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ABSTRACT

The high fracture energy of tough soft materials can be attributed to the large energy dissipation
zone around the crack tip. Hence, quantitative characterization of energy dissipation is key to
soft matter fracture mechanics. In this study, we quantified the energy dissipation in the damage
zone of a double-network (DN) hydrogel using a mechanochemical technique based on
mechanoradical polymerization combined with confocal fluorescence microscopy. We found that,
in addition to energy dissipation in a relatively narrow yield region, the dissipation in the wide
pre-yielding region and the intrinsic fracture energy also have large contribution to the fracture
energy. Moreover, the fracture energy of a pre-stretched sample, in which the dissipative
capacity is nearly depleted, suggests that the intrinsic fracture energy is higher than the fracture
energy of the second network. These findings modify the previous understanding that the

fracture energy of DN gels is dominated by the energy of the yielding zone formation.



INTRODUCTION

The fracture toughness, that is, the crack resistance of materials under mechanical stress, is an
important aspect in ensuring the performance of materials in real applications. Toughening soft
materials, such as gels and elastomers, and the related fracture mechanics are gaining
considerable interest recently.!”” Research on these topics has been pushed by the development
of various tough soft materials in recent decades® !> and also by emerging applications, such as
soft wearable devices and biomedical implants.!¢"!° The toughness of soft materials is typically
characterized as the fracture energy I', in units of J m 2, which represents the energy required to
increase the length of a crack into forming a unit area of the fractured surface. The fracture

energy I of tough soft materials has two contributions:!>67-20

F=F0+Fdiss (1)

where ['o represents the intrinsic fracture energy directly related to the material separation at the
crack tip, and Tdiss represents the dissipation that occurs in the process zone around the crack tip,
whose size typically ranges from sub-micrometers to centimeters in soft materials. The
dissipation mechanism includes microstructural destruction and viscoelastic dissipation,
depending on the structure of the material. For most tough soft materials, [diss is considered to be
much larger than o, so that the overall fracture energy I" can be approximated as I” = [giss. 620!

Therefore, elucidating the dissipation mechanism in the process zone and its quantitative

understanding are central topics in understanding the fracture mechanics of soft materials.

As part of the efforts to make tough soft materials, the double-network (DN) concept’??

has been widely applied to hydrogels and elastomers comprising polymer networks with various



chemical features.”!%!1222-28 Specifically, a DN gel is composed of interpenetrated two
contrasting polymer networks: one, a brittle and sparse network (called the first network,
typically 1-5 wt.% ) and the other, a stretchable and dense network (called the second network,
typically 10-20 wt.%).?? Even when comprising 80-90 wt.% water, DN gels show extremely
high fracture energies of 300—5000 J m ™2, which is one or two orders of magnitude higher than

that of conventional single-network hydrogels.?-!

The toughening mechanism of DN gels has been extensively investigated. Findings on the

32,33

yielding that often accompanies necking,””” strain rate-insensitive stress—strain relations, and

283436 in DN gels suggest an internal fracturing mechanism.

irreversible mechanical hysteresis
When a DN gel is stressed, the brittle first network breaks, whereas the stretchable second
network can maintain the integrity of the material. The covalent bond scission of the polymer
strands was recently verified by chemical sensing of mechanoradicals.’” Internal fracturing
suggests that the extraordinarily high fracture energy of DN gels can be attributed to the
formation of a damage zone around the crack tip, in which the brittle first network breaks owing
to stress concentration.?%2!%38 In the damage zone, a large amount of mechanical energy, Ldiss in
Eq. (1), dissipates prior to crack progression. Therefore, a quantitative comparison of I diss

caused by internal fracturing in the damage zone with the apparent fracture energy I" is

indispensable for clarifying the fracture mechanism of DN gels.

Quantitative characterization of the energy dissipation in DN gels upon fracture, however, has
been a challenge owing to lack of suitable techniques. Although the damage zone was first
observed by optical microscopes,*>=? these techniques do not provide quantitative information on

the distribution of internal fractures. Recently, mechanochemical techniques for visualizing and



quantifying stress, strain, and internal fractures around the crack tip of DN gels and multiple-

network elastomers have been reported.'>*°2 For DN gels, we developed a method using
mechanoradicals generated by homolytic polymer strand scission of the first network in the
damage zone in order to initiate a polymerization of the N-isopropylacrylamide (NIPAAm)
monomers preloaded in the DN gel, which formed a thermoresponsive polymer PNIPAAm
tethered to the broken ends of the first network strands.*’ The distribution of PNIPAAm was then
visualized with laser-scanning confocal microscopy (LSCM) using a pre-loaded environment-
responsive fluorophore at a temperature above the lower critical solution temperature (LSCT) of
PNIPAAm. The spatial distributions of stress, strain, and dissipated mechanical energy density
around the crack tip were quantified using a calibration curve obtained from the fluorescence

intensities of uniaxially stretched tensile specimens.

