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Abstract

Polyampholyte (PA) hydrogels are a new class of tough and self-healing supramolecular
hydrogels that have a potential as load-bearing soft materials. Studying on the creep
behavior of these hydrogels and understanding the molecular mechanism are important for
prediction of life time of the materials. In the present work, we study the creep rupture
dynamics of the PA hydrogels with and without chemical cross-linking, in certain
observation time window. We have found that, above some critical loading stress both
physical and lightly chemically crosslinked hydrogels undergo creep rupture while
moderately chemically crosslinked hydrogel resists creep flow. To elucidate the molecular
mechanism, we have further compared the creep behaviors of the physical and lightly
chemically crosslinked samples. The creep rate of the samples decreases with the creep
time, following a power law relation, regardless of the loading stress variation. The fracture
time of both of these hydrogels exponentially decreases with the increase of the loading

stress, following the same master curve at high loading stress region, while the behavior of
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the two samples becomes different in the low loading stress region. We have explained the
delayed fracture dynamics at high loading stress region in terms of relatively weak strong

bond rupture mechanism.

1. Introduction

Load-bearing soft materials are necessary not only for tissue engineering but also for
different bio-medical applications, drug delivery systems etc.!> Hydrogels, three-
dimensional networks composed of crosslinked macromolecules and abundant water,
belong to soft & wet material. Based on some similarities to biological tissues, for example
their soft and hydrated form, hydrogels have drawn a great attention as synthetic
equivalents for use in biological systems. However, the scope of hydrogel applications is
often severely limited by their mechanical weakness and brittleness. Invention of the tough
double network hydrogel and revealing of its toughening mechanism have found a general
solution to develop tough hydrogels, that is, to introduce into the hydrogels sacrificial
bonds that rupture during sample deformation.>~> The sacrificial bonds effectively dissipate
energy and impart toughness of the hydrogels. Based on this sacrificial bonds mechanism,
many tough hydrogel materials as well as elastomers have been fabricated using either

68 or physical bonds, such as ionic bonds,”!' hydrogen bonds,"

chemical bonds,
hydrophobic bonds.!*!* The hydrogels with physical sacrificial bonds have shown
multifarious unique properties like fatigue resistance, shape-memory effect, shock
absorption capability, self-healing and self-recovery, along with the high toughness.!013:13

For the real application of various tough hydrogels as potential load-bearing soft materials,

it is essential to know the long term time-dependent mechanical behavior of the materials.
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Systematic study on the creep behaviors of the hydrogels under a constant load is one of the
most essential approaches for the understanding of the fracture mechanism and prediction
of life time of the materials. In our present article, we study creep rupture dynamics of
tough and self-healing polyampholyte (PA) hydrogels recently developed.'®!® Such PA
hydrogels were synthesized from radical copolymerization of oppositely charged ionic
monomers around zero-net charge composition at very high concentration without or with a
slight chemical cross-linking. For example, the P(NaSS-co-MPTC) physical hydrogels,
copolymerized from 2.1 M total monomers solution of sodium p-styrenesulfonate (NaSS)
and 3-(methacryloylamino)propyl-trimethylammonium chloride (MPTC), exhibit high
strength (tensile fracture stress o, = 1.8 MPa), high extensibility (tensile fracture strain e, =
7.4), and high toughness (tearing energies 7 = 4000 J/m?).!° These values are ranked among

the highest level of soft materials, either synthetic such as tough DN hydrogels, filled

rubbers, or natural, such as cartilages.'’

The excellent mechanical performances of the PA hydrogels are the results of formation of
multiple ionic bonds, both inter- and intra-chains, whereupon the topological entanglement
and/or chemical cross-linking of the polymer chains substantially stabilize the ionic
bonding.!®!® Owing to the random distribution, the ionic bonds have a wide range of bond
strength. The strong bonds work as permanent cross-linker, imparting the elasticity of the
hydrogel. The weak bonds are fragile and they break under stress, serving as reversible
sacrificial bonds. Upon rupture of the weak bonds, the globule polymer chain becomes
unfolded, serving as hidden length.'® These two processes dissipate energy and impart

toughness to the hydrogel, in analogy to that of bone toughening in which Ca?" ion rupture
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and protein unfolding dissipate energy.'® Due to the dynamic nature of the ionic bonds, the

PA hydrogels are strongly viscoelastic, exhibiting a broad dynamic mechanical spectra.'’

