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Abstract The crack healing by hollow fibre delivery of chemical adhesives, alongwith the recently fomula-
ted concept of self-healing snart canposites, is revieved in thispgper The latter, whereby the p rocedure of micro-
cgpales induced crack slf-healing, is thoroughly investigated D iscussion canprises a nunber of topics including
the structures of healing agents and catalysts enployed, microcapsule foming and exterior attachmentswith a cata-
lyst, in-situ polymerisation kinetics, crack slf-healing in neat epoxy and composites, healing efficiency and micro-
soopes of healed composites A typical dual phase slf-healing systeam involvesmicroencgp sulated dicyclopentadiene
(DCPD) perfoming ring-opening metathesis polymerization (ROMP) under an embedded Ru catalyst canplex
within an gpoxy matrix For neat gpoxy resin the healing efficiency isas high as90% at anbient temperature, while
for carbon fabric reinforced composites it is goproximately 45% at room temperature and up 1 80% at80 . Nor-
bomene (NB) and its derivates have a smilar slf-healing function An un-catalysed themal reversible reaction of
amulti-furan and multi-maleimide can fom endless remendable cross-linked polymerization to heal cracks automat-
ically A comparion of the characteristics of various slf-healing agent systeans and composites are proposed
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1 Introduction

The emergence and development of materials has
defined the progression of hunan civilisation The evo-
lution o modern ociety can bemapped through a num-
ber of material stages, primarily, the Stone Age,
Bronze Age, and Iron Age More recently the age of
gynthetic materials, marked through the invention of
gynthetic phenol-fomaldehyde, commonly known as
Bakelite, by Bakeland in 1907, and the camposites
age, marked by the occurrence of glassfibre reinforced
polyester in 1942 in England It is nov seen that, in
recent years, civilisation has stepped into a fifth age of

snart materials '* %,

Snart materials regond and a-
dgpt © envimmmental stimuli with changes in particular
properties (mechanical, electrical, themal), struc-
tures campositions, or functions These changes are
often ameans of structure sensing and can be used ©
provide information about demage, strain/stress, tem-
perature, themoelectricity, etc ° °'.
are a progressive evolution of nev materials and design
concepts This technology, originally developed and

demonstrated for aerogace, has goplications in all

Snart materials

fields of engineering

Optical fibres, shgpe mamory alloys (3MA) and
piez-electric ceramics have all been applied in snart
composite structures o detect impact danage, matrix
cracks, delaninations and interface degradation awving
o fatigue and wet/themal enviorments**® "
sides the cgpability of slf-sensing, the concept of <elf-
healing has al© been developed in composites Self-
healingwas first developed in concrete, and then in a
range of polymers and polymer matrix composites
® B C Dry developed a <lf-healing process for
concrete in the early 1990s Under this method the
concrete was enbedded with hollov glass microcapil-
lary pipettes filled with a fom of superglue W hen the
concrete was loaded and cracking occurred, the glass
pipes broke and delivered the adhesive, and thereby
healed the cracks'® **'.
cept of micro-encap aulated lf-healing in 1997 in pol-
yester matrix composites '**'. More recently, the re-
— 6 —
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D. Jung invented a nav con-

archers have conducted intensive studies into micro-
cgpale induced <elf-healing camposites '** *. M.

Kesser, S White and co-workers, <elected dicyclo-
pentadiene (DCPD) as a healing chanical agent and
bis ( tricyclohexylphogphine ) -benzylidene ruthenium
(V) dichloride (Grubb’s catalyst) as a reaction cata-
lyst in their investigations A cambination of the o a-
gents induced ring-opening metathesis polymerization
(ROMP) can fom a polymer adhesive that would heal
the cracks™ *.

