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ABSTRACT

Double-network (DN) hydrogels are tough soft materials and the high fracture
resistance can be attributed to the formation of a large damage zone (internal fracture
of the brittle first network) around the crack tip. In this work, we studied the effect of
pre-damage in the brittle network on the fracture energy /. of DN hydrogels. The pre-
damage of the first network was induced by pre-stretching the DN gels to prestretch
ratio Apre. Depending on the Ayre in relative to the yielding stretch ratio Ay, above which

the brittle first network starts to break into discontinuous fragments inside DN gels, two



regimes were observed: /¢ decreases monotonically with Apre in the regime of Apre < Ay,
mainly due to the decreasing contribution from the bulk internal damage; while /<
increases with Apre in the regime of Apre > Ay, The latter can be understood by the release
of hidden length of the stretchable network strands by the rupture of the brittle network,
whereby the broken fragments of brittle network could serve as sliding crosslinks to

further delocalize the stress concentration near the crack tip and prevent chain scissions.

The well accepted Griffith’s energetic criterion predicts the crack initiation based
on the competition between two quantities: the strain energy release rate G that provides
the driving force for crack propagation, and the fracture energy /" to resist crack
propagation.!* To propagate a crack, the former needs to reach or exceed the latter. The
models established based on this energy consideration have so far been instrumental in
predicting the fracture of covalent polymer network materials that are both elastic and
viscoelastic.! !

In recent decades, soft materials have found numerous emerging applications in
fields including bioengineering materials, drug delivery, wearable electronics, and soft
robotics.!!">* A variety of efforts in the field of soft materials have been devoted to
designing materials as robust as possible to resist initial crack initiation, taking
advantages of fracture toughness at crack initiation as the most important design
consideration. Among some great efforts, the double-network (DN) concept stands out

as an extraordinary strategy for toughening soft materials including gels, elastomers as
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well as composite materials.?>> The DN gels are a typical and classical example of
strong and tough gels, which were originally invented by Gong’s group in 2003.%* The
DN gels are characterized by a special network structure consisting of two types of
interpenetrating polymer components with contrasting physical natures; i.e., a stiff and
brittle first network with dilute, densely crosslinked short chains, which serves as
sacrificial bonds, and a soft and ductile second network with concentrated, loosely
cross-linked long chains, which acts as stretchable matrix. Immense efforts have been
taken to clarify the origin of its extraordinary fracture toughness, which emphasized the
importance of the brittle network as sacrificial bonds inside DN gels.>*** Upon
deformation, the brittle network suffers significant damage with an abundance of
covalent bond scissions dissipating large amounts of energy, while the stretchable
network can keep the integrity of the material without failure. This internal damage also
occurs ahead of the crack tip accompanied by the formation of a damage zone around
the crack tip dissipating a huge amount of energy, which contributes to the
extraordinarily high fracture energy of DN gels. In a recent report, by virtue of
mechanochemical techniques, Gong’s group has succeeded in visualizing the damage
and quantifying stress, strain, as well as the fracture energy contribution around the
crack tip of DN gels.*? By comparing the fracture energy of DN gels to its counterpart
with damage, it is suggested that in addition to energy dissipation in a yield region (so-
called damage zone in the previous study) ahead of the crack tip, the dissipation in the
wide pre-yielding region and the intrinsic fracture energy also have a large contribution

to the fracture energy. Despite that some of the previous studies have measured the



fracture energy of DN gels with damage** 46

, a systematic control of pre-damage and a
careful examination on the effect of pre-damage on the fracture energy of DN gels at
crack initiation is still lacking.

In this study, we systematically control the extent of pre-damage in DN gels and
reveal its effect on the crack initiation for the DN hydrogels by a fracture energy
analysis on the pure-shear crack tests and single-edge notch tests. Our experiments were
conducted with DN hydrogels consisting of poly(2-acrylamido-2-methylpropane
sulfonic acid sodium salt) (PNaAMPS) as the brittle first network and polyacrylamide
(PAAm) as the soft second network, both of which were synthesized via a two-step
polymerization process following the literature.*! The synthesized DN gel demonstrates
typical mechanical behaviors and extremely high stretchability as reported in previous

studies,>*#

exhibiting obvious stress-yielding behavior at relatively small deformation
and significant strain-hardening behavior at large deformation (Figure S1). Owing to
the combination of two elastic covalently crosslinked interpenetrated networks, DN
hydrogels are a relatively simple system in which no rate-dependent deformation or
damage behaviors are involved, and accumulative damage can be induced in a
controllable manner prior to crack tests.** 4748