In this study, we compared the total energy dissipation in the damage zone as measured by the
mechanoradical polymerization method with the fracture energy of a DN gel. We found that the
dissipated energy in the damage zone per unit of fractured surface area was distinctly smaller
than the fracture energy measured by the tearing fracture test. This finding suggests that the
intrinsic fracture energy I'o is not negligible for this DN gel. This presumption is further
confirmed by measuring the fracture energies of a polyacrylamide single-network gel as a model

of the second network and of a pre-stretched DN gel in which dissipation capacity was depleted.



EXPERIMENTS

Materials. The DN gel used in this paper was synthesized via a two-step polymerization
following the method used in our previous work.*’ The feed concentrations of the monomer (2-
acrylamido-2-methylpropane sulfonic acid sodium salt; NaAMPS), crosslinker (V,N'-
methylenebisacrylamide; MBAA), and radical initiator (2-oxoglutaric acid; OA) for the first
network were 1.0 M, 30 mM (3 mol%, with respect to the monomer), and 10 mM (1 mol%),
respectively, and the feed concentrations of the monomer (acrylamide; AAm), crosslinker
(MBAA) and radical initiator (OA) for the second network were 4.0 M, 0.8 mM (0.02 mol%),
and 0.4 mM (0.01 mol%), respectively. Ultraviolet light (~365 nm, 4 mW cm?) irradiation times
for the first and second network polymerizations were 8 h and 9 h, respectively. The synthesized
DN gel was immersed in a large volume of deionized water for at least 1 day to allow the gel to
equilibrate. Due to the large amount of initiator (1 mol% with respect to the monomer) in the
first-network synthesis, one-end unreacted crosslinkers were almost inactivated; hence, the
number of inter-connections between the first and second networks could be negligibly small.**
The negligible inter-connections between the first and second networks of the DN gel allowed us
to estimate the fracture energy of the second network using the value determined from a PAAm
single-network hydrogel. A polyacrylamide (PAAm) single-network hydrogel was synthesized
with the same formulation as that of the second network (4.0 M AAm, 0.8 mM MBAA, and 0.4
mM OA). The as-prepared PAAm gel (PAAm concentration of 28 wt.%), with a weight of w (g)
(w=15.40-5.63 g), was swollen with 0.65w (g) of water, resulting in a “controlled-swollen
PAAm gel” that had the same PAAm concentration (17 wt.%) as the DN gel. Note that the

controlled-swollen PAAm gel is not at the equilibrium swollen state in water.



Tensile test. Uniaxial tensile test was performed following a previously reported procedure.?”*°

Briefly, a dumbbell-shaped sample (gauge length 12 mm) was stretched using a tensile tester
(INSTRON 5965, Instron Co.) at a crosshead velocity of 100 mm min ™. Strain & was measured

using a non-contact video extensometer (AVE, Instron Co.).

Tearing fracture test. To characterize the tearing fracture energies I' of the DN gel and PAAm
gels, a trouser-type tearing fracture test was carried out.®*** A trouser-shaped sample (thickness
¢t =3.1 mm for the DN gel and # = 1.2 mm for the PAAm gel, full width 8.0 mm, each leg’s width
w = 4.0 mm, full length ~50 mm, and initial cut length ~20 mm, see Figure S1) was torn at the
crosshead velocity of 100 mm min ™! using a tensile tester (INSTRON 5965). During tearing, the
elongation of the leg was measured using a video extensometer (AVE, Instron Co.) (Figure

S1).2” The tearing fracture energy I" was calculated as:®

[ 2R

— 2w, (2)

where F¢, Ac, and W. are the average force, average elongation ratio of the leg, and average strain

energy density of the leg, respectively, during crack propagation.