In this study, we study the creep behaviors of the PA hydrogels using P(NaSS-co-MPTC)
gels as a model system by tensile test. Both physical PA gel without any chemical cross-
linking (denoted as p-PA gel) and chemical PA gel that is slightly crosslinked by chemical
cross-linker (denoted as c-PA gel) are used. The chemical cross-linking is expected to
prevent the flow of the polymer chains and thus to delay the rupture of the PA hydrogels.
To the authors’ knowledge, most of the creep experiments have been performed on
mechanically weak hydrogels by shearing test using rheometer or compression test.?* 22
The high toughness of the PA hydrogels permits us to study on the creep behavior of the
material by tensile test. We believe that, this investigation will help for designing long-term

load bearing soft materials for tissue engineering and different bio-medical applications.

2. Experimental

2.1 Materials

Commercially available anionic monomer, sodium p-styrenesulfonate (NaSS); cationic
monomer, 3-(methacryloylamino)propyl-trimethylammonium chloride (MPTC); cross-
linker, N,N’-methylenebis(acrylamide) (MBAA); UV initiator, a-ketoglutaric acid, were all
purchased from Wako Pure Chemical Industries, Ltd. and used as received. Millipore de-
ionized water is used in all of the experiments.

2.2 Synthesis of PA hydrogels



PA hydrogels were synthesized by free radical random co-polymerization from precursor
aqueous solution containing total ionic monomer concentration C,, (=[NaSS] + [MPTC]) of
2.3 M with the mole fraction of anionic monomer f (=[NaSS]/C.) of 0.52, according to the
method described in our previous reports.'® 0.1 mol% o-ketoglutaric acid (in relative to C)
as the initiator, 0, 0.01 and 0.1 mol% MBAA as the chemical cross-linker were added in the
solution for the polymerization. For simplicity, physical gel without chemical cross-linker
is denoted as p-PA gel, and chemical crosslinked gels with 0.01 and 0.1 mol% MBAA are
denoted as c-PA1 and c-PA2, respectively. The polymerization was carried out in argon
atmosphere in which the oxygen concentration was less than 0.1 ppm by irradiating with
365 nm UV light (light intensity ~ 4 mW/cm?) from both sides for 8 hours. The reaction
cell was made by two parallel glass plates (10 cmX10 cm) separated by a 1.5 mm thick
silicone spacer. After polymerization, the hydrogels were immersed in a large amount of
water for 1 week to reach equilibrium, and the water was changed every day. During this
process, the hydrogels shrank due to the formation of ion bonds between the opposite
charges on the polymer and their mobile counter ions were dialyzed from the hydrogels.
After reaching the equilibrium state in water, the hydrogels thickness changed from 1.5 mm
in the as-prepared state to 1.38-1.43 mm in water, depending on the cross-linker
concentration.

2.3 Characterization of hydrogels

2.3.1 Water content measurement



The water content of the samples was measured using the moisture balance (Moisture
balance; MOC-120H, SHIMADZU Co.), where the weight change of samples was
monitored during the drying process. Water was gradually evaporated from the hydrogel at
an elevated temperature from 30 to 120 °C until the weight change of samples no longer
change. Water content C (wt%) is defined as the ratio percentage between the weight of

water in gel to the total weight of the gel.

2.3.2 Tensile test

The tensile test was carried out on dumbbell-shaped samples with the standard JIS-K6251-7
size (12 mm in gauge length (Lg) X 2 mm in width (w)) using a commercial tensile tester
(Tensilon RTC-1310A, Orientec Co.). The tensile deformation was performed at a stretch
velocity v =200 mm/min, which gives the stretch rate £=v/Lgof 0.28 s'. The nominal stress
o was estimated from the stretch force divided by the cross-section area of the un-deformed
sample. The strain ¢ was estimated from the clamp displacement divided by L. The
deformation ratio A was obtained from the ratio of stretching length L = Ly + vt and the
initial length Ly, where ¢ is the stretching time. The yield stress was obtained at which the
tangent modulus do/de changes at the greatest rate with respect to the increasing strain. To
prevent the water evaporating from hydrogels, all of the measurements were performed in a

water bath made from a transparent box at about 25 °C except specified.

