Self-healing polymers
have the potential to
enhance and extend the
Sfunctionality of plastics.
The technology also
offers an interesting
alternative approach
for improving material
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Damage bevel

Figure 1: Bamage developmant as
& function of time for threo levels
of selt-healing behaviour: 8) single
veling; b) a resiricled number
‘nealing events and partial hoaling;
rge number of healing

itne constants: the rae of damage
formation and the rate of healing, If
the state of reduced loading doss not
lust long encugh for healing w oftur’
properly; the lifc oxtension wil be

lessened, falling shors of the m:
mum improvemens, This “rest” oF
“healing” peciod is indeed a con-
strain i paking full use of sel-heal-
ing matedials—as anyone who has
ever broken a leg will confirn—but
it is better that than never healing at
all
on crack-growth rare in a selFhealing
polymer sysem i clearly visibl.

Atomic Structure
S0 what is necesiary at an aromic (or
molecular) bevel to make a material

potentially self-healing? Firs,like any

i Fig. 2 the effcer of 3 rest period

serucaisral maverial, dh g
masedial stll has w0 perform a regular
mechanical function and sust be
designed with sufficient aumbers of
atoms—and the cosrecr atemic con-
figuration—ro achieve this. It i
assume that most of the atoms in a
self-healing marerial are there 1 per-
form this funcrion. As a consequence,
almost all self-healing material grades
will be designed along the damage-
prevention eoncept, at least at firse
glance

To make a material slf-healing, it
s necessary that defects disappear
more of less sponancously: the
defect, void or crack, has to be filled | tion of the atoms making up sclf-
by mew mate that also has the capac_| healing materials must be aiabile over
bility o locally restore the specific | shorner or loages distances in order o
Ioadbearing propertics. Hence,in | fill the Jocal-damage area. The heal-
contrast to standard materials, a frac- | ing agent nor only has to move 1o the
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Self-Healing Materials

rlnma Healing mechanism in the
jation systém designed by

Wit ) Infial tate with crack

approaching microcapsules; (i)

Figure 4: Three hoilow glass fibres.
contalning healing agont embedied
In carbon-libre-reinforced compos-
e taminate.

healing requirement is met by inco-
ruting microcapsules filled with the

liquid healing agent di-cyclopentadi-

ene, which crosdlinks when in contact

crach-healing mechanism is shown in
Fig 3.
“This systern has 3 90% healing effi-

| ciency; e, given sufficient time to

| heal, the sesidual serength of a broken
sample is 90% of irs initial strength,
While listle is known about the
material's other characteristics, it is

‘L. safe to assume that they are compara-

the fractute surfaces from sepacating
When damage results in full separa-
tion of the fractured material, proper
healing generally will not occur
unless th

ble to; but ar 3 slightly lower level

| than, those of the cpoxy marrix mate-
rial, Such 4 drap i maserial proper-

| ties i to be cxpected for all sef-heal-
ing marcrials, as some of the

healing agent flaws intc crack; (1)
hoaling agent cro

of cantact with catalyst.

damage site, but ance there, also has
10 pennencatly bond the two surfices
together, and in doing 5o it loscs its
mobilicy. This transition from 3
mobile o fived state can be realised
via temperature excursions and cheni-
ical seactonssorher processes can be
eavisaged, 100,

OF coursc, for the healing process
to take plice, 3 damage sensor or
healing trigger i required, and this
fearure has to be included in the
maserial’s design. The seasor has =
dexec the occurrence of damage an
1o initiate healing cither Irysrmng
the mation of the healing agent or
+he healing reaction irself

In onder for self-healing to take
place, it s crucial that the damaged
‘surfaces stay in or are brought into
close contact once a fracture has
occurred, and held in a steady, fied
positin while the reaction takes
place. Self-bealiing is most successful
in partiak-cracking situstions where
the area ahead of the crack tip keeps

are
brought together.

“This requirement aiso means thit
healing is favoused when the applicd
load is occasionally reduced or
remaved, as this leads to & reduction
of crack aperture ar even closure.
Thus, sel-healing matesials are more
promising for applicarions under
cyclic loading and less promising for
stpucnyges under constan load. It has
been shown hat the fariguc proper-
ties of sl healing epuy; when tesied

set aside 10 pro-
vide this healing efficiency. However,
in r=al applications, this can be com-
| pensared fo by mot having w include
a “safety factor” covering, the effects
ordn nage during 2 product’ life-
time. We can see that self-healing
materials require novel design rules.
While the White system probably
derives its maximum value 35 a
demenstrator project, the concepe of
liquid-healing-agent encapsulation
has been introduced with a higher
chance of in fibre-

under the right
tional.