Single-edge notch fracture test. Single-edge notch fracture test was carried out to characterize
the fracture energy of the DN gel, the PAAm gels, and the pre-stretched DN gel. The detailed
procedure is provided in Supporting Note I in the SI. Briefly, we used dumbbell-shaped
samples (gauge length 25 mm, width 4 mm, and thickness 1.0—1.7 mm) with a ~1.0 mm notch
made using a razor blade. The notch length was measured for each individual specimen. The

notched sample was stretched at a crosshead velocity of 100 mm min™" until rupture. The fracture



energy from the single-edge notch test was determined as the critical energy release rate at the

onset of the crack propagation, G, as follows:*6:4¢

6W.c,

N

where co is the initial notch length, /. and Ac are the strain energy density and elongation ratio at

Ge = 2kWeco = (3)

the onset of crack propagation, respectively, and % is the prefactor (assumed to be &k =

3)172) 464647 To measure the Ge of a DN gel pre-stretched to the point close to its failure, an un-
notched DN gel was first stretched to an elongation ratio A = 6.0, and then unloaded.
Subsequently, a notch (approximately 1.0 mm) was inserted on this pre-stretched DN sample.

The pre-stretched and notched DN gel was stretched until rupture to determine Ge.

Damage zone characterization. The damage zone of a torn DN gel was visualized and
characterized using a mechanoradical polymerization of NIPAAm, fluorescent molecule 8-
anilino-1-naphthalenesulfonic acid (ANS), and laser-scanning confocal microscopy, as
previously reported.*’ Briefly, a trouser-shaped DN gel containing 1.0 M NIPAAm and 200 mg
mL ™! ANS was torn at a crosshead velocity of 100 mm min! in a glove box under argon
atmosphere at ~15 °C. The torn gel was wrapped with a plastic film to prevent drying, followed
by incubation in a glove box for ~18 h. Fluorescence microscopic measurements were carried
out at 42 °C (above the LSCT of NIPAAm) using a laser scanning confocal microscope (Nikon
A1 Rsi and Ti-E, Nikon Co.) equipped with a Plan Fluor x4 objective lens (NA 0.13, Nikon Co.).
The excitation laser wavelength was 402.5 nm. All measurements were performed at the depth of
5 um from the sample surface. The same laser intensity was used for all measurements. The

theoretical spatial resolutions in the observation plane and in the depth direction were ~1.4 um



and ~50 um, respectively, which gave the ellipsoidal volume of ~50 pm? for each measured
point. Fluorescence intensities were measured at a 6.2 pm interval. The obtained data was
moving-averaged over 9 data points to smooth out the experimental noise.*® The data processing

procedure was performed as reported in the previous study.*

The fluorescence intensity of the torn sample was converted into the energy dissipation density
using the calibration curve obtained from uniaxially-stretched specimens of the DN gel.*’ The
concentrations of NIPAAm (1.0 M) and ANS (200 mg mL™") and all LSCM conditions
(equipment, temperature, resolutions and excited volume, laser intensity, and measured depth
from the sample surface) used for the tensile samples were the same for the torn sample. The
identical conditions allowed to compare the fluorescence intensity of the stretched samples to

that of the torn sample.



Results

Tensile properties and tearing fracture energy

The DN gel adopted in this work showed a yielding and strain-hardening phenomena under
uniaxial tensile testing (Figure 1a). Note that the stress yielding of DN gels does not accompany
plastic deformation. In fact, common DN gels exhibit a small residual strain of only 5-20% even
after experiencing a large strain of 200—1000%.**3® The yielding of this DN gel did not

32,33,48,49

accompany explicit necking deformation, and the gel deformed homogeneously even

above the yielding point.*

Fracture energy of the DN gel was characterized by trouser-tearing test because the tearing
fracture energy can be determined by an energy balance equation regardless of the bulk
dissipation history and without using any empirical parameters.**~*7 Under the tearing test, the
DN gel showed stable (i.e., no stick-slip) crack propagation (Figure 1b), during which the strain
of the sample leg far from the crack was as small at ec ~ 0.14 (Figure 1c¢), which is below the
threshold strain for mechanical hysteresis. The average tearing force was Fe = 1.45 N, and the
average elongation ratio and energy density of the leg were Ac =&c + 1 = 1.14, and W= 9.3 kJ
m 3, respectively, resulting in a tearing fracture energy of I' = 991 ] m2 based on Eq. (2).
Averaged over four measurements, the I' of this DN gel was determined to be 906 + 62 J m 2
(with standard deviation), which lies in the normal range for DN gels synthesized in various

compositions (typically 300-5000 J m2).3%3!