Additionally, wo new healing agent systans are
alo investigated N. Grove and A.  Skipor proposed
that Norbornene (NB) and its derivatesmay al® per-
fom ROM P healing cracks automatically with a transi-
tion metal complex as a catalyst '*® #!. X. Chen de-
veloped un-catalysed themal reversible

which fom endless remendable cross-linked polymeri-
[22]

reactions,

zation © heal cracks

The studies of <elf-healing snart canposites are a
hot got in the field of composites Themosetting poly-
mer matrix composites are suceptible o danage in the
fom of cracking In fibre reinforced plastic composites
(FRP), cracks are in the fomsof 1) fibermatrix in-
terfacial debonding, 2) ply delamination, and 3) ma-
trix cracking '® *Y. Often thee cracks fom deep
within the structure making repairing virtually mpossi-
ble The crack <lf-healing in composites by microen-
cgpalated healing agents provides a better attempt ©
Dlve these questions

Thispaper foms an overviav of the literature o
far composed in regards o snart <lf-healing compos
ites Remarks and proposal are made on <lf-healing
gnart composites in a hope to provide general infomar
tion aswell as beneficial assistance for further resear-
ches
2 Hollow fiber nduced =lf-healing

Self-repairing snart materials are a range of mate-
rials possessing the inherent ability © heal cracks
thenslves in wiitable circumstances without the re-
guirement of manual intervention In most cases full
restoration or an improvanent in mechanical properties
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is expected Self-healing through hollow fibre delivery
of adhesives 0 repair crackswas first invented in con-
crete C Dry, in the early 1990s proposed the con-
cept of releasing chemicals into the canent matrix ©
alter the matrix pemeability, repair cracks, prevent
corrosion and © act as snors for ramedial action
(9 102 21 " Fig 1 is the preliminary diagran of crack
<elf-repairing in concrete, demonstrating canent matrix
with self-repairing capability’®’. Two kinds of adhe-
sives, a cyanoacrylate superglue, and a three-part
methyl methacrylate (MMA) monamer and cobalt initi-
ator, both sored in hollov glass pipettes, had been
usd b heal cracks in concrete Reaults shoved the
adhesive systans worked very well The wo liquids
leaked fran the pipettes into the cracks and entirely
filled then with a lid Plexiglas-like matrix within 24
h The bending strength showed the adhesive repaired
sanples carried more load in the second bending test
( +130%) "%,

*[.uad

reinforcing 4
fibers|

\

(a) Load applied to undamaged laminate

Fig. 2

A big problan arising from the trandation of the
healing process fran concrete o M C lies in the inser-
tion of the glass tubes, which either is a contaminant,
or arises the complicated and changeable composite
processing and deteriorates the perfomances of com-
posite structures The effect of these dravbacks is rea-
nably Imited the hollow glass fibre-induced self-heal-
ing procesxes in real life goplication

2006 1

Crack-repairing resin is released from
fractured fibers into damaged areas

repairing fibers

(b) Failure of laminate by fibre breakage

Fig 1 Adhesve delivery b slf-repair crack in cament matrix
More recent studies have focused on the process
ing of incorporating hollow fibres in addition to the nor-
c®®  Fig 2
shows a schamatic design of the self-repair mechanisn,

mal st of lid reinforcing fibres in AV

shawing the release of the repair lution int cracks
debonded interfaces, and damaged areas in a AMC
110121 In plainweave S-2 glass fabric reinforced vinyl
ester matrix and epoxy matrix composites, borosilicate
glassmicrocapillary pipetteswere incomporated o sbore
the damage-repairing ®lution '?'.  The results showed
the presence of glass tubing did not affect the mpact
failure behaviour of the camposite in the energy regime
considered, thereby qualifying the <elf-healing

process
Repairing resin is released into
debonding interface
‘i

fractured |
fiber

crack 1 repairing resin is

released into a crack

i Y
matrix T |

k . . : -
porous repairing fibers

(¢) Fibre debonding repairing resin is

released through the pores

Hollow glass tube-induced self-healing processes

3 M icroencapaulated snart «lf-healing

The microencgpaulated crack healing systan con-
sistsof a catalytic netvork fomation of an encgp aulated
add-monamer, which is held within a cgpsule enbed-
ded in the epoxy matrix, when a crack occurs and
breaks the microcapaules, the encgpsulated monamer
polymerises under the catalyst and heals the crack,
leading o reattairment of the mechanical properties
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that are originally exhibited by the uncracked compos
ite %" Fig 3 diplays the micoencapulated au-

o—Ccatalyst @
2
L ] s
s microcapsule g
L

crack

(a) Cracks form in matrix wherever

damage occur

through capillary action

(b) Crack ruptures microcapsules, releasing

the healing agent into crack plane

onamic healing concept .