2.3.3 Creep and creep recovery tests



The creep test was carried out on a dumbbell-shaped samples using with the dimensions of
L-8 mm, w-2 mm by using the tensile mode of a commercial tensile tester (Shimadzu
Tensile Tester). The cut sample was adjusted between the clamps by using both-sided
adhesive tape to prevent from the sample slippage. The initial distance Lobetween the two
clamps of the tester was 6 mm. The sample experienced a jump of tensile stress o,, and the
stress was held a constant for 36 hours except the sample failure occurred before 36 h. Here,
0, 1s the nominal stress calculated from the stretch force divided by the cross-section area
of the un-deformed sample. A short loading time before reaching g, should be performed
so that the influence of loading history on the creep behavior of the gel can be minimized.
We have confirmed that the loading strain rate from 0.01 to 1.0 s! at the early stage of the
experiment has little influence on the subsequent creep behavior (Figure S1). Therefore, for
all the creep experimental, a given strain rate of 0.28 s™! was performed before reaching a

described oy,.

The clamp displacement was recorded with a sampling interval of 1 sec, 5 sec, and 10 min;
consequently, the time profile of the nominal strain e that is estimated from the clamp
displacement divided by Lo was recorded. The failure time t; and failure strain &¢ at which
the onset of the macroscopic crack start to grow was recorded. The strain rate, £.=de./dt,
was calculated from strain-time curves. To reduce the noise of strain rate, the strain-time
curves were smoothed based on Savitzky-Golay filter method in the origin 9.0 software
before calculating the strain rate, where 10 ~ 2000 data points were used for getting the

smoothing curve for the differentiation of each data point. To prevent the water evaporating



from hydrogels, all of the measurements were performed in a plastic box connecting with a

humidity control system (~ 95 % humidity) during the entire course of the experiment.

Creep recovery test were conducted by applying a constant stress g, (= 0.1 MPa) to a
sample for a fixed time (3 hours or 10 hours), and then the stress was removed to allow the
sample to recover at a zero stress for a fixed time period (4 hours). The strain evolution was

continuously monitored during the recovery process.
3. Results
3.1 Tensile behaviors of the PA hydrogels

PA hydrogels are a unique system with randomly dispersed cationic and anionic repeat
groups on the polymers, and these opposite charges form ionic bonds of a wide distribution
of strength through inter-chain and intra-chain complexation.!®!® The inter-chain ionic
bonding serves as physical cross-linking to increase the modulus of the hydrogels. Previous
studies have shown that the mechanical toughness of the PA hydrogels is strongly
dependent on the concentration of the precursor monomer solution for the polymerization.
When the concentration was higher than 1.5 M, very tough physical PA gels were formed,
even without any chemical crosslinking. At such high concentration, the polymers formed
are topological entangled, which favors inter-chain complexation. Presence of a small
amount of chemical cross-linker stabilizes the ionic bonds formation, as revealed by the
substantial increase of the stiffness and the yield stress but the decrease of fracture stress

and extensibility of the sample.?® Figure 1a shows the tensile behavior of polyampholyte



hydrogels with different amount of chemical cross-linker density, denoted as p-PA (0 %),
c-PA1 (0.01 mol%), and c-PA2 (0.1 mol%), at a stretching strain rate of 0.28 s!. The
corresponding physical properties of PA gels are summarized in Table 1. All of the three
samples show almost the same water content, independent of the chemical cross-linker
density. However, the stiffness and yielding stress substantially increase but the
extensibility of the samples decreases with the chemical cross-linker density when
compared at the same strain rate. To find the role of chemical cross-linker on the chain
extensibility of PA gels, Mooney-Rivlin plot of the stress-strain data (o vs. €), in which the
reduced stress, ora = 6/(A-A2), is plotted against the stretching ratio, A=e+1, is shown in
Figure 1b. At small stretching ratio, the reduced stress shows a high peak value. The
chemically crosslinked c-PA1 gel and c-PA2 gel show much higher peak of reduced stress
than that of the physical p-PA gel, which clearly shows that the shear modulus at small
stretching is enhanced by chemical cross-linking. At the observing strain rate of 0.28 s!, all
of the samples exhibit substantial strain softening even before yielding, indicating that the
rupture of weak bonds that have very short association time in comparison with the inverse
of the strain rate has already occurred before the yield point. However, only the p-PA gel,
which has a much large deformability, shows a slight strain hardening at large stretching
ratio. Considering the flexible nature of the polyampholyte chains, the strain-hardening
might be ascribed to the finite extensibility effect of the chains bridged by the ionic bonds.
However, as the PA gels have complicated meso-scale structure, other molecular
mechanisms may not be excluded.?*** It should be noticed that the tensile behaviors of the