10
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Figure 1. Tensile test and trouser-tearing fracture test of the DN gel. (a) Stress—strain curve
under uniaxial tensile test using a dumbbell-shaped specimen (data reproduced from Ref. 40). (b)
Force—displacement curve of a trouser-shaped specimen during the fracture test. (¢) Stress—strain
curve of a leg of the trouser sample far from the crack tip during the fracture test. The leg strain

was measured by a non-contact video extensometer.
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Energy dissipation in the damage zone of the DN gel

As reported in our previous paper, the mechanoradical polymerization technique combined with
fluorescent molecules and LSCM enables the determination of the profiles of the dissipated
energy density Usdiss (J m ) around the fractured surface of DN gels using a calibration curve
obtained from the fluorescence intensities of uniaxially stretched tensile specimens.*’ The
potential differences between the fluorescence intensities in tearing fracture and uniaxial

stretching are described later in Discussion and Supporting Note I1.

Herein, we set the (x,y,z) coordinates of a fractured sample obtained from the trouser-tearing test,
as illustrated in Figure 2a. The two-dimensional LSCM image of the x-z plane of a torn DN gel
(Figure 2b) shows that the fluorescence intensity was maximized at the fractured surface (z = 0)
and gradually decreased along the z direction, indicating the distribution of the degree of internal
fracturing. Note that the maximum fluorescence intensity near the fracture surface in the torn
sample is almost the same as that of the yielding point in the uniaxially stretched sample,
indicating that most of the observed damage zone is pre-yielding region. Using the calibration
curve obtained from tensile specimens (Figure 2¢), the fluorescence intensity of the fractured
sample was converted into dissipated energy density Uliss.** The profile of the internal energy
dissipation density Uadiss (J m™) as a function of the distance from the fractured surface to the

bulk, z, is shown in Figure 2d.

Since the reports by Brown?!' and Tanaka?® on fracture models of DN gels in 2007, it has been
considered that the high fracture toughness of the DN gel can be predominantly attributed to the
dissipated mechanical energy in the damaged zone, T'diss.""*2°>3 Some previous reports simply

estimated it as ['diss = 2hUliss, where 4 is the damage zone size, and the numerical factor 2

12



corresponds to two symmetric fractured surfaces being formed.>>=*° This approximation was
constructed under the assumption of a homogeneous dissipated energy density Uliss in the
damage zone. In contrast, our results indicate that Udiss is not homogeneous along the z-direction,

as shown in Figure 2d. In these cases, Tdiss is estimated by integration,®’

h
Lies = 2 j Unies(2)dz, @)
0

under an assumption that the dissipation is independent on the y-coordinate. The integration
(Taiss/2 = [ Oh Uaiss d2) is indicated as the highlighted area under the Uldiss—z curve at 0 <z </ in
Figure 2d. We set the damage zone size to # = 1500 mm, at which point the fluorescence
intensity reached the background level. From the integration, the I'diss of the DN gel was
calculated to be 307 + 6 J m 2. Tdiss thus obtained is of the same order of magnitude as the

fracture energy I' (~900 J m™2) but considerably smaller.

13



(a) (c) = 3000 [Calibration curve (tensile samples)
2 2500 |
2
& 2000 |
£
ol 1500 |
[
y 8 1000 F o | =3529 Ud\SS
8
X g 500
T, . . , .
0 0.2 04 0.6 0.8
Dissipated energy density, Uyiss (MJ m-3)
(b) (d) & 025
£
= h
~ 020}
:3 Faiss = 2 Ugiss dz
- 0
2 015}
2 -2
K> = 304 ]m
& o.10f
[]
[ =
(5]
©
o 005}
2 h
A :
w H
a 0.00 Lesals 1 1 .{‘M:J\\ f
0 500 1000 1500

Distance from the fractured surface, z (um)

Figure 2. Characterization of the dissipated mechanical energy in the damage zone, [diss, of a
torn sample by the trouser-tearing test. (a) Schematic illustration of a fractured DN gel and the
(x,y,z) coordinates. (b) Fluorescence intensity image in x-z plane of a fractured DN gel obtained
by LSCM. (¢) Calibration curve of fluorescence intensity / and dissipated energy density Uliss,
obtained from tensile specimens, with a linear regression (I = 3529Ukiss) that is used as a
calibration curve to convert / into Uldiss of the torn sample. (d) Dissipated energy density profile
along the z-axis from the torn surface to the bulk, obtained from the fluorescence intensity
profile. The energy dissipation in the damage zone, [diss, 1S obtained by integrating Udiss along
the z-axis from 0 to 1500 um multiplied by 2. From six measurements of the individual positions,
we obtained Taiss = 307 = 6 ] m 2. Figures 2c and 2d are reproduced based on data published

previously.*
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Origins of the fracture energy