.9
o polymerized
hculingéﬁgcm &

(¢) Healing agent contacts catalyst,
triggering polymerization that bonds

(‘I'il(’l\' (UH»\ l()\éi?"”l"l'

Fig.3 Autonomic healing concept

The introduction of the microcapaules is consid-
ered 0 be superior o the fomer stated hollow fiber de-
livery healing process The microcgpsules alo re-
ferred o as hollov micropheres, microbubbles or mi-
croballoons, are snall gpherical bodies fabricated with
olid walls o enclose the material that ispolymerizable
in the presence of the catalysts The microcgpaules
may have an average external diameter less than about
250u m, and the average size may range anywhere
fran about 10U m t 2504 m depending on the intend-
ed goplication U rea-fomaldehyde and polyoxymethyl-
ene-urea (MU) were used o fabricate the microcap-

awle sells™ ™

g Canlst. B

W

i Microcapsule #

(a) Catalyst particles dispersing in matrix

healing agent
s

The catalysts can either be digpersed within the
matrix, or directly attached  the exterior surface of
the microcgpsules, as shown in Fig 4 ">,
rior attachment of catalysts is of great mportance for
<elf-healing composites as it implies a degree of shared
aurface area betveen the healing agent and catalyst
thereby improving the efficiency of the healing process
The catalysts are directly joined, or indirectly joined
via an intervening molecular attachment structure, t
the outer surface of the microcgpaules In a preferred
situation, the catalysts are attached t the molecular
structure via a chanical reaction

The exte-

catalyst

migcrocapsule
i
|

/'

(b) Catalyst attaching to exterior surface of microcapsules

Fig 4 Schematicsof catalyst conditions

The aurface treatment of microcgpsules such as
by silane coupling agents, can improve the wettability
0 the matrix and fibre$***'. The adhesion betveen
the cgpaules and the matrix of the composite influences

— 8 —

whether the cgpsulewill rupture or debond in the pres
ence of an goproaching crack

4 Typical =lf-healing systen sand cam posites
41 DCPD and Ru basd Grubbs catalyst
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4 11 Healhgagent chanistry

S W rite and co-workers have conducted compre-
hensive research into the DCFD and Ru based Grubbs
catalyst The reaults are presented in detail below.
(1) Structuresof DCFD

Dicyclopentadiene (DCFD) is a by-product of the
ethelene production process conducted in the petro-
chamical industry Generally, this ethelene isfound ©

/7

(a) DCPD monomer

(b) Ring-opened DCPD

contain fairly large amounts of DCFD (ca 15%
17%). The DCFD monomer, dtable with 0. 01%
0.02% p-tert-butylcatechol, possesses low visosity
and excellent shelf life The standard structure of the
monamer, the monomer in its crosslinked ( ring-
opened) oondition are shown in Fig 5 (a) and (b)
(1314 regectively.

PCy,
cl Ph
%, S
lRu =\
Cl H
PCy,

(c) Grubbs’ catalyst

Fig .5 Structures of healing agent system

(2) Grubbs catalyst

Bis( tricyclohexylphosghine) benzylidene rutheni-
un (V) dichloride, al® referred b as Grubbs cata
lyst, hasa structure as illustrated in Fig 5(c) — a ru-
thenium carbine camplex structure'™® *. Grubbs cat-
alyst is highly reactive for the pumposes of double-bond
metathesiswhile exhibiting exceptional tolerance o oth-
er functional groups, aswell as oxygen and water It
has been shown that exposure of Grubbs catalyst © a
primary anine curing agent leads o me degradation
of chemical activity of the catalyst Tertiary anine s
tans show little chemical interaction with Grubbs catar
lyst
(3) ROMP

Grubbs catalyst interactswith DCFD monamers
initiate a living ring opening metathesis polymerisation
If additional
monamer is upplied at any tme t the end of the fom-
ing chain, further ROM P may occur and the chain may
extend "***" . The living polymerisation guarantees the
multi and repeated healing p rocesses asmeeting the di-