PA gels strongly depends on the loading strain rate.'®



Table 1 Water content and mechanical properties of polyampholyte hydrogels measured by

tensile test at a strain rate of 0.28s™".

Sample Cross-linker ~ Water content Peak of Yielding Fracture Fracture
(mol%) (Wt%) reduced stress stress strain stress
(MPa) (MPa) (MPa)
p-PA 0 511 1.0 0.51 8.14 3.06
c-PA1 0.01 57+2 1.6 0.81 4.39 1.91
c-PA2 0.1 62+4 2.6 1.30 1.54 1.59
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Figure 1 (a) Comparison of tensile stress-strain curves of p-PA gel, c-PA1 and c-PA2 gel;
(b) Mooney-Rivlin plot of the stress-strain curves. The arrows correspond to the yielding
points of samples determined from (a). The inset in (a) is the amplified stress-strain

behavior at small deformation.

3.2 Creep deformation behavior of PA hydrogels
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As the chain mobility strongly depends on the molecular structure (the strength of ionic
bonds, the trapped entanglements, and the chemical cross-linking density) and the external
stimulation (loading stress), we study the effect of step loading stress on the creep behavior

of polyampholyte hydrogels with and without chemical cross-linking.

3.2.1 Effect of chemical cross-linkers

€ p-PA
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Figure 2. Log-log plot of creep strain &, and creep time ¢ of p-PA gel, c-PA1, and c-PA2

gel under a constant step stress oy (= 0.4 MPa).

Figure 2 shows the creep deformation behaviors of polyampholyte hydrogels for p-PA, c-
PAT1 gel, and PA2 gel under a constant step stress g, (= 0.4 MPa). For tracking the nominal
strain for the creep process, we reset the recorded time at the beginning of creep process to
0. For the p-PA gel, the creep strain &, slowly grows with time ¢ at first, and then at a well-
defined time t¢, it suddenly accelerates. This time tf corresponds to the starting of the

macroscopic crack growth and is named as the failure time. The corresponding strain at
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failure is denoted as &;. Addition of a small amount of chemical cross-linker (0.01 mol%)
in c-PA1 gel suppresses the growth of creep strain, and delays the fracture. As a result, the
c-PAT1 gel shows a smaller failure strain & and a longer failure time t; than those of the p-
PA gel. Increase of the chemical cross-linker to 0.1 mol% remarkably prevents the creep. In
fact, the sample c-PA2 shows negligible creep in the observation time window. Thus, 0.1
mol% chemical cross-linking not only prevents the creep flow but also stabilizes the ion
bonds to delay the creep at a moderate stress level. These results indicate that the
substantial creep of the PA gels is due to the breaking of the ionic bonds of inter-chains,
and not due to the breaking of the covalent bonds of the polymer chain. From the practical
point of view, certain amount of chemical cross-linking is required to improve the long-

term performance of the PA hydrogels.

3.2.2 Effect of step loading stress
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Figure 3 Creep deformation ¢, vs. time ¢ of p-PA gel (a) and c-PA1 gel (b) with various

step loading stress g,. The abrupt increase of the creep strain corresponds to the sample
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rupture. The p-PA gel does not fracture at o, =0.1 MPa while the c-PA1 gel does not

rupture at o, =0.08 MPa and 0.2 MPa in the observation time window of 36 h.