As described in the Introduction, the fracture energy of a tough soft material I" is characterized as
I' = I'diss + Lo, where I'o is the intrinsic fracture energy at the crack tip. Theoretical models
proposed by Brown and Tanaka on the fracture toughness of DN gels suggested I' = diss ( >>
I0).2%2! However, our results indicate that I" (~900 J m2) is considerably larger than Tgiss (~300 J
m?). This large discrepancy can be attributed to (1) an underestimation of the dissipated energy

at the yield region close to the fractured surface and (2) non-negligible I'o.

(i) Dissipated energy in damage zone. First, we considered whether the dissipated energy [diss
was underestimated. Although our method clearly detected the broad non-yield region in which
the applied strain was 0.5 < & < 1.6 (z ranging up to ~1500 um), a narrow yield region (¢ > 1.6,
expected to range up to ~100 pum for z) was not properly characterized owing to the limited
measurement resolution of the current LSCM setup.*’ The size of the yield region of ~100 um is
also as expected from a previous study by Liang et al., in which a 150-300 um yield region was
observed for a thin DN gel in its reswollen state.’® Because yielded DN gels further swell to
approximately two times the length due to internal fracturing,>®*° the size of the yielding zone
was re-evaluated to being approximately 75—-150 um. Although the composition and thickness of
the DN gel by Liang et al. were slightly different from our DN gel, the yielding zone size of our

DN gel is expected to be approximately 100 pm.

Dissipation in the yielding zone has been considered as the dominant contribution to the fracture

energy, because the energy dissipation density in the yielding zone is more significant than the

15



pre-yielding zone. In the yielding zone, the dissipated energy density Uliss of this DN gel is
approximately 1.0 MJ m~> at maximum.*® Therefore, dissipated energy per unit of fractured area
in the yielding zone is approximately estimated as 1.0 MJ m™> x (1.0 x 10 m) =100 J m 2 at
maximum. However, this value hardly explains the discrepancy between I'diss characterized by
integration (~300 J m2) and I characterized by a tearing fracture test (~900 J m2). This
estimation also indicates that the energy dissipation in the pre-yielding zone (~300 J m?)
contributes similarly or more than that in the yielding zone (~100 J m?) because of the larger

dissipation volume in the pre-yielding zone.

(ii) Intrinsic fracture energy, I'g. Next, the intrinsic fracture energy, ['o, was examined.
Previously, ['o of DN gels has been considered as being identical to the fracture energy of the
pure second network, and it has been assumed to be very small because the fracture energies of
some chemically crosslinked PAAm gels are quoted as ~10 J m 2 in the literature.?®?!>! However,
Suo and co-workers recently reported that the fracture energy of some loosely crosslinked

PAAm gels, which is similar to the second network of our DN gel, is 100-500 J m23:10:52.53

Therefore, the fracture energy of the second network I"2nd may not be negligible. Moreover, it is

still an open question whether the intrinsic fracture energy I'o can be approximated by I"2nd.°

To re-examine ["2nd and I'o, we measured the fracture energy of the PAAm gel and a largely pre-
stretched DN gel (see Supporting Note I and Figures S2—S4 for details). The former was
prepared using the same formulation (monomer AAm 4.0 M and crosslinker MBAA 0.8 mM) as
for the second network of the DN gel, which was then swollen with a controlled amount of water
to make the PAAm concentration the same for the DN gel at swollen state (17 wt.% PAAm). For

the latter, we used a DN gel that was pre-stretched until close to its rupture point before the

16



fracture energy measurement. The fracture energy of the pre-stretched specimen is considered to
be close to the I'o of the DN gel because many first network strands were ruptured during the
first stretching, so that the dissipative capacity was nearly depleted, similar to a report by Zhang

etal.>*

Here, we used single-edge notch test to determine the fracture energy of the pre-stretched DN gel
because of the anisotropic feature of the internal fracture of DN gels.?®*%3 Considering the
anisotropic internal fracture, the pre-stretching direction should be the same as the direction of
principal stress in the following fracture test in order to deplete the dissipation capacity around
the crack tip. For this reason, the single-edge notch test is technically more appropriate than the
trouser-tearing test. We also measured the fracture energies of the virgin DN gel and the PAAm
gel by single-edge notch test to compare directly with that of the pre-stretched DN gel. Although
the fracture energy characterized from the single-edge notch test Gc does not have to be exactly
identical to the trouser-tearing fracture energy I, these two values are in the same order of
magnitude within a factor of ~2 (for example, Ref. 44 for a vulcanized natural rubber, Ref. 27 for

DN elastomers, and Table 1 for the DN gel and PAAm gels).

