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ABSTRACT: Strain-induced crystallization (SIC) is a well-known toughening strategy in elastomers but is rarely observed in
hydrogels due to their high-water content and limited deformability. Here we report a phenomenon of SIC in highly swollen
and associative hydrogels by introducing an extremely large deformation by indentation with a needle. Using in-situ bire-
fringence imaging, we discovered that SIC occurs close to the needle tip upon large strain, displacing the nucleation of a
crack from the needle tip to a position further away from the tip. The morphology of the fracture as well as the force to induce
the gel fracture with the needle can be controlled by playing with temperature and crosslinking and hence triggering or not
the SIC. Our discovery points to a future direction in creating SIC in highly swollen hydrogels, with potential implications
for many biological material designs, and surgical injury prediction or prevention in associative tissues.

Hydrogels, networks of cross-linked polymer chains
swollen in water, are of considerable research interest for
biomedical applications." Conventional chemically cross-
linked hydrogels exhibit brittleness and to improve fracture
resistance, various hydrogels synthesized with several rein-
forcement strategies have been developed, including dou-
ble network hydrogels having sacrificial bonds,* slide-ring
hydrogels whose crosslinking points are mobile,? and nano-
composite hydrogels with reversible chain absorption onto
inorganic fillers.# These reinforcement strategies are also
efficient in unswollen elastomers.>

One of the reinforcement mechanisms which is well-
known for elastomers but rarely applied to swollen hydro-
gels is strain-induced crystallization (SIC). SIC is frequently
observed in elastomers, such as natural rubber (NR), some
polyester based thermoplastic polyurethanes, polypropyl-
ene during processing, and polyesters.5® NR crystallizes
thermally at low temperatures, such as -25 °Cin an un-de-
formed state, while crystallization by applying strain is pos-
sible at high temperatures and is reversible when the strain
is released. ' " The self-organization of SIC ahead of the
crack tip during stretching endows NR with a very high
fracture toughness due to a peculiar fracture behavior, such
as stick-slip crack propagation or knotty tearing,” where
a secondary crack tends to propagate in the stretching di-
rection (side-way) deviating from the standard precut di-
rection, which is considered as a principal reinforcement
mechanism.

One of the reasons for the limited number of reports on
SIC in swollen hydrogels is the dilution of the polymers in
the swollen hydrogels decreasing the close contact or asso-
ciation of the polymer chains. It is however possible to in-
troduce crystalline domains in hydrogels either by the dry-
anneal method," or very recently, by stretching,? at the ex-
pense of relatively high polymer concentrations. It should
be noted that flow-induced crystallization (FIC) can occur
for solutions as well as for melts, of various crystalline pol-
ymers.” The mechanism of FIC has been clarified as the
molecular chain orientation by shear. In the same manner
as in SIC, flow induces the orientation of stretched chains
resulting in a decrease in entropy and an easier crystalliza-
tion. It can be deduced that very large nonlinear defor-
mation is necessary, while in hydrogels it is experimentally
inaccessible by conventional mechanical measurement,
since the defects naturally present in hydrogels tend to cre-
ate localized stress concentrations on certain chemical
bonds at the molecular level in which polymer chains break
before their maximum extension limit.> 67

In this work, we report the strain-induced crystallization
in highly swollen poly (vinyl alcohol) (PVA) hydrogels upon
large deformation induced by the indentation of a needle.
We intend to clarify the role of applied strain and tempera-
ture on the occurrence of SIC, and how this phenomenon
affects fracture behavior of hydrogels.

A PVA hydrogel (hydrolysis degree DH = 99 %, termed as
PVAg9) is synthesized as described in the Materials section,
exhibiting a purely elastic character (G' is independent of



frequency) (Figure S1). Puncture tests were performed with
a custom set-up schematically shown in Figure 1a. The in-
dentation force as well as birefringence images were rec-
orded as a function of indenter displacements d. From the
force curve, a drop of the force is attributed to the fracture
of the sample, at which the value of the force F. and dis-
placement d. are taken as critical values (Figure 1b). Figure
1c presents a series of birefringence images taken at increas-
ing needle insertion displacements d for the PVAgg hydro-
gel. We confirmed that before indentation no birefringence
is visible since the as-prepared hydrogel is in an amorphous
state (no image shown). With increasing indentation
depth, the birefringence intensity along the indenter is en-
hanced, indicating the increasing concentration of ori-
ented polymer chains (Figure 1c (i)). When the indenter
displacement reaches the critical fracture value (d. = 14
mm) (Figure 1c (ii)), a zone with lower intensity suddenly
appears several millimeters above the indenter tip as indi-
cated by the red arrow. Below and above this low-intensity
zone, two bright zones are visible: one at the needle tip is
sharp, and the other above the needle tip is broad. With
further increase in the displacement (Figure 1c (iii) at d = 15
mm), the former seems to follow the displacement of the
needle tip, the latter seems to exhibit relaxation, and it con-
tinues to move upwards with a velocity in the order of 1
mm/s. Surprisingly, a V-shaped birefringence pattern re-
mains in the sample when the needle is removed after
puncture (Figure 1c (iv)).
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Figure 1. (a) Schematic of the custom puncture apparatus with
birefringence imaging. (b) Puncture force as a function of dis-
placement d for PVAgg. Birefringence imaging under various
indentation d for (¢) PVA99 (G' = 400 Pa) and (d) PVA88 (G' =
800 Pa). d.: fracture initiation; d = o: pull-out of needle from
sample.

