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Mechanism of Anomalous Strength in Double-Network Gels:
Effect of Localized Damage Zone
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Hydrogels are crosslinked polymer networks, confaining large amount of water. They
have many potential applications, such as 'stimﬁli-responsive materials, drug delivery,
~t;issue engineering, and artificial cartilages. However, most hydrogels derived from
natural or synthetic sources have low mechahical strength, because the gels are dilute
systems. In 2003, our group succeeded in developing a mnovel high-strength gel by
introducing a double network (DN) structure inside the gel, i.e., reinforcing a tightly -
cross-linked rigid gel (first network) with mutually entangled flexible long polymers
(second network). The toughening mechanism of DN gels is of great interest to
researchers. Several experimental and theoretical studies have been i)erformed to. exploit
the mechanism. It is assumed that the DN gel is locally damaged around the crack tip and
the energy dissipated for damage accumulation enhances the effective fracture energy.
This can qualitatively exﬁlain the anomalously high fracture energy. However, direct
observation of the damage zone should be performed in order to confirm the assumptions.
The relationship of damage zone thickness and fracture energy is not elucidated.

In this dissertation, the localized damage zone was observed by optical microscope
and the effect of damage zone on the fracture energy and the toughness of DN gels are
clarified. Further, the investigation on the fracture process is performed by the dynamic
light scattering system.

In chapter 2 and chapter 3, the microscope images of damage zone were showed and

the relationship between damage zone thickness and fracture energy is clarified.



In the observation of localized damage zone, two kinds of optical microscope were
used. By the normal microscope, it is found that there is a dark zone near the crack
surface, indicating the existence of damage zone neai' the crack surface. By using a 3D
laser microscope system, a clear boundary can be seen between the damage zone and
undamage zone, therefore, the thickness of damage zone A can be estimated. 4 could reach
the order of several hundred pm when the fracture energy G reaches the order of several
hundred J/m2. Moreover, the quantification of the damage zone thickness makes it
possible to investigate the relationship of the fracture energy G and A. G and 4 is linear
related. Based on the results of G and 4, the size of fracture clusters of PAMPS is also
estimated. As a result, it is clarified that in fracture process, tough DN gels need to cut
more PAMPS network into small cluster and large amount of energies were dissipated.

In chapter 4 and chapter 5, the necking behavior of DN gels that sustain large tensile
strain is investigated and fracture process in these DN gels is investigated by the dynamic
light scattering.

By dynamic light scattering, the cooperative diffusion mode of PAAm, which is
confined by PAMPS network, was discovered (Na Y. H. et al. 2004). Therefore, in this
study, dynamic light scattering of the DN gels with different tensile strains are
performed. The diffusion coefficient decreases when elongation strain of the specimen
ir;creases, indicating the confinement of PAAm becomes weaker with the fracture of
PAMPS network. This result further confirms the prediction of localize damage in the DN
gels. Moreover, based on the diffusion coefficient, the PAAm network is free at the
yielding point, compared with the result for the PAMPS and PAAm double linear polymer
solution.

In chapter 6, the rheological properties of PAMPS, PAAm and DN gels are
investigated. The fracture of PAMPS under small strain (even lower than 1%) and the
transition of main networks in DN gels are discovered.

In this dissertation, by quantitative analysis of the damage zone, it is ‘clarified that
the high mechanical strength of DN gels is corresponding to formation of large damage

zone.
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