The results are shown in Figure 3 and Table 1. The G. of the virgin DN gel was 826 =245 J m 2,
which is close to the tearing fracture energy (906 + 62 J m2). For the controlled-swollen PAAm
gel, fracture energy determined from single-edge notch test and trouser-tearing test are 184 + 21
Jm™2 and 168 + 54 J m 2, respectively. Hence, I'2nd (150200 J m2) is not negligibly small

compared with the fracture energy of the DN gel (~900 ] m?).

For the fracture energy measurement of the pre-stretched DN gel in which dissipation capacity

was nearly depleted, the DN gel was first stretched to the elongation ratio A = 6.0 to induce

17



plenty of internal fracturing, and then, the sample was unloaded to the original length. The
single-edge notch fracture test was then carried out on this pre-stretched sample by making a
notch vertical to the pre-stretched direction (Figure 3a). Surprisingly, we found that the fracture
energy of the pre-stretched DN gel (denoted as G¢') is 697 + 123 J m™2, which is much larger
than the fracture energy of the second network (Figure 3b). This is also supported by the
original stress—elongation ratio curves of the notched samples for these two gels. As shown in
Figure 3c, the trajectories of the curves of the two notched gels were similar, but the rupture
points differed significantly. This observation indicates a large difference in the fracture energy
between the PAAm single-network gel and the pre-stretched DN gel. Although the G.”
characterized herein must be slightly higher than the actual intrinsic fracture energy because
some of the first network strands can break further with an increase in stretching, the result
strongly suggests that the intrinsic fracture energy is higher than the fracture energy of the
second network. Moreover, Figure 3b implies that intrinsic fracture energy may not be far from

the fracture energy of the virgin DN gel.

Table 1. Fracture energies characterized by trouser-tearing test and single-edge notch test*

Sample dpNaamps (WE.%)  Opaam (Wt.%) I (J/m?) G. (J/m?)
virgin DN gel 2 17 906 + 62 826 + 245
pre-stretched DN gel” 2 17 not measured 697 + 123
as-prepared PAAm gel - 28 199+ 14 343 + 78
controlled-swollen PAAm gel - 17 168 £ 54 184 +£21

? dpnaamps and dpaam are the weight fractions of the PNaAMPS and PAAm, respectively. ' and G; are the fracture
energies characterized by trouser-tearing test and single-edge notch test, respectively. Error ranges denote the
standard deviations for 3-4 measurements. ® Pre-stretch ratio A = 6.

18
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Figure 3. Fracture energy, Gc, measured by single-edge notch test. (a) Schematic illustration of
the procedures for measuring the fracture energy of a pre-stretched DN gel with significant
internal damage. A virgin DN gel is stretched to a strain close to its rupture point and then
unloaded, followed by the fracture energy measurement of the pre-stretched gel by a single-edge
notch test. (b) Fracture energy Ge of the virgin DN gel, the pre-stretched DN gel (pre-stretched
ratio A = 6), and the controlled-swollen PAAm gel with a polymer weight fraction of 17 wt.%
that was the same as the PAAm fraction in the DN gel. The error bars represent the standard
deviation for 3—4 measurements. (¢) Typical stress—elongation ratio curves of the notched (solid
curves) and unnotched (dashed curves) samples of the virgin DN gel (blue), the pre-stretched DN
gel (magenta), and the PAAm gel with a polymer weight fraction of 17 wt.% (green), with notch
lengths of 1.03 mm, 0.97 mm, and 1.00 mm, respectively. To highlight the results of the notched

samples, only parts of the curves are shown for the unnotched samples.
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Discussion

For the DN gel with a fracture energy of I' = 900 ] m 2, the fluorescence observation shows that
the energy dissipation in the damage zone Idiss is approximately 400 J m 2 (~300 J m 2 in the
pre-yielding zone and ~100 J m2 in the yielding zone), which predicts I'o of ~500 J m 2. The
fluorescence method using mechanoradical polymerization can contain some uncertain method-
specific errors (see Supporting Note II in the SI). Even so, individual fracture test results clearly
indicate that I'o is as large as 150—700 J m 2, which supports the prediction of I'o by the
fluorescence observation. Taking the uncertain experimental errors into account, it can be
concluded that the fracture energy I" (~900 J m2) of the DN gel is the sum of the energy
dissipation Iqiss in the pre-yielding and yielding zones of 200-400 J m 2 and 50-300 J m 2,

respectively, and the intrinsic fracture energy I'o of 150700 J m 2 (Figure 4).