As the c-PA2 sample shows negligible creep under a loading stress g, =0.4 MPa, we
further focus on the creep of p-PA and c-PA1 samples under varied stress g, as shown in
Figure 3a and 3b, respectively. The creep deformation behavior strongly depends on the
loading stress. Both the p-PA gel and the c-PA1 gel show a critical stress below which no
failure occurs in the observation time window of 36 h. The c-PA1 gel has a higher critical
stress (0.2 MPa) than that of the p-PA gel (0.1 MPa). For a better comparison, the loading
stress dependences of failure time and failure strain for the two samples are summarized in

Figure 4a and Figure 4b, respectively.

It has been found that the correlation between the failure time and the loading stress for
some soft glassy systems follows a power-law relation, known as Basquin’s law.?®?” On the
other hand, for some gel systems the failure time follows an exponential relation with the
loading stress.”>** Comparing with the power-law relation, as shown in Figure S2, the
exponential relation gives a better fitting to our results. As shown in Figure 4a, the
logarithm of the failure time is observed to decrease linearly with increase of loading stress.
This indicates that the creep rupture of PA system is governed by the thermally activated
process with an energy barrier related to the breaking of ionic bonds that provide the cross-
linking in the network structure.?>?*?’ Figure 4a shows that the two gels follow the same
master curve for the loading stress above 0.4 MPa. This result indicates that the ionic bonds

responsible for the creep in this stress range have the same bond strength, independent of
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the chemical cross-linking. This master curve is not hold for small stress region. In fact, as
shown in Figure 3, no creep failure occurs below the critical loading stress (0.1 MPa and
0.2 MPa for p-PA and c-PA1, respectively) in observation time window of 36 h. If we plot
these data at 36 h in Figure 4a, one can argue that for a loading stress below the critical
value, if the samples also rupture at a longer time than 36 h, the failure time will not fall on
the same master line for the large stress region, but will follow another line with a steeper
slope. Furthermore, the chemically crosslinked c-PA samples might have a steeper slope
than that of the p-PA sample in the low loading stress region. The two distinct exponential
regimes of delayed fracture time with applied stress was previously observed in colloid
system and have been explained by heterogeneous and multiscale structure.’**3* So the
deviation of the data from the single master curve at low stress range also suggests the

heterogeneous structure of the PA gels.

Both samples show decreasing tendency in failure strain with increasing loading stress
(Figure 4b). At small loading stress from 0.15 to 0.5 MPa, the p-PA gel shows a plateau of
failure strain €¢ , much larger than that of the c-PA1 gel. At high loading stress from 0.8 to
1.0 MPa, the failure strains of the two samples overlap. These results are roughly in

consistent with the stress dependence of the failure time.

It is attempting to correlate the different creep behaviors between at small and at large
loading stress (Figure 4) with the yielding stress of the tensile data (Figure 1a). However,

the tensile curve and the yielding stress of the samples are strongly dependent on the strain
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rate, which makes it difficult to compare the loading stress with the yielding stress since the

creep occurs at very different strain rate.
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Figure 4. Loading stress o, dependences of failure time # (a) and failure strain & (b) of the

creep test. The square lattice symbols in Figure 4a stand for the samples that do not

fracture in the observation time window of 36 h.

3.3. Origin of the delayed fracture in PA hydrogels
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Figure 5 The creep strain rate with respect to time at various loading stress g, for p-PA gel

(a) and c-PA1 gel (b).

Commonly, a fracture is interpreted as a phenomenon occurring when bonds are loaded
with a force greater than they can bear: bonds then break one after another.’® For the
delayed fracture, it can be understood by the thermally activated process.???%* The applied
stress lowers the activation energy barrier of bond breakage, increases the bond dissociation
rate and consequently, and facilitates nucleation and subcritical growth of micro-cracks.*
The comparison of strain rate of physical and chemical gels gives us important information

on the molecular origin of delayed fracture in the PA gels.