(ROMP) reaction at room temperature

verse st of requirament
(4) DCPD monamer and catalyst in-situ polymerisation
Epon 828 epoxy resin and diethylenetriamine
2006 1

(DETA) were used as the matrix resin systam. A ta-
pered double-cantilever bean (TDCB) test has been
used o investigate the crack healing behaviour by pro-
viding a crack-length-independent measure of mode |
interlaninar fracture bughness "**!. TDCB fracture
pecimenswere tested  failure The mixturesof cata
lyst and DCFD monamerswere injected into the frac-
ture planes, and the sanpleswere fastened tightly with
C-clanps After24 h b 48 h, ssmpleswere retested o
detemine the healed fracture toughness A typical TD-
CB load-diplacement curve is showvn in Fig 6 (a)
81 Crack healing efficiency is calculated smply as
the ratio of interlaminar fracture toughness betveen the
healed and virgin samples

The effect of the ratio of Grubbs catalyst o DCFD
monamer was investigated in four sets of ssmpleswith
ratiosof 2, 4. 4, 10 and 40 g/L. The realts are de-
picted in Tah 1
ing efficiency increaseswith the concentration of cata-
lyst, but decreases exponentially with gel time, taking
goproximately 600, 235, 90 and 25 s regectively
118241 " |t has been shawn that with a ratio of 4 4 g/L
for catalyst to monamer, nearly 100% healing efficien-
cy may be achieved

It can be seen that the level of heal-
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(b) 8H satin weave E-glass/ gpoxy

Fig 6 Representative load-digplacanent curves for crack healing (manual injection)

Tah 1 Influence of catalyst concentration on healng

efficiency n neat epoxy (manual njection)

The expermentswere al® conducted for E-glass
fabric reinforced epoxy (Epon 828/DETA) campos

concentration Fracture ToughnessMPa m*”  Healing ites Fig 6 (b) <hows load-diglacement curves for
Grubbs(g) DCFD (1) Virgin Healed  Efficiency crack healing by direct injection of the catalyst and
40 1 055+005 Q71+008  Full heal DCH monaomer  The reaults in tah 2 show that the
10 1 056+004 Q61+009 Full heal maximum healing efficiency is80% for satin fabric/ep-
441 055+005 053+010 (97+15) % oxy compositeswith the fabric structure showvn o have
21 054£004 045+008 (84%8)% a large affect on the healing behaviour '*°.
Tabh 2 Crack healing efficiency n E-glass/epoxy can posites (manual njection)
Na of G ¢ Virgin,avg ( £1D) /I m? G cHealed, avg ( £19D) /I m? n /%
W eave
Specimens Initiation Plateau Initiation Plateau Initiation Plateau
Plain 9 726 ( +40) 1283( £141) 335( +111) 655 ( +223) 46 51
8H Satin 6 528 ( +100) 842 ( +171) 420( +147) 564 ( +58) 80 67

(5) Self-activated healing

The <lf-activated samples, consisting of epoxy
and an enbedded catalyst but no microcgpsules, were
tested to failure and subsequently healed by manual in-
jection of DCFD monamer into the crack plane Virgin
and healed values of fracture tbughnesswere measured
and are plotted in Fig 7 with their corregonding val-
uesof healing efficiency '**.  The fracture toughness of
the healed sampleswas found o increasewith the level
of catalyst

The reaults for self-activated E-glass reinforced
epoxy compositeswith an enbedded catalyst are shovn
in tah 3", It isevident that the healing efficiency is
much lower than that of manual injection of mixtures,

and al® lower than that of lf-activated healing in
neat epoxy (Fig 7).

. 08 200
. .
%’ 06} 150 E-
‘5
£ o4 100 §
g g
° -
5 02 50 g
8 o
8
= 0

Catalyst Concentration/%(wt)

Fig 7 Fracture toughness and healing efficiency as
a function of catalyst concentration in neat epoxy
( self-activated healing)
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The drop in both tbughness and healing efficiency
may be asociated with the clumping or non-unifom
digersion of the catalyst particles In addition, the lov

polymerisation rate has a significant effect on the a
mount of the monamer that diffuses into the matrix
thereby leaving the crack plane dry '*'.

