dissipation, to account for the low-hysteresis toughness
enhancement in entangled polymer networks (Fig. 7). Once a
crack propagates in an entangled polymer network, the highly
entangled polymer chains across the crack plane are pulled out,
potentially dissipating substantial energy due to abundant in-
termolecular interactions between neighboring chains. In addi-
tion, once the entangled chains around the crack tip are highly
stretched, scissions of chains can be delocalized to multiple ad-
jacent layers around crack plane, dissipating more energy than
fracturing a single layer of chains (Fig. 7 and Fig. A.4) [33]. No-
tably, the stretch applied on the bulk entangled polymer network
before failure can be much lower than the stretch of the crack
tip. Therefore, the pull-out and/or delocalized damage of chains
in the bulk entangled polymer network under stretches may be
negligible, leading to low stress—stretch hysteresis of the bulk
network (Fig. 7). Overall, the fracture toughness Ifcture Of an
entangled yet low-hysteresis polymer network is equal to the
summation of its intrinsic fracture energy Iy and its dissipative
fracture energy due to pull-out and/or delocalized damage of
chains near the crack tip I"°,

Ttracture = 10 + Féip (4)

Recent experiment indeed observed the delocalized scission of
polymer chains around crack path using mechanophores in an
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entangled elastomer (Fig. A.4) [33]. The measurement reveals
that bond scission, far from being restricted to a constant level
near the crack plane, can be delocalized over up to hundreds of
micrometers. To further gain molecular insights on the near-crack
dissipation process, future efforts will be focused on experimental
characterization of such pull-out of entangled chains and delo-
calized damage of chains at the crack tip of entangled polymer
networks.

3. Conclusion remarks

In this work, we use polyacrylamide hydrogels as a model ma-
terial to systematically investigate fracture and fatigue in entan-
gled and unentangled polymer networks. We find that the frac-
ture toughness and the fatigue threshold of a nearly unentangled
polymer network are almost the same (i.e., Ifracture = I fatigue ), al-
though the polymer network still contains non-ideal features in-
cluding structural heterogeneity (i.e., non-uniform chain lengths,
non-uniform functionalities) and topological defects (i.e., dan-
gling chains, and cyclic loops). In contrast, for an entangled
polymer network, its fracture toughness is 16 times larger than
its fatigue threshold (i.e., IFfracture > [Tatigue), indicating a signif-
icant toughness enhancement due to chain entanglement. More
intriguingly, the toughness enhancement in a highly entangled
polymer network requires low stress—stretch hysteresis of the
bulk network (<10%), which is contradictory to the well-known
bulk dissipation model. We attribute the low-hysteresis tough-
ness enhancement in entangled polymer networks to a new
toughening mechanism, near-crack dissipation, possibly induced
by pull-out of chains and/or delocalized damage of chains around
the crack tip. This work not only reveals the effect of chain
entanglement on fracture and fatigue of polymer networks but
also suggests routes for the design of low-hysteresis soft yet
tough materials [20,37].
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Appendix A. Supporting experimental data

See Figs. A.1-A.4 and Table A.1.
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Table A1
Applied stretch and applied energy release rate in the fatigue tests.
N =572
Aapplied 1.37 151 1.54 1.56 1.63
G (J/m?) 3.77 6.42 7.33 7.89 9.61
N = 1,144
Aapplied 1.48 1.53 1.58 1.60 1.66
G (J/m?) 422 5.13 5.91 6.32 7.38
N =1,716
Aapplied 173 1.79 1.85 1.90 1.95
G (Jjm?) 9.17 10.22 1155 12.84 14.11
N =5,721
Aapplied 2.20 2.29 2.42 2.49 261
G (Jjm?) 1135 12.88 15.11 16.35 18.44
N = 10,402
Aapplied 2.84 3.27 3.54 4.36 6.31
G (J/m?) 24.33 35.24 42.71 69.34 152.07
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Fig. A.4. Damage quantification through confocal imaging using mechanophores
in an entangled elastomer [33]. The measurement reveals that bond scission, far
from being restricted to a constant level near the crack plane, can be delocalized
over up to hundreds of micrometers. Image is reprinted with permission from
Slootman et al., 2020, Quantifying Rate- and Temperature-Dependent Molecular
Damage in Elastomer Fracture, Phys. Rev. X 10: 041045.

Appendix B. Theory for fatigue thresholds

Using recently developed defect-network fracture model [38],
we can estimate the fatigue threshold of PAAm hydrogels at the
as-prepared state as

Iy = BngN3?bU (B.1)

where B is a dimensionless parameter that accounts for the
network architecture’s contribution to the fatigue threshold [38],
N is the average chain length (i.e., number of monomers between
neighboring crosslinkers) of PAAm polymer chains, ng is the
average number of elastically active chains per unit volume in
the as-prepared state, b is the length of one AAm monomer, U is
the bond dissociation energy of one AAm monomer at fracture.
We next estimate the values of parameters in Eq. (B.1). Given
the mass fraction of polymers at the as-prepared state ¢, and
the average chain length N, we can calculate the number of
polymer chains per unit volume in the as-prepared state as
Pg®pNa/ (NMp,), where p, = 10°kg/m?, ¢, = 0.14, M, =
71g/mol is the molecular weight of the monomer, and Ny =
6.02 x 102 mol~! is Avogadro number. Presuming there are neg-
ligible inactive chains in PAAm hydrogels, we can regard all the
polymer chains as elastically active polymer chains, namely n, =
Ps®pNa/ (NMy). The length of one AAm monomer is estimated
as b = 0.434nm [22]. Since the backbone of one AAm monomer

Average chain length N(103)

Fig. B.1. Fatigue thresholds for PAAm hydrogels with various average chain
lengths. The solid dots denote the fatigue threshold of PAAm hydrogels in the
swollen state. The hollow dots denote the fatigue threshold of PAAm hydrogels
in the as-prepared state. The solid line denotes the theoretical calculation of
fatigue threshold of PAAm hydrogels in the as-prepared state.

contains one C-C bond, the bond dissociation energy of one AAm
monomer is estimated as the bond energy of C-C bond (i.e., 346
kJ/mol), giving U = 346 k]/mol. By substituting the values and
expressions of n, b, and U, we can derive the expression of fatigue
threshold of PAAm hydrogels in the as-prepared state as

Ty = 0.38N/? (B.2)

As shown in Fig. B.1, by fitting the experimental data with our
theory in Eq. (B.2), we can identify the dimensionless parameter
B =3.9.
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