In this paper, we are specifically interested in how the accumulative damage would
affect the fracture energy of DN gels. For this, prior to crack tests, we first induce
different level of internal damage in the brittle first network of DN gels by applying

various extents of stretch (i.e., Apre) to the unnotched DN gels (Figure 1A). During this

pre-stretch process, strands of the brittle first network reaching their stretching limits



break progressively, resulting in a non-recoverable hysteresis loop in its loading-
unloading stress curves (Figure 1B(i) and S2). The extent of internal damage quantified
by the hysteresis loop area Unys(Apre) considerably increases with the increase of Apre
above 1.5, indicating the progressively enhanced internal damage with the increase of
prestretch (Figure S2C). Accordingly, we obtain DN gels with various extents of
internal damage by varying Apre. We denote DN gels with pre-damage as DN-Ayre, and
DN-1.0 corresponds to the virgin DN gel. For the pre-damaged DN-Ape gel, when
subjected to loading-unloading cycle, its mechanical behavior highly depends on the
relation between the posed stretch ratio Amax and the pre-stretch ratio Apre (Figure 1B).
When Amax < Apre, the loading and unloading curves overlap because no internal damage
occurs (Figure 1B(ii)), and the area under the loading curve corresponds to the stored
strain energy under loading (Figure 1B(ii), pink colored area); when Amax > Apre, internal
damage occurs in the loading region of A between Apre and Amax, resulting in hysteresis
between the loading and unloading curves (Figure 1B(iii), green colored area). The
material parameters including the loading energy density Wioad, the stored strain energy
density Wei (=Wunload), and the dissipated energy density Uliss (= Unys) for the pre-

damaged DN-Apre gels are summarized in Figure S3A—C.
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Figure 1. Inducing internal damage to DN gels. (A) Schematic illustration of
experiments to induce internal damage to DN gels by stretching and the corresponding
structure change of the brittle first network (blue). The DN gels after inducing damage
are denoted as DN-Ape. (B) The DN-Ape samples subjected to the experiment as
described in (A) showed a hysteresis loop in the loading-unloading curves, indicating
pre-induced internal damage of the brittle first network (i). The typical loading-
unloading behaviors for pre-damaged DN-A,re gels subjected to a second loading at Amax
< Apre (11) and Amax > Apre (iil).



To examine how accumulative damage affects the crack initiation in these pre-
damaged DN gels, we use a razor blade to introduce a large notch into the edge of the
DN-Apre gels and then load the notched sample to see how the critical stretch ratio Ac at
the onset of crack propagation changes. To observe the crack growth during loading
process, we adopt the experimental setup to perform real-time imaging of birefringence
(Figure 2A and S4).**“° Such an experimental setup can not only capture the crack
growth behavior but also reveal the degree of network strand orientation ahead of crack
tip during deformation. In an early report, we applied this experimental setup to
quantify the damage zone area ahead of crack tip, where the second network strands are
in highly stretched state along the tensile direction to show strong birefringence, for
DN gels.*?

The stress curves of the pre-damaged DN-Apre gels during crack test are shown in
Figure 2B. As elucidated in the previous study, the yielding stretch ratio Ay (~3.20) of
DN gels observed from uniaxial tensile curve (Figure S1) corresponds to the point
above which the brittle first network is broken into discontinuous structure along the
sample width direction.’® Accordingly, we divide the dependence of the stress curves
on the Ay into two regimes based on the relation between Apre and Ay: regime I (Apre <
Ay) in which the brittle first network still has continuous structure and mainly carries
the load and regime II (Apre > Ay) in which the brittle first network has been damaged
into discontinuous fragments and the stretchable second network becomes mainly

carrying the load. Figure 2C shows the dependence of the critical stretch ratio Ac at the



onset of crack propagation on the Apr. In regime I, Ac > Apre and A is nearly a constant
around 2.6 for Apre < 2.0 but slightly increases with Apre for Apre = 2.0-3.0; while in regime
11, A¢ is nearly identical to Apre.

