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Abstract : Scientists and engineers have altered the properties of materials such as metals, alloys, polymers, ceramics, and so on,
to suit the ever changing needs of our society. Man-made engineering materials generally demonstrate excellent mechanical
properties, which often far exceed those of natural materials. However, all such engineering materials lack the ability of self-
healing, i.e. the ability to remove or neutralize microcracks without intentional human interaction. The damage management para-
digm observed in nature can be reproduced successfully in man-made engineering materials, provided the intrinsic character of
the various types of engineering materials is taken into account. Various self-healing ptotocols that can be applied for the organic

materials such as polymers, ionomers and composites can be developed by utilizing suitable chemical reactions and physical
intermolecular interactions.
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Figure 1. Schematic representation of a cross-section of (a) human
skin and (b) an commercial automotive coating showing
the difference in morphology and level of complexity in
the structure of the material.
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Figure 2. Schematic representation of self-healing methodology.
(a) Basic method of the microcapsule approach, (b) car-
toon showing ruptured microcapsule.
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Figure 3. Schematic summary showing the release of healing agent
encapsulated in microcapsules.
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Figure 4. Ring opening metathesis polymerization of DCPD by
using Grubbs' Ru catalyst and the resulting poly-DCPD
network.
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Figure 5. Effect of microcapsule concentration on the healing effi-
ciency: (a) urea-formaldehyde microcapsules containing
DCPD prepared by emulsion insitu microencapsulation,
and the influence of microcapsule concentration on self-
healing behavior; (b) healed fracture toughness; (c) heal-
ing efficiency as a function of concentration for 50 and
180 um diameter microcapsules, measured 24 h after vir-
gin fracture [9].
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Figure 6. Three-dimensional X-ray microtomographic reconstruc-
tion of the depletion of the capsules in the immediate
vicinity of the crack. Purple coloured capsules still contain
the original liquid healing agent. Green-coloured capsules

are depleted [9].
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Figure 7. The percentage recovery in Charpy impact strength (RE)
as a function of the healing agent concentration from 0 to
15% by weight. Each sample has been subjected to three
impact/heal cycles (the healing conditions were 6 h at 130
C) as shown (a) and optical micrographs of a glass fibre
composite subjected to two impact and heal cycles show-
ing the closure of damage in a healable matrix composite
(top) non-healed and (bottom) after healing (b) [11].
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Figure 8. Schematic of self-healing process: (a) self-healing com-
posite consisting of microencapsulated catalyst (yellow)
and phase-separated healing-agent droplets (white) dis-
persed in a matrix (green); (b) crack propagating into the
matrix releasing catalyst and healing agent into the crack
plane; (c) a crack healed by polymerized PDMS (crack
width exaggerated). Scanning electron microscopy (SEM)
images of (d) the fracture surface, showing an empty
microcapsule and voids left by the phase- separated heal-
ing agent, and (e) a representative microcapsule showing
its smooth, uniform surface [12].
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Figure 9. Schematic illustration of the healing procedure of thermo-
plastic polymers: (a) when fracture or cracking of the mat-
rix occurs, some of the embedded capsules inside the sys-
tem will rupture; (b) upon rupture of the capsules their
liquid content flows into the into the crack area; (c) the
deployed solvent will slowly dissolve/swell the (uncross-
linked) surrounding matrix material which it has come in
contact with; (d) the mobilised polymer chains then bridge
the two interfaces and reentangle and heal the inside of the
crack with non-foreign material when the solvent is
removed [13].
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Figure 10. Evolution of the matrix solvent absorption after crack
introduction for a 15 wt% ca. 45 pm bromobenzene en-
capsulated in urea-formaldehyde microcapsule [UF(BB)]
PMMA-PS system [13].
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and its thermally reversible behavior (b).