The above-needle tip fracture behavior as well as the re-
maining V-shaped birefringence pattern is uniquely ob-
served for PVAgg hydrogels when compared to PVA with a
lower hydrolysis degree (DH = 88%, termed as PVA88). The
birefringence intensity of PVA88 hydrogels disappears
quickly at d., without exhibiting the above needle tip frac-
ture nor permanent pattern when pulling out of needle af-
ter puncture (Figure 1d). We confirmed that several differ-
ent hydrogels and elastomers, including polyacrylamide,
and poly(dimethylsiloxane) (PDMS) (Figure S2) showed a
similar puncture behavior as PVA88, consistent with what
is typically found and reported in the literature, i.e. that the
initiation of failure occurs in the compressed region below
the tip.® ' We also confirmed that there is no permanent
birefringence pattern left for the PVAgg hydrogel fractured
by a conventional uniaxial tension test (Figure S3) with a
maximum stretch ratio A < 2. On the contrary, in the punc-
ture geometry, a very large strain is introduced to PVAgg at
the fracture point, where A = d./R could reach ~ 60 (d. = 14
mm and indenter radius R = 0.23 mm), demonstrating that
the large strain may be responsible for the unique perma-
nent birefringence pattern observed in PVAgg hydrogels.

To investigate the local strain state upon the occurrence
of this V-shaped birefringence pattern, we performed cyclic
puncture tests for the PVAgg hydrogel. The maximal dis-
placement d,, of the cycle was increased stepwise and at
each maximal displacement, two cycles were applied to
evaluate the possible effect of irreversible damage. The
value of d., is below d. thus no macroscopic fracture occurs.
The time profile of the displacement and the birefringence
images of the V-shaped pattern at varied values of d, are
shown in Figure 2a. A V-shaped pattern appears from dp, =
10 mm, and its intensity increases with dn. It should be
noted that reflected light from the gel surface was also de-
tected and that the surface is not flat at dy, = 10 mm and
higher, while it is flat at dm = 5 mm. This result indicates
that the gel surface deformed by indentation cannot fully
relax upon withdrawal of the indenter when the V-shaped
birefringence pattern (thus polymer chain orientation) ex-
ists and that the gel is irreversibly deformed. In fact, the V-
shaped pattern is stable at room temperature over several
months.

In order to evaluate the effect of the irreversible defor-
mation on the mechanical behavior, the force curves were
characterized and shown in Figure 2b. In Figure S4 curves
for each value of d,, are shown. At dp, = 5 mm, the loading
and unloading curves for the two cycles superpose well
without hysteresis, indicating an elastic behavior without
dissipation or damage. However, above d,, =10 mm, the un-
loading curves of the first cycle do not superpose on the
corresponding loading curves thus hysteresis is observed
(Figure 2b). With the increase in dm, the hysteresis in-
creases. This hysteresis behavior coincides with the ap-
pearance of a V-shaped pattern, and the level of birefrin-
gence intensity increases with the hysteresis, showing a
power-law dependence with an exponent of about 0.5 (Fig-
ure 2¢). Interestingly, no hysteresis behavior is observed, re-
gardless of the applied maximum strain, for PVA88 hydro-
gel (Figure 2d), as expected for elastic hydrogels.