Tab 3 Self-activated crack healing efficiency n E-glass/epoxy cam posites

Na of G ¢ Virgin,ayg (+1D) /I m? G ¢ Healed, avg (£19D) /I m? n /%
W eave .
Secimens Initiation Plateau Initiation Plateau Initiation Plateau
Plain 10 644 ( +280) 1052( £222) 111( £47) 198 ( £57) 17 19
8H Satin 8 585( +199) 1040( £138) 38( £56) 87( £117) 6.5 84

4 1 2 M icroencapaulated healng n neat epoxy

U rea-fomaldehyde containing
DCHD monamer, were manufactured with average diamn-
etersof (180 £40) U m, (250 £80) W m and (460 +
80) M m by using the enulsion in situ polymerisation
micro-encgp wlation method  Shell wall thickness was
(190 +30) mm for all batches'*"!. A self-healing poly-
mer camposite composed of microencapaulated DCHD
monamer and Grubbs catalyst was incorporated into an

microcapaules,

—
~N

1)

E N
& %
< o8 8
3 &
é o
E; o4 ﬁeat Epoxy E 20 %
% Resin ‘; =
= 0 . A—— 0

100 300 500 Self-Activated
Mean Capsule Diameter/pm

(@) Influence of microcgpsule size on fracture toughness
and healing efficiency

epoxy resin sample The effects of microcgpaule size on
the healed fracture tbughness and healing efficiency was
investigated with 2 5wt% Grubbs catalyst and 10 wt%
DCHD monamer encgp sulated microcgpaules, as shovn
in Fig 8 (a) (18]
increased significantly with increased cgpaule dianeter
The slf-healed pecimenswith 4604 m dianeter cgp-
aules exhibited the greatest healing efficiency, recove-
ring, on average, 63% of the virgin load

The divergence of healing efficiency

60 |- o e o o
§ [ ] . ®
:
feal

b
% 20F
=~
0 1 ' L
0 20 40 60 70
Healing Time /h

(b) Development of healing efficiency

Fig 8 Fracture toughness and healing efficiency in neat epoxy

Sanpleswith 10 wt% of 1804 m dianeter cgp-
aulesand 2 5wt% of catalystwere manufactured to in-
vestigate the development of healing efficiency Healed
fracture testswere perfomed at time intervals ranging
fran 10 min o 72 h after the virgin sanple tests The
resulting healing efficiencies versus tme are plotted in
Fig 8 (b) "
ing efficiency developed within 25 min, which closely

It can be seen that a significant heal-

2006 1

correponds © the gelation tme of the poly-DCFD.
Steady-state values of healing efficiency were reached
within 10 h

M icrocgpaule concentration has been shovn ©
have a significant influence on the fracture tughness
and healing efficiency. To investigate this effect for the
*lf-healing case, sanpleswere manufactured with O ©
20 wt% of 504 m and 180M m dianeter cgpules spa-



rately with 2 5 wt% of catalyst, measured 24 h after
virgin fracture The reaults are shown in Fig 9 (241

For the 180U m diameter and with 5 0 wt% capaule
10f

180um

Neat epoxy
osl virgin fracture
. toughness

0.6 :___/_
04
}' \SOum

02}

0 “ 1 L It 1 L
0 5 10 15 20 25
Microcapsule concentration/%(vol)

Healed fracture toughness /MPa - m™?

(a) healed fracture toughness
Fig 9

4 1 3 Self-healing cam posites

Carbon fibre-reinforcement with 3K tow plain
weave architecture was used o fabricate a structural
canposite material  The microcgpaules of the DCFD
monamer used had a mean diameter of 1664 m. The
central layers where the delamination was introduced
were filled with 20 wt% microcgpsules of the DCFD
monamer and 5wt% of a ROM P catalyst (Grubbs cat-
alyst). Freshly fractured gpecimenswere clanped shut
with modest presaure and alloved o heal at roam tem-
perature for 48 h Upon retesting, the healing efficien-
cy wasmeasured by the recovery of the level of inter-
laminar fracture toughness