Here we estimate the fracture energy of these pre-damaged DN-Ayre gels. The work
of loading an unnotched sample to a maximum stretch ratio (Amax), denoted as
Wioad(Amax), decreases with the increase of Ay (Figure S3A). The apparent fracture
energy /¢ at crack initiation for DN-Apre is a function Apre and can be determined by
I, = G, = Wypaqa(A)Hy > > For DN-Apre gels in regime 1 (Apre < Ay), I decreases
monotonically from 4220 to 2230 J/m? because of the decrease of Unys(A¢); while for
DN-Apre gels in regime I (Apre > Ay), it is interesting to see that /¢ slightly increases from
2000 to 2600 J/m? (Figure 3A).

Since the DN gels dissipate energy during loading due to internal fracture, the
applied loading energy is partially used for breaking the first network in the bulk, not
all dissipated near the vicinity of the crack. Here, we seek to separate the apparent
fracture energy /. of DN gels into two contributions: (1) I}, thatis consumed by the
sacrificial damage of brittle network in the bulk (far from a crack) and (2) I3, thatis
consumed in the process zone near the vicinity of crack tip (Figure 3C). We estimated
Iy from the mechanical hysteresis area Uy;qs (Figure S3C) as Iy = UgissHp-
For a pre-damaged DN-Ape gel, the dissipated energy density Uy;ss to a critical stretch
ratio of A, could be estimated from the total dissipated energy density Upys(A;) of
the virgin sample, taking away the part used for damage during pre-stretch, Upys(Apre)-
Namely, Ugiss(Ac) = Unys(Ac) — Unys(Apre) . Here, we apply the Griffth law by
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correlating the stored strain energy per unit area G,; with the energy dissipation at the
crack tip, [ty = Gy = We(A)Hy, where W, (A.) is the stored elastic energy density
of the unnotched sample stretched to A, (Figure S3B). As summarized in Figure 3B,
Iy decreases remarkably with the increase of 4, from 2870 to 420 J/m? in regime
I (Apre <3.0 <2y) and becomes zero in regime II (Apre > 3.25 > Ay), which accounts for
the initially decreasing trend of I¢. It is interesting to note that I7;;, exhibits slightly
increasing tendency from 1350 to 1800 J/m? in regime I (Apre < 3.0 < Ay), then
moderately increases to 2500 J/m? in regime II (Apre > 3.25 > Ay). These results show
that the local fracture energy at crack vicinity has a quite large value and slightly
increases with pre-damage of the first network.

As the local fracture energy [3;, at crack initiation can be considered as the sum
of the energy dissipation for local yielding zone formation I;.;4 and that for breaking
the strands across the crack plane I (Figure 3C),* Liip = Lyierq + Ip. To clarify the
increasing tendency of Ii;,, we next discuss the trend of [};q and I with A,.,.
Lyiea = Ugisyhy, here Uy, 1s the energy dissipation density inside the yielding zone
and Ay is the yielding zone size in the undeformed state. Uy, decreases with 4,
owing to the increased pre-damage in the bulk. The area to exhibit strong birefringence
at the crack tip slightly decreases as the A,,. increases (Figure 4A, B). The
birefringence area S. at deformed state also exhibits slightly decreasing trend with the
increase of Ay, at Apre < 3.0 (regime I) and then reaches a plateau value at Apre > 3.25
(regime II) (Figure 4C). Since hy~SCO'5,43 the yielding zone size shows the decreasing

tendency as A, increases. Given the common decreasing trend of both Uy;s, and
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hy, the energy dissipation consumed for local yielding zone formation I},;,;4 decreases
with A,,.. Thus, it comes to a surprising conclusion that the [I; must exhibit a
significant increasing trend to prevail over the decreasing trend of I},;,,4, ensuring that
I, 1s increasing with the increase of A, (Figure 3B). This energy consideration
implies a surprising finding that the intrinsic fracture energy /o to break stretchable
strand layers crossing the crack plane is not an invariable constant as we previously
assumed and as measured for the as-prepared SN PAAm hydrogel (670 J/m?, Figure
S5). It surprisingly gets enhanced with the pre-damage in brittle first network. This
enhancement effect of I, by pre-damage has similarity to a recent report showing that
preferential bond scission of the weak bonds releases extra hidden length, which share
the load along the primary chains ahead of crack front, providing a substantive
toughening effect.’! One possible effect is from softening of the DN gel at large Apre.
The softening effect by pre-induced damage can make the stretchable strands more
bearable for a large deformation ahead of crack tip, which possibly accounts for the
enhanced [;. Another plausible effect is that the broken fragments of brittle network
could serve as sliding crosslinks to further delocalize the stress concentration near the
crack tip and prevent chain scissions, like that discovered in highly entangled network
systems. 23