Twmi©] 85 CollA Wehs, A} A4 ] gg-of <t Aol
Twmo7} 85 Col A Weh=tl, ol= olak 24 9] &0l 27t
Zolti4]. Tme §6wa YA & vtz 4T /\1—‘?:01]
A= YERLA] oF=T). Figure 12(b)2] W2zt 14 of A
245} R ol S0 T ol 9 29 Y o
Ik YR A A WA S RN L
FEE(Tu) 2% Felg 4= 2t} Surlyn® 89208 =

2 Ead :r"—’_{\—E o] qUcH14]. &85 Y4714
FAE (T = 85 T), ofo] o]
Rty AR v G YolA MMA
oI A| 2 E o]Lo] EHSE o oS A3
Oﬂ/ﬂE FAs, LZA} o] 2o gle H
AEAF Abgo] vlastE AR S fE/d 0l
F Aol FEH = I
At Andoz B
ol B Folw )4
we3pA71 o WA
23} A7 B4 BrkFigure 13)
oA BB ool o.-012) 322 @l Fa9 o
AT wheba, ool o

A oz} AA, &= A o] ATk

le

0

O

o

x%xl oﬂodoﬂ ol 77
371] ol et ol2 Yu

0

ﬂlﬁ

wro] 279
| poz Eelgel o2y WA, oleol gl MHY 5
A2 o] Qlek & 4 9lek. ol 2 BAE 2
4 mm 7] ofo] @ir] A 2o 2o
A 9] e W 4 gckFigure 14). )
o nEAelE G4 AP AR Ad gL Asle) FEe

_11~>
ofj
2
o
o
o
el
8
8

N
&
d

2,
ftjo
N
rr
o,

AN SR L 7 Am T

Heat Flow (mW)
- - [ ]
o (5] o
L L) Ll

8 8 3
= £ =

30 45 60 75 90 105 120
Temperature (°C)

(b)
0.5

first heating
cycle
I

second h"eating
cycle

Heat Flow (mW)
o
3,

1
[N

cooling

-1.5
40 60 80 100 120

Temperature (°C)

Figure 12. DSC spectra of Surlyn as a function of relaxation (aging)
time (a) and the first scan corresponds to the sample aged
for 30 days at room temperature (b). Others were run
after cooling from the melt and after waiting at room
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DSC spectra of Surlyn: heating and cooling cycle (b).
The first heating cycle corresponds to a fully relaxed
sample at room temperature. The second cycle is
followed immediately after the first cycle [13].

— —
— —
— —
e =~ & o ©
A= o S% ' 0»
~ =~
v = ¢ Z =8 Z
= = =T Z
— - N %,
-~ /4 - Z /4
@ a © *Z P oadZ
° ¢ = N —=,
= =
melt right after cooling after aging at RT
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Figure 14. Schematic representation of the self-healing process
during high-energy impact (a) and impacted ionomer
samples showing the effect of the disk after impact at 1
m/min disk at increasing disk temperature (b). The hole
closure is clearly apparent as temperature increases
from 47 to 142 C [15].
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Figure 15. A thermally reversible DA cycloaddition of a multi-diene
(multi-furan, F) and multidienophile (multi-maleimide,
M) for the preparation of a polymeric material.
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Figure 16. Mending efficiency of polymer in Figure 15. (a) Mending efficiency obtained by fracture toughness testing of compact tension test
specimens. Values for the original and healed fracture toughness were determined by the propagation of the starter crack along the
middle plane of the specimen at the critical load. (b) Image of a broken specimen before thermal treatment. (c) Image of the
specimen after thermal treatment. (d) SEM image of the surface of a healed sample: the left side is the as-healed surface and the right
side is the scraped surface. (¢) Enlarged image of the boxed area in (d) [17].
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Figure 17. Structure of 2-butylureido-6-methyl pyrimidone (a) and
schematic representation of reversible polymer archi-
tectures obtained from bifunctional and trifunctional
pyrimidone derivatives, respectively (b) [19].
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(a) (b)

(c)

X

Figure 18. Design for timed release of polymerizable chemicals to repair cracks and fill pores by melting of the coating on porous fibers. a.
Fibers coated with wax and filled with MMA; b. wax coating melted with heating MMA released from fibers into crack; c. MMA

polymerized during second heating, closing previous cracks.
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Figure 19. Schematic of different hollow fibre self-healing appro-
aches (a); hollow glass fibres (b); hollow glass fibres
embedded in carbon fibre reinforced composite
laminate (c); damage visual enhancement in composite
laminate by the bleeding action of a fluorescent dye
from hollow glass fibres (d) [24].