l—diss_pre-yield =~ 200400 J m—2
[ giss_yield = 50-300 J m~2

o= 150-700 J m—2

r = 900J m-

Figure 4. Schematic representation of the three contributions (dissipated energy in the wide pre-
yielding zone [diss pre-yield, dissipated energy in the narrow yielding zone Idiss_yield, and intrinsic
fracture energy I'o) to the fracture energy I of the DN gel. For the DN gel used in this work, each

of these three factors makes non-negligible contribution to the fracture energy of the DN gel.
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Most studies on DN gels mainly, or only, considered energy dissipation in the yielding zone and
assumed I" = [dgiss >> T0.1:6:20-23:35:39 Therefore, our findings based on experimental results
provide two important insights into the toughness of DN gels. First, the dissipation in the pre-
yielding zone, as well as in the yielding zone, makes a large contribution to ['diss. Previously,
most studies on DN gels focused on energy dissipation only in the yielding zone because the
energy dissipation density (J m>) in the pre-yielding zone is relatively small; thus, it was
considered negligible. However, our results indicate that ['diss in the pre-yielding zone is
comparable to or even larger than that in the yielding zone. This is because the dissipation
volume (m?) in the pre-yielding zone is significantly larger than that in the yielding zone.
Specifically, for the DN gel used in this work, the dissipative volume (m?®) and the average
dissipated energy density (J m™>) in the pre-yielding region are ~10 times larger and ~10 times
smaller than those in the yield region, respectively; thus, the two regions make similar

contribution to I diss.

Second, we experimentally found that the intrinsic fracture energy I'o is not as small as ~10' J

m 2, which has been assumed in previous reports,?®?! but rather is in the order of ~10> J m 2 or
larger. Our results further imply that the intrinsic fracture energy I'o is higher than that of the
second network, I"2nd. This is reasonable because not all strands of the first network are broken,
even if a DN gel is largely deformed until rupture. If all first-network strands could be broken,
some mechanical properties, such as stress at rupture in tensile test would be the same as those
for the second network. In fact, it is known that the stress at the breaking point of a DN gel is
much higher than that of the second-network single-network gel.?>?”37-36 Nakajima et al.
suggested that only ~10% of the first-network strands are broken at the rupture point of a DN gel

under uniaxial tension from mechanical hysteresis characterization.*® Matsuda et al. detected the
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chain scission in a yielded DN gel being in the order of 10 mol m ™~ by mechanochemical
ferrous oxidation technique.’” Considering that the number density of the first network strands is
vist ~ 0.16 mol m 3, the fraction of the broken first-network strands is estimated to be in the order
of ~10%. (Note that vist was estimated from vist = Eo/3ksTNAQ under the assumption of affine
network theory, where Eo = 26 kPa is the tensile elastic modulus of the first-network gel at the
preparation state, ks is the Boltzmann constant, 7= 298 K is the absolute temperature, Na is the
Avogadro constant, and Q = 22 is the volumetric swelling ratio of the first network from the
preparation state to the state in the DN gel used in the literature.’”) These two individual

3637 suggest that most (probably ~90%) of the first network strands are not broken even

results
under large deformation above yielding. Also, another recent paper by Chen et al. shows that the
first network strands in a quadruplet-network elastomer are still considerably loaded in the
necked part after yielding, revealed using spiropyran mechanophore incorporated as the first
network crosslinker.”” Therefore, it is plausible that the surviving first-network strands
(supposedly disconnected clusters of the broken first network?>2%3%38) play a role in
strengthening and toughening damaged DN gels that have already experienced significant
internal fracturing. The role of the surviving first network should be revealed in the future. In our
opinion, the possible physical picture is either or combination of the following mechanisms. (1)
The broken first network clusters could act as fillers that restrict or divert the crack growth,
similar to some composite or micro-structured materials.>*®* (2) Upon the crack growth, some of
the surviving first network strands can be ruptured very near the crack tip (e.g. 10>-10* nm
region from the tip) inside of the gel and/or at the surface of the crack, which dissipates further

energy. This mechanism could be interpreted as the further internal fracturing; however, it

should be a crack-tip-specific phenomenon since most (probably ~90%) of the first-network
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strands cannot be ruptured upon the homogeneous deformation. (3) Internal fracturing of the
second network would be also induced under large stress with the presence of the surviving first
network. (4) The second network might exhibit strain-induced intermolecular interaction that
enhances the crack-tip toughness, similar to the strain-induced crystallization of slide-ring PEG
gels and tri-branched PEG gels at relatively high polymer concentration.'>®* Since PAAm has
hydrogen bonding donor and acceptor capabilities, the aligned PAAm strands would possibly
interact with each other to form amorphous bundles or crystals. The second network alignment

could be enhanced by the first network clusters that may act as giant sliding crosslinkers.?*