From the comparison of the two PVA samples, we assume
that the V-shaped pattern could be attributed to strain-in-
duced crystallization occurring upon the deep indentation
process. PVAgg is (almost) fully hydrolyzed from poly(vinyl
acetate). Hence it can be considered as an associative poly-
mer due to inter- or inter-chain hydrogen bonding as sche-
matically shown in Figure 2e. Such a polymer can crystallize
in the dry state, or in an aqueous solution upon freezing,*
# due to hydrophilic hydroxyl groups forming both inter-
and intra- molecular hydrogen bonds.*> > PVA88 is only
partially hydrolyzed from poly (vinyl acetate) and contains
12 mol% acetate groups, along with 88 mol% percent hy-
droxyl groups. The hydrogen bond association in PVA88 is
largely prevented by the bulky and hydrophobic acetate
groups.>* In fact, the formation of a physical gel by the
freezing-thawing method cannot occur with PVA88.25 Note
that it was reported that in vulcanized natural rubber the
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mechanical hysteresis resulted only from a delay between
chain crystallization upon loading and crystal melting
upon unloading. ™ *° The tough slide-ring hydrogels exhib-
iting SIC do not practically show mechanical hysteresis or
residual strain, due to the rapid formation and destruction
of the PEG crystallites.3 For the PVAgg system, we suspect
that the strong hydrogen bonding associations in PVAgg
hydrogel can fix the strain serving as noncovalent cross-
links, preventing quick elastic recovery of the chain defor-
mation, which results in the hysteresis behavior as well as
the formation of the stable V-shaped anisotropic structure.
Up to the rupture, the hydrogen bonding is enhanced as the
deformation due to indentation increases and the stress is
further concentrated at the needle tip, i.e., the strain-in-
duced anisotropic structure, depicted as a V-shape birefrin-
gence pattern, is visualized.
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Figure 2. (a) Birefringence images after needle pull-out at various dm for PVAgg (G’ = 9oo Pa) and the cyclic loading/unloading time
profile. The scale bar is 3 mm. (b) Cyclic force curves for PVAgg. (c) Birefringence intensity against hysteresis area. (d) Cyclic force
curves for PVA88. (e) Schematic demonstrating strong hydrogen bonding in PVAgg and weak hydrogen bonding in PVAS88.
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Figure 3. (a) Calorimetric thermograms during the heating process for the hydrogel in and out of the V-shaped zone. (b) V-shaped
pattern at different temperatures. The scale bar is 3 mm. (c) Distance between the needle tip and the crack initiation position, AL,
as a function of temperature. (d) Schematic illustration of strain-induced crystallization around the needle tip and resulting above-

tip crack behaviorat T =25 °Cand T > 65 °C.

To investigate the origin of this anisotropic structure that
presents a permanent birefringence signal, we character-
ized the temperature dependence of the birefringence pat-
tern. We performed differential scanning calorimetry
(DSC) tests. The sample collected from the V-shaped zone
presents an endothermic peak at 65 °Gn calorimetric ther-
mograms upon heating, whereas the sample collected from
the bulk (or out of this zone) shows no thermal peak (Fig-
ure 3a). Melting of crystallites of PVA with high degrees of
hydrolysis has been previously studied by calorimetry. It
was demonstrated that the PVA crystallites in PVA hydro-
gels melt at about 60 °C* *” Thus our result indicates that
strain-induced crystallization occurs during the puncture
test. We confirmed by birefringence the melting of the V-
shaped anisotropic zone upon heating (Figure 3b). The gel
sample containing a V-shaped zone formed by puncture at
25 °C was heated up to and maintained at 40, 65, and go °C.
Up to 40 °C the anisotropic zone remains almost the same
size, while with further increase in temperature, its size,
and intensity decrease, and it ultimately disappears upon
heating to 9o °C (Figure 3b).

In order to evaluate the temperature effect on the SIC, the
puncture tests were performed at different temperatures.
At 25, 40, and 65 °C, we find qualitatively the same behav-
ior: at the fracture point d., a crack initiation point having a
lower birefringence intensity suddenly appears above the
needle tip. One can correlate the size of the crystalline zone
with the distance between the needle tip and the crack ini-
tiation position, AL, determined from the line profile of the
birefringence intensity (see Figure Ss). In Figure 3¢, AL is
plotted as a function of temperature. The value of AL de-

creases with temperature. At 70 °C, the birefringence inten-
sity quickly disappears, similar to that for the PVA88, indi-
cating that SIC does not occur, and the value of AL is con-
sidered as o mm.

This is the first time that we observed the very-large
strain-induced crystallization in such dilute swollen PVA
hydrogels (Cpva = 6.6 %). An increase in the PVA polymer
concentration due to crystallization is demonstrated spec-
troscopically by staining PVA. When the fractured gel sheet
is immersed in a solution of Congo red, which is known to
form a complex with PVA by hydrogen bonding®, the red
color is more intense at the position of the needle tip, indi-
cating that the PVA concentration is locally increased in
this area (Figure S6). We also found that by the addition of
urea (swelling the as-prepared hydrogel in a urea solution
(5 mol/L) for one week and then performing the puncture
test), the V-shaped birefringence pattern is invisible after
puncture. This evidence strongly suggests that the strain-
induced crystallization is formed by the strong hydrogen
bonding associations between the stretched PVA chains.