Fig 10 showns the typical loading-digplacement
curves for virgin and healed <elf-healing carbon fibre

structural composites®’.

concentration fraction, an average healing efficiency of
(80 *+ 5) % wasmeasured

Healing efficiency /%%

0 5 10 15 2 25
Microcapsule concentration / %(vol)

(b) healing efficiency

Influence of microcap sule concentration on <elf-healing behaviour

PN

Fig 10

<lf-healing samples (48 h at oam tanperature)

Tah 4 dhows the valuesof fracture toughness and
healing efficiency. It can be sen that the healing effi-
ciency is about 38% on average with a maximum of
nearly 45%. By elevating the healing tanperature
80 , the healing efficiency increased t 66% on aver-

[29]

Typical loading-diglacement curves for

agewith amaximum of over 80%

Tah 4 Fracture toughnessand healing efficiency for self-healing structural cam posites

Na of K cVirgin avg K cHealed avg K cHealed peak N ag N max

Secimen type
samples IMPa m*/? MPa m*? IMPa m*/? [% [%
Self-healing (at room temp. ) 8 2085(0 22) 1 08(0. 20) 1 29(0 25) 38 45
Self-healing(at 80 ) 4 2 79(0 30) 1 83(0 20) 2 23(0 18) 66 80

4 1 4 M icromages of slf-healihg cam posites
Evidence of polymerisation of a healing agent fol-
lowing crack damage is shovn by envirormental scan-

ning electron microscopy (ESEM ) and infrared gec-

trosoopy ¥, ESEM micrographs reveal the presence of
a thin polymer fim on the fracture surface Infrared
2006 1



gectrosoopy of this film reveals an abmption at a val-
ue 965 an’, characteristic of ringopened poly-

(DCPD). The ESEM image in Fig 11 showsone area
of the fracture plane of a healed gpecimen inwhich the
poly-(DCAD) film is ill attached to the interface,

[13]

visible on the right side of the mage

Fig 11 ESEM image in =lf-healing epoxy polymer

A typical virgin fracture surface for a slf-healing
structural composite gpecimen is showvn in Fig 12

Fig 12 SBEM image of fracture surface after virgin testing

It can be seen that the fracture is primarily inter-
facial betveen the fibre and matrix (botom right of the
image) ; very fav of the microcapsules can be sen ©
have broken'”. In regions where crack propagation
was confined to the matrix (top left of the image) the
level of broken microcapaules present increases It can
be =en in Fig 13 that there are several strandsof poly-
(DCPD) on the wurface that have bridged the delami-
nation before ultimately rupturing and collgpsing in a
folded fim on the fracture surfacé®’.
bands and finger-like projectionsof the film isevidence
that a significant anount of plagtic flov of the healing

2006 1
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agent has occurred

Fig 13 SBM image of healed fracture surface tested
after 30 min healing time

4 2 Norbornene itsderivatesand catalysts
Norbormnene ring-opening metathesis polymerisati-
on (ROMP) represents the current production proces:
s anployed for cyclo-olefin polymers '*®’. Based on
DCFD as the main monamer, saturating the double
bond in norbomene ROM P with different combinations
of a ubstituent (R) can produce polymerswith var-
ying structures and properties Fig 14 shows the fom-

ing of NB  serial monamers?.
~\
OD—O 2+ &=

NB
Fig 14 Foming of NB monamer

A norbormene monamer and a derivative thereof
may each perform ROM P and may both therefore be
used as the healing agent™. The catalysts used may
be RuCl, Ru(H,0)-(bluene sulfonate),, K,RuCk,
and the like
4 3 Un-catalysed thermally reversible remending
reaction'”

A truly " remending" material has been devel-
oped that isable to fom covalent bonds at the interface
of mended parts The material consists of a highly
cross-linked trangarent polymer that exhibits multiple
cycles of autonamic crack mending under a smple
themal treamentwithout the presence of a catalyst A

http://www.cnki.net



themally reversible DielsA Ider (DA) reaction consis:
ting of the cycloaddition of amulti-diene (multi-furan,
F) and multidienophile (multimaleimide, M) isused
i prepare the polymeric material Monomer 1 (4F)
contains four furan moieties on each molecule, while
monamer 2 (M) contains three maleimide moietieson

c'(’\o/\) (Lo/\E}), + N{\—:%?)J =

each molecule A highly cross-linked network (poly-
mer 3, M4F) may be fomed via the DA reaction of
furan and maleimide moieties, while themal reversibil-
ity may be accamplished by the retro-DA reaction, as

shown in Fig 15
OIE :0
- —

Polymer 3(3M4F)