It can be deduced from the increasing tendency of Ii;, (Figure 3B) that if an
extremely large extent of pre-damage can be imposed to DN gels by inducing 4,
close to its maximum stretchability, the increasing contribution of [;;, near the
vicinity of crack tip may prevail the decreasing contribution of [}, making the pre-
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damaged DN gels even tougher than the undamaged virgin DN gels.
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Figure 2. Effect of pre-stretching ratio Apre on the crack initiation of pre-damaged
DN hydrogels. (A) Schematic for observation of the real-time birefringence of the
fracture process for pre-damaged DN gels in a pure shear test. Abbreviations: L, lamp;
P1 and P2, crossed circular polarized films; S, sample; V, video camera. Reproduced
from ref (43). Copyright 2021 National Academy of Sciences. (B) The stress-stretch
ratio curves for DN-Apre gels in pure-shear fracture tests. The dotted lines show loading-
unloading cycles of unnotched samples to induce pre-damage prior to fracture test. The
loading velocity v = 50 mm/min. (C) Dependence of critical stretch ratio Ac at the onset

of crack propagation on Apre.
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Figure 3. Fracture energy of pre-damaged DN hydrogels at crack initiation. (A)
Apparent fracture energy I = G, = Wjpaqa(A:)Hy. (B) Fracture energy for bulk
internal damage Iy, = Ugi5(Ac)Hp and consumed in the vicinity of crack tip [, =
Ger = Wer(Ac)Ho, where I'e =Ibuk + Itip. Wigaa(Ac), Wer(4c) and Ugis(4c) for
various A, are obtained from Figure S3. The average is collected from 3
measurements for each DN gel. (C) Schematic illustration on the various energy
contributions to the apparent fracture energy of DN gels.
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Figure 4. Yielding zone area of pre-damaged DN hydrogels at crack initiation. (A,
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experimental setup: (A) regime [ (Apre < Ay) and (B) regime II (Apre > Ay). Strong
birefringence area around the crack tip indicates yielding zone in which the 2" network
strands are strongly oriented. (C) Pre-stretch ratio A,re dependence of yielding zone area

S determined from (A, B).

The extent of pre-damage is restricted by the maximum stretchability of DN
hydrogels under a pure shear configuration with a large width (Lo =50 mm) owing to
the strong stress concentration at the clamped positions. To induce extremely large pre-
damage in DN gels, we use a strip configuration with a much smaller width (Lo =10
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mm) (Figure 5A). The Apre can be applied as large as 16.0, much larger than that can be
imposed in pure shear configuration (Apre < 4.0). To substantiate the enhanced
toughening effect with the pre-induced damage in brittle first network, we perform
single-edge crack tests on the DN-Ape gels with systematically varied initial crack
length co. We select three specific Apre: (1) Apre = 1.0 corresponds to the virgin DN gels
without pre-damage, (2) Apre = 2.4 corresponds to the DN gels with a small amount of
pre-damage (prior to yielding) and (3) Apre = 16.0 corresponds to the severely pre-
damaged DN gels in which the brittle first network is completely broken to small
fragments serving as sliding cross-links. It should be noted that for the strip
configuration, the yielding stretch ratio of the DN gel is determined as ~2.7. The
corresponding stress curves of DN-1.0, DN-2.4 and DN-16.0 subjected to single-edge
crack tests with varied co are shown in Figure S6—S8.