The effect of the broken first network on the crack-tip toughness I'o is an important aspect when
studying the fracture mechanics of DN gels because ['o contributes not only to restricting an
initiation of the crack propagation at the crack tip but also to enhancing I 'diss by increasing the

damage zone size upon deformation. 2154

The finding of I'o > I'2nd might be valid for other interpenetrated network materials. For example,
Zhang et al. reported that the intrinsic fracture energy of an alginate/PAAm DN gel (fracture
energy I' = 1063 I m2) is ['o = 400 J m 2, which is characteristic of pre-stretched samples.**
Although they did not compare the I'o with the fracture energy of the second network I'2nd, we
expect that ['2nd for the PAAm network in their work (PAAm ~10 wt.% and MBAA crosslinker
~0.08 mol% with respect to the AAm monomer unit)** is 100 J m 2 or lower. This estimation is
based on the fact that the fracture energy of a PAAm gel with a higher polymer content and a
lower crosslinker density (PAAmM ~14 wt.% and MBAA crosslinker ~0.05 mol% with respect to

the AAm monomer unit) synthesized via a similar polymerization procedure in their work (1-
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hour UV irradiation in the presence of ammonium persulphate and N,N,N’,N"-

tetramethylethylenediamine) showed a fracture energy of 100 J m .1

We have concluded that the fracture energy of the DN gel used in this work (I" = 900 J m™2)
consists of contributions of Ldiss in the yielding zone of 50—-300 J m™2, Ldiss in the pre-yielding
zone of 200—400 J m 2, and an intrinsic fracture energy I'o of 150—700 J m2. It should be
mentioned that the fracture energy of the DN gel (~900 J m?) is a moderate value of the fracture
energies of common DN gels synthesized in various compositions (typically 300—5000 J

m 2).3%3! The ratio of the three contributions should vary according to the composition of the DN

gel, which needs to be investigated further.
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CONCLUSION

Energy dissipation in the damage zone around the crack tip of the DN gel characterized by
mechanochemical technique was quantitatively compared with the fracture energy. The results
show that energy dissipation by internal fracturing in the damage zone, Idiss (~400 ] m ), is
considerably smaller than the fracture energy I as characterized by the tearing test (~900 J m2),
suggesting that the intrinsic fracture energy ['o is not negligibly small. This prediction was
further confirmed by characterizing the fracture energies of the PAAm single-network gel (~200
J m™2) and a largely pre-stretched DN gel (~700 J m™2). These results also suggest that I'o is
larger than the fracture energy of the second network. We also clarified that the energy
dissipation around the crack tip of the DN gel in the pre-yielding zone is comparable to or larger
than that in the yielding zone, although dissipation density per unit volume is relatively small,
because the dissipative volume in the pre-yielding zone is much larger. These results suggest for
the first time that the contributions to the energy dissipation cannot only be found in the yielding
zone but also in the pre-yielding zone and that the intrinsic fracture energy contributes

considerably to the large fracture energy of DN gels.

The non-negligible contributions of the dissipation in the pre-yielding zone and/or intrinsic
fracture energy being higher than the stretchable-network fracture energy would explain the
toughening effect of some double- and triple-network gels and elastomers that do not show
explicit yielding and large extensibility.'>?7%3! Each contribution to the fracture energy is
important not only to understand the toughening mechanisms of multiple-network materials but
also to optimize their mechanical properties for targeted applications. Furthermore, the large

intrinsic fracture energy ['o after elimination of the damage-zone dissipation capacity is also
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suggestive in practice since it had been often viewed that DN gels with the irreversible sacrificial
bond mechanism were no longer ‘tough’ after the first deformation.!®!!> Our results as well as

54,65

some reported results”™* indicate that the multiple-network soft materials are intrinsically tough

even after the bulk dissipation, presumably because of the surviving first-network strands.
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