Dry2} Bleay”} =915t 7]'g-& Trask et al.[25-27]¢] 9]} t<=
A} 1A% ol f-olZA BeHE Azt 47
o] 10 mm¢l B 4149 E 217o0] 60 mmel E H2)
A2 RISt lckFigure 20). 214149 FHEE oF 50%e]
oh zelEA ISR AEA) AZTHAN FEHEE
Sadl ot Stk BadRR o] Foix Lejme
oF RAAS-§2 4% mel a8 B 2atete] 4587l
A2 o]2oiZ H2l4R7F Uiz FAELA ehululo| =2
Alzsto], YEA4S A o8l & A=& We WS
= A Askeit & Aol 7l

o
oo
Ay
re
-z
_?L
il
N

ol

7] Age] 2RAEE 245k, 97 H $9 gt vlm
S} r(Table 1), ThAA $-27F o] 2ojx]
2702 o] ulms}
A7t ol AR
() AN A GARE] 27] FEE
ol A0) YNE o] 7]o]

A

t}. van der Zwaag et al.[28]0] X &3} 50| o|e} e 9]
A7t PAAEE A= WLI7E okyetd HE ZEAE Aol
o), Amol AA BgollA o] He FAetstoior & Aol
(i) ZA°l 7teix & A7 A=mel Heff AHzee] A=oh=
Afo] 7} Qlek(Figure 21). o]@f 22 A= H3H FoF Aol
&4 BE WS AY dEA717] S8 ol FE AifolER
= Yol ofyr. (iii) A|-FA oHF o] =9F ARt 1elo]
= Hlwshd ghdo] dojid & 7| AA FroA & ZolE
Aok EE AR X =2 AdE s HQlrh

bon ok o

. n 0
location of healing 45

: 90
plies /' a5
0
45
90
-45
—45
90
45

hollow fibers
containing resin

>

hollow fibers £sCC @ ply has a thickness ¢,
containing Q@°° of 125 um 5
hardener 0

laminate stacking sequence

Figure 20. Location of resin and hardener self-healing filaments
intermingled within an E-glass ply in the 16-ply stacking
sequence of the composite laminate.

Table 1. Summary of flexural strength and healing efficacy for glass fibre reinforced plastics

Specimen description Flexural strength (MPa) Percentage of retained strength
Control laminate: no damage 668 100
Self-healing laminate: no damage 559 84
Control laminate: damaged (2500 N peak load) 479 72
Self-healing laminate: damaged, no repair 494 74
Self-healing laminate: damaged C2 hours at 100 C 578 87
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Figure 21. Comparative load-displacement curves under four-point
bend for undamaged, damaged and healed for 70 m
spaced hollow glass fiber [27].
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Table 2. Important factors for developing microencapsule-based self-healing materials

Py
i} 2 ﬂ!lﬂl ol

A

e
Zholet. Ao BAG]l B Ro A
o Azl AE N gAS Avkt w2 &
=Lt 7}
3 7]
AL ) S 2

oAz M

rhr ot 1% BN

]
=

Parameters

Influencing factors

Healing agent must be inert to the polymer shell

Longer self life of the capsules

Compatibility with the dispersion polymer medium

Microcapsule

Weak shell wall to enhance rupture

Proximity to catalyst

Strong interfacial attraction between polymer matrix and capsule shell wall to promote shell rupture

Low viscous monomer to flow to the crack upon capillary action

Monomer

Less volatility to allow sufficient time for polymerization

Polymerization Stress

Catalysts
4 No

Should be fast
relaxation and no cure induced shrinkage
Room temperature polymerization
Dissolve in monomer

agglomeration with the matrix polymer

Incorporation of microcapsules should have very less influence on physicomechanical properties of the matrix

Coating thickness must be larger than the microcapsule size

Coatings

No clustering of catalysts or microcapsules in the matrix polymer

L

Healing

ess expensive manufacturing process
Must be faster
Multiple
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