—_—
-—

Fig 15 Themally reversible reaction

The degree of crosslinking of M 4F as a function
of the reaction temperature is showvn in Fig 16 At
24 | polymerisation of up © 60% t 70% required 5
days The process of polymerisation and crosslinking
was found o be much faster at higher tamperatures,

reaching " completion” (95 £5)% in just 3 h at

75
g 12¢
10+ 5T
<§ 3 3 60C
g8 08r ~F45C
50.6- -§24C
E 04r
E 021
5 LS . . e
0 20 40 60 8 100 120

Polymerization time/h

Fig 16 Degree of polymerisation versus tine

Compact tension test gpecimenswere used © de-
temine the fracturemending efficiency of the polymer
Application of a load, in the direction permpendicular
the pre-crack, reaulted in fracture of the gpecimen
After structural failure, the wo pieceswere matched as
closly as possible and were held together with a
clanp. Theywere subsequently treated at 120 © 150
under nitrogen for goproximately 2 h, and then cooled
o roan tamperature Representative load-digplacament
curves for a polymer gecimen are plotted in Fig 17.

The healed gpecimen exhibits gpproximately 57% of
the original fracture load At150 , an average men-
ding efficiency of about 50% was achieved, whereas at
120 the average value was 41%.

Fig 17 Mending efficiency

5 Remarksand Proposl

M icroencgpaulated <elf-healing composites have
been extensively studied The healing efficiency has
been found to be as high as90% in epoxy at roam tem-
perature, while near 40% at anbient tenperature and
66% at 80
efficiency aswell as the compatibility with both the ep-
oxy and fibre reinforcements should be of concem when
considering NB, which is therefore only proposed as a
possible healing agent Crack healing for the themal
reversible reaction without a catalyst was only conduc-
ted in the M 4F parent material
campatibility of the material with the epoxy matrix and
fibre reinforcament al® requires consideration

in carbon fibre composites The healing

The processing and
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The following lists compare the advantages and
disadvantages of the above <lf-healing processes and
materials in assistance of further research and improve-
ments

(1) Grubbs catalyst will decompose at above
120 . Therefore, this healing agent systan may only
be used for middle temperature cured epoxy compos
ites Themore stable healing agent systan over 180
should be studied

(2) The long-tem stability of the catalyst, and
the ability of the material o <elf-heal multiple times re-
mains a concem for DCFD and Grubbs catalytic heal-
ing systam.

(3) In comparion © the catalyst attachment o
the microcgpaules, the catalyst digpersion in the matrix
has the followving disadvantages (a) the catalyst
clumps together; (b) the catalyst does not finely dis
perse into the matrix material resulting in waste; (c)
moreover, the hamogenous catalyst goproach reaults in
digersion of the polymerisation agent into areas (wol-
umes) of the polymeric matrix where there is no availa-
ble healing microcgpsules (d) the initiation and sub-
squent rate of the healing processmay be o slow.

(4) For the polymeric material M 4F, the male-
mide monamer melts at o high a temperature
(123 ), is coloured (yellow), and is in®luble in
monamer 4F

(5) Though polymer 3FAM can be cured in less
than an hour at 130
hours o camplete

(6) The =ervice tamperature of polymer 3VI4F
0 120
many goplications but cloe  ideal for others, such as
<lfmending electronic packaging, where cracking oc-
cursdue to differences in themal expansion properties

Self-healing gnart composites are a leading edge
field in material science & engineering The basic
principles and proceses have been demonstrated by
several pioneering researchers, however, there is still

, a full curing may take many

ranges from 80 , Which may be too lown for

much © be investigated with regards o real life appli-
cations Esentially, a great deal of opportunities and
2006 1

challenges exist for future material researchers
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