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Fig. 1

Stimuli for healing Healing strategies

Self-healing polymers developed by the authors’ group ( CuBr, (2-Melm),: complex of CuBr, and 2-methylimidazole;

BPO: benzoyl peroxide; GMA ; glycidyl methacrylate; PU: polyurethane; PS: polystyrene; PCMS: poly(4-vinylbenzyl chloride) ;

PMMA : poly( methyl methacrylate)
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Fig. 2 Size distribution and SEM photos of (a) epoxy-loaded

capsules and (b) hardener-loaded capsules
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Fig. 3 in situ Confocal Raman microscopy observation of

fractured surface of a self-healing epoxy specimen with 2. 5 wt%
epoxy-loaded capsules and 2.5 wt% hardener-loaded capsules,
respectively

The inset summarizes time dependences of the characteristic

Raman peak area ratios. Here three peaks are of interests:

1

stretching modes of epoxide group at 1256 ¢cm ™, carbonyl group

at 1738 em ™' and hydrosulfide group at 2573 em ~'. Since
carbonyl originates from epoxy and mercaptan, and the reaction

between epoxy and mercaptan cannot produce any carbonyl, the

peak area of carbonyl group at 1738 cm ™" is able to serve as the

reference for showing the variation in the peak areas of epoxide
and hydrosulfide groups with time. This figure provides a live
record of the curing reaction of the released healing agent in an

authentic specimen.
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Fig. 4 Time dependence of healing efficiency at different
temperatures

The self-healing epoxy composite contains 2. 5 wt% epoxy-
loaded capsules and 2. 5 wt% hardener-loaded capsules,

respectively.
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Fig. 5 Crack length versus fatigue cycle of (a) neat epoxy

specimen, (b) manual infiltration specimen, (¢) control

specimen and (d) self-healing specimen 2]

The manual injection specimen was injected by the
stoichiometric mixture of epoxy and polythiol excluding the
amine catalyst in dynamic infiltration fashion'?''. The
testing parameters are AK; = 0.504 MPa m'?, K, =
0.560 MPa m"?, K . =0.056 MPa m'?, R=0.1 and f

=5 Hz.
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Fig. 6 Dependence of healing efficiency of the self-healing
epoxy composites on content of the healing agent!**]

Epoxy-loaded microcapsules: core content = 70 wt% , average
diameter =30 pm. (C,H;),0-BF;-loaded microcapsules: core
content =20 wt% , average diameter = 10 wm. Healing of the

fractured specimens was conducted at 20°C for 2 h.
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Fig. 7 Influence of content of ( C, Hy ), O - BF;-loaded

capsules on (a) tensile and (b) flexural properties of the self-

healing epoxy composites containing 5 wt% epoxy-loaded

capsules!?*)
Epoxy-loaded microcapsules: core content = 70 wt% , average

diameter =30 pm. (C,H;),0-BF;-loaded microcapsules: core

content =20 wt% , average diameter =10 pm
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Fig. 8 Temperature dependence of conversion of curing

reaction of epoxy activated by CuBr, (2-Melm), (1 wt% ) at

different heating rates'>*!
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Fig. 9 Influence of (a) latent hardener’ s content and (b)
epoxy-loaded microcapsules’ content on self-healing ability of
epoxy measured by single-edge notched bending ( SENB)
testst 4
Average diameter of the epoxy-loaded microcapsules: 37 ~ 42
pwm; content of the epoxy monomer inside the microcapsules:

63% ~68% . Healing was conducted at 130°C for 1 h.
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Fig. 10 Photographs of (a, b) composite laminates impacted at 2.0 J and then compressed to failure, and (c, d)

composite laminates impacted at 2.0 J, repaired in a hot press under 60 kPa at 140°C for 0.5 h and then compressed to

37

failure'>”); (a, ¢): front views and (b, d): side views

Content and size of the microencapsulated epoxy: 10 wt% and 40 pwm; Content of CuBr, (2-Melm),: 2 wt%
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Fig. 11 (a) GPC curves of PMMA before and after chain extension reaction via ATRP process (Reaction
conditions: [ MMA ] /[ macroinitiator ] /[ CuBr] /[ PMDETA ] /[ Bu, NBr] = 50/1/1/1/8 ( molar

ratio) , 25°C, 12 h); (b) Multilayer sandwich structure formed by successively adding acrylate monomers

onto living PMMA “*) ( Carbon black and yellow dye were respectively incorporated into the layers of PGMA

and PEMA for coloring. )
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Fig. 12 Chemical structures of DGFA and FGE
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Fig. 13 Dynamic de-crosslinking, crossover crosslinking or exchange reactions of PS
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Fig. 14  (a) Normalized absorption lines obtained from

ESR data of reversibly crosslinked molar PS ( with molar
feeding ratio of styrene over cross-linker dimethacrylic ester
of 7.5/1) measured during heating-cooling cycles between
20°C and 130°C, (b) relative ESR signal intensities
calculated from integral area of the normalized absorption

lines
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Fig. 16 (a) Photodimerization and photocleavage of coumarin derivatives in polymer; (b) Chemical structure of THHPEG400
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Healing conditions; irradiation with 254 nm UV light for 1 min followed by irradiation with 350 nm for 90 min
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Fig. 19  Typical tensile stress-strain curves of virgin and
repaired THHPEG400

Healing conditions; irradiation with 254 nm UV light for 1 min
followed by irradiation with 350 nm for 90 min. Because tensile
strength of the virgin specimen cannot be fully restored, the
reconnected interface became the weakest part, and had to break
again during the subsequent tensile tests. This ensured that the
second and third tensile failures happened at the same healed

portion.
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SELF-HEALING POLYMERIC MATERIALS TOWARDS STRENGTH
RECOVERY FOR STRUCTURAL APPLICATIONS

Ming-qiu Zhang, Min-zhi Rong
(Key Laboratory for Polymeric Composite and Functional Materials of Ministry of Education, School of Chemistry and Chemical Engineering ,
Sun Yat-Sen University, Guangzhou 510275)

Abstract Living organisms possess the ability of self-healing for nonfatal harm, like regeneration of the cut
skin and broken bone, guided by instinct. As a result, their injury tolerance is substantially enhanced, which
ensures healthy growth and breeding from generation to generation. Inspired by the functionality of naturally
occurring species, self-healing polymers have been prepared as a member of intelligent materials family. They
are coupled with built-in capability of rehabilitating tiny damages produced during manufacturing and/or
usage. In recent years, the authors’ lab systematically studied strength recovery of self-healing polymeric
materials for structural application. By using knowledge of polymer chemistry, polymer physics, materials
mechanics, etc. ,a series of extrinsic and intrinsic self-healing polymers and polymer composites were developed
and characterized. The proposed strategies turn out to be feasible for typical thermosetting and thermoplastics
polymers. Accordingly , topics including synthesis techniques, formulation optimization , processing, structure and
properties relationship, healing mechanisms, stability and durability were carefully investigated. The present
article briefly reviews the works carried out by the authors’ team. Innovative routes that correlate materials
chemistry to full capacity restoration are discussed for further development from bioinspired toward biomimetic
repair.

Keywords Self-healing, Microcapsules, Thermal reversibility, Photoreversibility