Here we propose a mechanism of local reinforcement of
PVAgg hydrogel by SIC in Figure 3d. During the puncture,
PVA polymer chains are highly stretched and oriented dur-
ing indentation, especially at the needle tip, where the
stress is concentrated. The strong hydrogen bonding be-
tween neighboring stretched chains could fix the strain and
form crystallites. Until a critical extreme large strain is at-
tained, SIC occurs in the polymer-rich region around the
needle tip, providing additional physical crosslinks to lo-
cally reinforce the network. At the border of the crystalline
and amorphous zones, the stress can now concentrate, and
a crack can initiate, detected as above needle-tip fracture



point. After retraction of the needle, this crystallization
structure does not relax and remains in the sample, ob-
served as the V-shaped birefringence pattern. This dis-
placed crack initiation is analogous to the side-way crack
propagation observed in natural rubber exhibiting strain-
induced crystallization™ *°. In an opened crack of natural
rubber, a secondary crack tends to propagate in the direc-
tion parallel (side-way) to the stretching direction rather
than in the perpendicular direction, to avoid breaking the
tough crystallites formed at the crack tip™. This mechanism
does not hold at temperatures above the melting tempera-
ture of the PVA hydrogen bonding. In a same manner as
non-crystalline polymers including PVA88, the puncture
stress concentrates at the needle tip, and a crack initiates
there, without additional reinforcement effect.

It should be noted that both chain orientation and crys-
tallization contribute to birefringence, and it is difficult to
quantitatively separate their respective contribution during
loading. After needle retraction, we can assume that the
chain orientation reversibly recovers and birefringence dis-
appears, while crystallization irreversibly maintains bire-
fringence. We are not able to argue eventual reversible crys-
tallization in this system.3

It is known that aqueous solutions of PVA with a high DH
can exhibit phase separation followed by microcrystallite
formation upon cooling (freezing), and that the phase sep-
aration/crystallization temperature increases with PVA
concentration.3*3 For the PVA concentration studied in
this work (6.6 wt%), the critical crystallization temperature
is expected to be below 5 °C, indicating that the SIC ob-
served in this work at about 25 °C is not due to the low-
temperature induced phase separation/crystallization. We
confirmed that the SIC behavior was observed for PVA hy-
drogels with variable PVA concentrations (Figure S7).

We systematically investigated how SIC affects fracture
resistance of PVA hydrogels with various crosslinking den-
sities (illustrated as modulus changes). By plotting AL, dis-
tance of crack position to needle tip, as a function of mod-
ulus, we found AL ~ 4 mm for a gel with G'= 250 Pa (Figure
4a (i)), and AL ~ 1 mm for a gel with G'> goo Pa for PVAgo,
(Figure 4a (ii)), demonstrating that the softer gel may form
a larger crystalline zone upon large puncture deformation
due to its large chain deformability (lower crosslinking den-
sity). The puncture force F and normalized stress were plot-
ted as a function of indenter displacement for PVA88 and
PVAgg with various moduli in Figure S8. The value of the
normalized stress at rupture (maximum), %, which can be

considered as a measure of the fracture resistance of the
sample, is plotted as a function of gel modulus for PVA88
and PVAgg hydrogels (Figure 4b). For PVA88 hydrogels,
which do not exhibit SIC, one can see that the fracture re-
sistance is practically independent of the modulus, con-
sistent with the results reported by Crosby et. al. for organo-
gels of triblock polymers.3* They found that %was inde-

pendent of modulus at values of the order of 100. We con-
firmed a similar independence of the modulus for poly-
acrylamide hydrogels and PDMS elastomers (Figure Sg).
However, while the values of % for the PVAgg hydrogel is

comparable at low G’ (for G’ = 80 Pa, is about 4000) to that
of the PVA8S, it then decreases with increasing modulus
and reaches about 1000 for G’ = 2000 Pa. This result sug-
gests that the SIC occurring locally near the needle tip can-
not reinforce the whole material as it displaces the crack
nucleation process away from the needle tip in the amor-
phous region of hydrogels, leading to localized fracture.
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Figure 4. (a) Distance between needle tip and the crack initia-
tion position, AL, as a function of G'. Birefringence at fracture
point (i) G'=250 Pa and (ii) G'=1700 Pa. (b) Fracture resistance
against G’ for PVA88 and PVAgg.

In conclusion, an unexpected needle-insertion-induced
crystallization specifically in fully hydrolyzed PVA hydrogel
can occur in the puncture geometry. This anisotropic crys-
talline structure can be introduced, even before fracture, by
applying a large strain and is attributed to the strong hydro-
gen bonding associations between -OH groups on PVA
chains. Owing to this SIC, the network around the needle
is locally reinforced, displacing the crack initiation point
from the needle tip to the edge. The geometry of indenta-
tion/puncture is very complex to further analyze the frac-
ture mechanics, still, we believe that this work will motivate
future studies of how specific microstructures can evolve in
crystalline and associative polymers with extremely large
deformation and contribute to a peculiar fracture behavior



in ultra-soft materials in general and especially in aqueous
systems.
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