Figure 5 shows the logarithmic plots of strain rate, £.=de./dt, with respect to creep time, t,
for p-PA gel and c-PA1 gel. Although the creep strain increases with time, the strain rate
decreases with time for both samples. Under the same loading stress, p-PA gel shows the
higher creep strain rate than that of c-PA1 gel, suggesting that the slight chemical cross-
linking of the gel not only enhances the density of the physical cross-linking but also
substantially influence the ionic bond strength which determines the creep dynamics of the
hydrogels. Similar to the Andrade creep law at the primary regime,’! both two samples
show that, the creep strain rate follows a master curve with the negative power law relation
to time, £.~t% for different loading stress. The p-PA gel (a ~ -0.72, R=0.97) exhibits a
smaller exponent value than that of the c-PA1 gel (a ~ -1.1, R=0.90), indicating that slight

chemical cross-linking has some effect to retard the creep. The power law exponent -0.72 in
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p-PA gel is the same as the observation in bio-hydrogels that are also physically cross-

linked hydrogel system.2¢
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Figure 6. Creep strain rate with respect to creep strain at various loading stress g, for p-PA

gel (a) and c-PA1 gel (b).

The decreasing in the creep strain rate with time might stem from the strain hardening
effect. To discuss this possibility, the creep strain rate, de./dt, is plotted in respect to creep
strain, €., for various loading stress, as shown in Figure 6. Very different behaviors are
observed for p-PA gel and c-PA1l gel. In the case of p-PA gel, the creep strain rate
decreases with the increasing of creep strain at first, and then approaches to steady values
before fracture, for data performed at relatively small loading stress. The former can be
understood by the increase in the strain hardening effect of polymer chains, while the latter
can be understood as their chain slippage at a steady velocity, before the fracture. This may
explain why a plateau of fracture strain is observed at small stress (Figure 4b). On the other
hand, the c-PA1 gel shows a more rapid decrease in the strain rate with the increase of the

creep strain and the sample breaks abruptly without showing plateau region of strain rate.
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These results indicate that the additional chemical cross-linking enhances the strain
hardening effect and the constraints of chemical cross-linking prevent the chain from

slippage or flow.

3.4 Creep recovery behavior
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Figure 7 Creep recovery test of p-PA gel. After a creep time of 3 hours or 10 hours
(indicated by arrows) by a tensile stress g, = 0.1 MPa, the stress was removed and the
sample was allowed to relax for 4 hours. Recovery in the deformation of the sample was
observed. The un-overlapped parts at the two creep curves are due to the samples

variabilities.

To study the role of reversible ionic bonds on the creep behavior of p-PA gels, creep
recovery test was performed at a tensile stress g, = 0.1 MPa. Figure 3 tells that at this
stress, the sample did not show failure even for 36 h creep test. As shown in Figure 7, the
strain increases with the creep time during the step loading region. However, once the load

was removed, a large part of the strain decreased immediately, which was followed by a
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gradual decrease of strain for a prolonged time. Comparing with the result of 3 hour creep
that shows a tendency towards full recovery after 4 hours, the result of 10 hour creep shows
a level off of strain around the 4 hours recovery time. This indicates that the creep
deformation is due to the breaking of the ionic bonds, and the broken bonds at large creep
strain do not reform (self-heal) with the bonds of the neighboring chains so that the
corresponding creep deformation becomes elastic, while the bonds broken at small strain
reform with bonds of the neighboring chains so that the corresponding creep deformation
becomes viscoelastic. The result at 10 hour indicates that some permanent creep might exist

for long creep time even before the macroscopic sample failures.
4. Discussions

As the creep rupture of PA gel system is governed by the thermally activated process of the
ionic bonds, the linear relation between the logarithm of the failure time, Intf, and the

loading stress, 0, shown in Figure 4a can be described by the Eyring theory,>?
Eq—0oV
ty = toexp (T"T") (1)

Where, E, is the activation energy for the transition from one state to another, V is the free
volume and t; is the characteristic time for chain segment motion. The E, here can be
interpreted as the dissociation energy of the multiple ionic bonds in hydrated environment,
while the V' is the volume of ionic bonds structure. By fitting the experimental data of
Figure 4a using equation (1), one obtains ¥ = 30.8 nm>. This free volume V is larger than
¢ 32

those of the typical solid glassy polymer systems determined from the similar creep tes
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The characteristic length calculated from the free volume V' is around 3.13 nm. This length
can be understood as the size of the ionic bonds responsible for the creep in the observation
condition. As the length of ~3 nm is far larger than the monomer size of the polymer, it

reflects the multiple bonds structure of the PA gels.