Similar to that in the pure-shear tests, the critical strain energy density Wp(Ac) in
the single-edge tests can also be obtained by Wy (A.) = [ 1}\  Gun—notched dA , where Ac
is the critical stretch ratio at the onset of crack growth for the notched sample. We find
that in the large co range of 0.5-8.0 mm, the Wp(Ac) for these three series of DN-Apre gels
all roughly follows a general relation of W, (A.) « c,~! (Figure 5B). Note that the
deviations in the small ¢ range from such a general relation of W, (A,) < c,~1 for the
DN-1.0 and DN-2.4 gels suggest a critical flaw-sensitivity related length scale c*,
below which the DN gel can exhibit necking expansion behaviors before crack
propagation showing its flaw-insensitivity (Figure S6B(i) and S7B(i)). This general
relation of W, (A,) « c,~1 has also been found in a previous study by Suo’s group

14



researching on the single-edge tests of DN hydrogels,> despite a different composition
of DN hydrogels and a different sample shape, suggesting that this relation is somehow
general for DN hydrogels. It is inferred from their study that the product of W, (4.)c,
may qualitatively represent the material-specific toughness simply using the prediction
of linear elasticity to compare with the experiment.>* Here, we compare the material-
specific toughness between different DN-Ayre gels by simply comparing the product of
Wy, (Ac)co. The data series for the severely pre-damaged DN-16.0 nicely fall into a line
well above that for the DN-1.0 without damage, and the data series for the slightly pre-
damaged DN-2.4 is below that for DN-16.0 and DN-1.0 (Figure 5B). The severely pre-
damaged DN-16.0 possibly have the highest fracture toughness (W, (1.)cy=655 J/m?),
followed by the DN-1.0 (W, (A.)c, =408 J/m?), and the slightly pre-damaged DN-2.4
(W, (A)co =264 J/m?) has the lowest fracture toughness among these three DN
hydrogels. The decreased fracture toughness for the slightly pre-damaged DN-2.4
compared with the DN-1.0 is in good consistence with the decreasing /. measured by
pure-shear tests (the regime I in Figure 3A). More importantly, the enhanced fracture
toughness for the severely pre-damaged DN-16.0 in comparison to DN-1.0 strongly
supports a substantive toughening effect by the preferential bond scission of the brittle
network. After severe pre-damage, the originally brittle network with continuous
structure was broken into discontinuous fragments; during such process, it releases
extra hidden length in the stretchable strands and further share the load along the
primary chains ahead of crack front to delocalize the stress concentration near the crack

tip and prevent chain scissions. In addition, the much more enhanced stress curves and
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the corresponding Wy(Ac) for the pre-damaged DN-16.0 gels in comparison to these of
the as prepared PAAm gels (at co = 0 and 2 mm) (Figure 5B and S8), suggest that the
broken fragments of brittle network serve as sliding crosslinks to further strengthen and
toughen DN gels. >3

In summary, we have carefully revealed the effect of pre-damage on the crack
initiation for the DN hydrogels by a systematic analysis on the pure-shear and single-
edge notch tests. It is clear that the fracture energy of DN hydrogels at crack initiation
strongly depends on the extent of pre-damage in the brittle network strands, namely, the
pre-stretch ratio Apre. In the regime I (Apre < Ay), in which the pre-damage is insufficient
to cause the brittle first network broken catastrophically with discontinuous fragment
structure inside DN gels, /. decreases monotonically mainly due to the decreasing
contribution of [}, from the bulk internal damage; while in regime II (Apre > Ay), in
which the brittle first network start to be damaged into discontinuous fragments, /<
begins to increase due to the increased local fracture energy [3;, at crack vicinity. This
surprising increment in the fracture toughness possibly originates from a toughening
effect by the released hidden length of the stretchable strands by the rupture of the brittle
network, whereby the broken fragments of brittle network could serve as sliding

crosslinks to further delocalize the stress concentration near the crack tip and prevent

chain scissions.
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Figure 5. Single-edge notch crack tests on the severely pre-damaged DN gels. (A)
Schematic illustration of experiments to induce internal damage to DN gels by
stretching under a single-edge notch configuration prior to the single-edge notch tests.
Sample configuration: sample width Lo = 10 mm, sample height Ho =35 mm and varied
crack length co. The DN gels after inducing damage are denoted as DN-Ayre. (B) The
critical strain energy density Wy(Ac) as a function of initial crack length co for DN-Apre
with different Apre. The critical length scale c* related to the flaw-sensitivity of DN-1.0
gels is around 0.2-0.3 mm. The data for PAAm SN hydrogels with crack length co = 2
mm and without notch are also included for comparison.
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