Polymer S
The e ceationa scl{hn]mg_
polymer was the well-known material
system developed by Professor Scott
Whice 1nd b seam in Hlinois (USA).
This system was designed on the
basis that any self-healing material
should have a mobile componeat
<capable of healing damage. and that
liquids are intrinsically healing. In the
White system, the funcional and
healing requirements are fully decou-

Figure 5: A multicompartmented fiare

‘mct by the epoxy marrix, while the

filed with &

containing
liquid healing agent.
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composite systems by Professor lan
Bond at Bristol University, UK. He
has develaped carbon fibre compas-
ites also containing hollow glass fibres
filled with a similar healing agent. A
cress section of this composite is
shown in Fig 4. While the initial
strength of Bond's composites was
lower than that of wraditienal carbon-
fibse composite, s (healed) post-
impact strength was greater.

A major drawback of the microcap-
sulagion and hollow-filie approach.
which is anly pardy solved by the
multicomparemented fibre (Fig 5)
patented by Mookhoek et a.
(Technical University Dielf), is the
fact that one a healisig cvent has
taken place, the mobile healing agent
is locally consumed and rurned into a
solid (immobile) matcrial. Heace, che
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Figure 6: The structure of the
rogen bond unit -
‘developed by Meljor ot al.

healing it 2 one-time-anly event.
“To obrin multiple healings, 3 more
rigorous approach affecting the
molecular structure of the palymer is
requircd. The core
conceps behind
mulriple selheal-
ing is that onee loss
of cohesion at the
damage site has
occurred, the
malecular mobility
in the damage
region is temporar-
v increased, the
cohesion across the
crack intesface is
restored, and the
materal regains its
serength and seruc-

wure,

An cxample
of such an
approach is the
ionamers (poly-
mers containing up
to 20% of meallic
ions arrached 10
the polymer back-
‘bone) used for bal-
listie applications.
Because of the
unavoidable, but in
this case highly

|~ self-Healing Materials

locally heated and becomes mobile
while still eaining its esilience
because of the special molecular
| structure. Within 20 milliseconds of
2 bulleds passing through the mareri-
al the hole closes and the material
quickly regains its strength as the
physical crosslinks (acmbutable to the
metallic jons) are re-csiablished. Dr.
(CSIRO Australia) has
at holes up to 12 mm in
diameter can be fully elosed, provided

1 thar the bullet did not remove wo

much material on impact

Finally, ar: cven mose radical
approach for designing sell-healing
polymers is o alier the nature of the
chemical bonds along and in between
<he polymer molecules. Currently, all

ssed a3 base ingredicnts for
strucural plastics have backbones
based on covalent bonds. These
bonds lack the abilicy to reform ance
broken; hence, to make
self-heaiing, i is necessary to include
reversible chemical bonds. L contrast
10 regular coralent bonds, thess can
| reform upon application of a cmper-
| avure rise (belaw the mels tempera-
wre). There are alsu some reversible
eypes thar will funciion without tem-
perarure incieases.

Several revessible bond systems
have been identified, two of which
currently receive much atcention: the
supra-molecalar polymers based on
quadrupole hydrogen bonds (Fig: 6)
| developed by Professor Bert Meijer

1 (Nethertands), and the reversible

Diels Alder reactions bused on furan-
malcimide nerworks. Quadrupole
Bydrogen bends work in the same
weay as hook-and-loop Fusteners:
fmany weak bands working togeher
uce effeceive overal suength.
In buth cases, TPE marerials were
obtained that display thermal healing
iics und also can regain up to
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90% of their initial strength by 2
modest thermal excursion. In contrast
0 polymers based on the liguid
encapsulation routes, in these poly-
mets the healing can be applied many
imes, The first commercial self-heal-
ing marerial based an this concept
has been brought to market by the
young Dutch company Suprapolix

First Applications

Wiile the development of self-heal
ing matcrials is in a relatively carly
stage, its interesting to consider
where their fest applicatians wil be
As discussed, to make material sel
healing, a drog in common mechani
cal properties will almost unavoidably
result, However, this is fully accept-
able if the applicarion of the material
leads to cither a substantial increase

in long-term reliabilicy or perform-
ance, o if it is used in applications
whete repairs are very costly or other-
‘wise undesirable,

Some typical examples include self-
bealing coatings chat retsin their pris-
tine appearance even when scracched:
satellite componens fincluding seals
currently used in the Internarional
Space Scation); scll-healing snow ge
gles that heal shallow surface seratch-
e5 overnight; underground polymes
pipes; sell-healing car interiors char
ook “as good as new” for many years
covers for IC chips; coasings on mai
windows; and self-restoring score ..
cards on firing ranges. .

Clearky, w advance the sechnology,
application engineers are challenged w0
come up with ncw and porentially suc-
cessiul areas where sef-besling maresi-

als will make the difference. In Japan,
civil engjnects hase already used self-
healing concrete containing PVA fibees
w build the decks of suspension
bridges.and the pillrs of high-rise
‘huil ings in cahouake areas

Sybran san der Zroaag i profesor at
the fuculty of Aeroipice Fngincering at
\ s Techuical University Delf i The

| Nethertassds, where be leads a gromp
warking on the development of navel
ateriai. Since 2005, self healing
nateriais have been bis primary
resarch inteest, He chairs the Dutch
reiearch prognomme in this field and is
editor of the book Self- Healing,
Materials: An Altemarive Approach
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