The extrapolation of the master curve to the zero loading stress in Figure 4a gives a
fracture time #7400 (=1.7x10°s). The time thus obtained can be understood as the bond life
time for the bonds that account for the creep of the master curve. This argument can be
confirmed by comparing with the dynamic mechanical spectra of the sample. According to
our previous work, the physical P(NaSS-co-MPTC) gel shows a tand minimum around the
frequency o ~ 5x10¢ Hz, which is the onset of the relaxation of the strong bonds.!® This
frequency is found to be well related to #;s0-0 through the relation tr,0-0=1/(2zw). This
suggests that the failure time of the creep test at relatively high loading stress is related to

the relaxation of the strong bonds with life time in the order of ~ 10°s.

As discussed in the previous section, below the critical loading stress, the failure time, if
could be measured, will deviate from the straight line shown in Figure 4a, which suggests
that the logarithm of the failure time at small loading stress region (below the critical
loading stress) will follow another master curve that is located above the master curve
observed in Figure 4a, and the master curve at small stress region might have a steeper
slope than that of large loading stress region. Moreover, the c-PA1 sample might have a
larger slope than that of the p-PA sample in the low loading stress region. According to the

Eyring theory, such behaviors could be related to an associated structure with a longer life
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time (higher activation energy) and larger free volume than that observed in the high

loading stress region, that is, more strong ionic bonds with a larger characteristic structure.

These discussions tell that, the delayed fracture at large loading stress is governed by
relatively weak strong bonds, having a life time of 10° s and a characteristic structure length
scale of ~3 nm. At small loading stress range, below the critical stress, the delayed fracture
is dominated by more strong bonds, having a life time longer than 10° s, and is out of the
observation time range of the current experiment. The p-PA gel and c-PA1 gel all follow
the same master curve at high loading stress region, which gives the same activation energy
E, and free volume V. This indicates that the chemical cross-linking does not influence the
relatively weak strong bonds. As a result, the p-PA gel and c-PA1 gel only show the creep
difference in the small loading stress region, which is governed by the dynamics of strong
bonds with very long life time. Systematic studies on the creep behavior at small loading

stress are necessary in future.

It should be mentioned that the so-called weak bonds of the PA gels, having a bond
exchange time in the order of seconds, as determined by the dynamic rheological
measurement, do not contribute to the creep behaviors in the experimental window of this

study.!® They are expected to make contribution only at very high loading stress.
Conclusions

The creep of PA gels under a stress of sub-MPa is observed. Addition of slight amount of
chemical cross-linker (c-PA1, 0.01mol%) to the PA hydrogel only changes the creep

behavior at small load stress while the creep can be prevented by moderate chemical cross-
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linking (c-PA2, 0.1 mol%). The creep strain rate of the PA gels follows the power law
relation with time, £.~t“, independent of the loading stress. The exponent a is -0.72 for the
physical p-PA gel and -1.1 for the chemically crosslinked c-PA1 gel. The decrease of the
creep strain rate with time is due to finite chain extensibility effect, which is more

remarkable for the chemically crosslinked sample.

While the creep rupture time and strain at small stress region differs for physical PA gel
and slightly crosslinked PA gel, the same creep rupture behavior is observed for the two
gels at large stress region. Critical stresses, which depend on the chemical crosslinking, are
observed for the creep rupture. The different creep rupture regimes with the applied stress
reveal that the PA gels have heterogeneous, multi-scale structure, and chemical cross-
linking only influences the strong bonds of large structure. At large stress region, the failure
time decreases exponentially with the increase of the applied tensile stress, for both types of
gels, indicating the thermally activated bond breaking mechanism. According to the Eyring
theory, the life time and characteristic structure length of these bonds are estimated as ~10°
s and ~ 3 nm, respectively. These bonds can be associated to the relatively strong ionic

bonds discussed in our previous work. !

Supporting Information

This material is available free of charge via the Internet at http://pubs.acs.org.

Figure S1 shows the loading strain rate on the creep behavior of p-PA gels under a constant

step stress gy (= 0.10 MPa)
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Figure S2 shows log-log plot of the failure time vs loading stress for p-PA gel and c-PAI
gel.
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