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Abstract

This chapter aims at combining new insights in the field of (liquid encapsulated) self
healing polymer systems as well as nanoparticle reinforced polymers to set the direction
for the development of nanopatrticle reinforced self healing polymers. In the case of self
healing polymers the strategy is to minimise the volume fraction encapsulated healing
agent for a desired healing performance. In the case of nanoparticle reinforced polymers
the challenge is to maximise the mechanical property improvement for a certain fraction
of nanoparticles.

For both systems the property to be optimised, i.e. the healing potential or the
strengthening effect, is mathematically shown to depend on the aspect ratio of the added
ingredient as well as its volume fraction. The chapter ends with a first exploration of the
use of nanopatrticle reinforcement to get attractive repetitive self healing behaviour in a

polymer system still meeting minimal mechanical properties.
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1. Introduction

Two major developments in the field of structuralymner materials marked the turn of
this century: i) the development of nano-partiemforced polymers and ii) development
of self healing polymers. Nano-particle reinforcertni®rm a logical extension of the
successful micro-particle reinforcement of engimeepolymers aimed at increasing
their mechanical properties, in particular stiffn@sd fracture strength even beyond the
current high level. Self healing polymers form avreute in materials science aimed at
creating materials with the ability to heal craoksre or less autonomously and to restore
mechanical properties to their original, often lowevel. So, on the one hand
mechanical properties were extended even furthigiieven the other hand mechanical
properties were sacrificed in order to create a fumetionality. In this chapter we will
highlight the potential of nano-reinforced matesiat suitable candidate materials
demonstrating self healing behaviour in combinatidih acceptable mechanical

properties.

Self healing materials are loosely defined as nmadtecapable of restoring mechanical
damage, i.e. a nano-, micro, or sometimes evenaseapic crack, in a more or less
autonomous manner. While the mechanism of heakpgids on the intrinsic character
of the material to heal [Van der Zwaag, 2007, 2069 common feature in all healing
processes is that new material flows into the ceaukrestores the mechanical traction
between both sides of the crack. So, in all sedfihg materials there is a local flow of
‘reactive’ material, i.e. material which transforinem a mobile and hence marginally

load bearing state to a new immobile and load hgegiate.

In the early days of self healing polymers and o#@df healing materials, the
functionality of the mobile healing agent and ttetis matrix material were strictly
separated and healing was obtained by inclusi@m@&ncapsulated liquid ‘glue’ which
would spread itself over the fracture surface asm s the crack to be healed penetrated
the micro-size capsules or sealed hollow fibrey [L996, White 2001]. Provided the

crack faces are not too far apart and the releasaling agent is capable of connecting



both sides of the crack, a proper healing agentiedtl to restoration of the load bearing
capabilities of the former crack.

Of course, the presence of a liquid healing ageshiices the initial mechanical

properties, in particular the modulus and the terstrength, as liquids can only transfer
loads under hydrostatic loading conditions andrazapable to sustaining tensile or shear
forces. Hence, as will be demonstrated later s ¢chapter a major challenge is to
maximize the availability of a liquid healing agexttthe fracture surface at as low a
liquid fraction present in the undamaged materiaWill be shown that elongated
capsules, i.e. capsules with a high aspect ratlbbg&van important tool to achieve this

target.

Of course, since the first demonstration of se#limg behaviour via the liquid healing
agent route, alternative routes have been idedtibenduce self healing behaviour such
as elastic recovery in combination with reversiitgsical networks as employed in
ionomers [Varley2008], reversible hydrogen and other chemical b@sdsmployed in
supra molecular materials [Sijbesetal 1997], crack jamming by transport of particles
under the influence of an electrical field [Ristart®2008], long distance reptation of
dissolved linear molecules in a thermoset matriayés 2007], atomistic diffusion
followed by local formation of strengthening pratages in aluminium alloys [Lumley
2003], local oxidation of the crack zone leadioghe formation of new phases with a
higher specific volume as in a very special highgerature ceramic [Soreyal 2008]
volumetric expansion of a nanostructure clay miexer to fill cracks in a multilayered
coating [Micciche 2008, Hikasa 2004], and finalbg&l deposits in the crack surface of
bio-concrete grades due to bacterial excrementkgis 2007]. In all the above
examples the matrix is the more rigid phase andhéading agent is the mobile, i.e. less
rigid, phase. For such systems, to get acceptabtdamical properties, the volume
fraction healing agent should be kept relativelyalirand its configuration should be

optimised to get the maximum effect at the lowedtime fraction.

In contrast, one could argue that in nano-reinfdeelymers, consisting of a semi-
crystalline polymer above its glass transitionpenature, the matrix can be treated as

the relatively mobile phase and the nano-partiakethe phase to provide the rigidity and



flow stress to the system. So a nanoparticle retefb polymer could be designed to
become a self healing system, by tuning the mgtolfithe matrix and compensating the
lower mechanical properties by nano-reinforcemeinghis case the volume fraction of
the rigid material is relatively small and agaie tthallenge is to optimise its
configuration in order to get the maximum effectrat lowest volume fraction. Again,
particle aspect ratio is the key parameter to emeehe efficiency of the reinforcement.
Of course a key difference between the liquid basdidhealing polymer systems and
self healing nanoparticle reinforced polymers &t ih the first class of systems healing
locally can happen only once and is lost upon #adihg agent being used to fill and heal
a crack. In contrast in the second class of systerakiple healing can occur locally,
since the molecular mobility is guaranteed at teiaoees above the glass transition

temperature.

While the current chapter focuses on the mechaprogierties of bulk polymers and the
healing of mechanical damage, it should be pointédhat nano-particles are also being
used for the restoration of corrosive protectiaeragcratching of the protective coating.
Nanoparticle-filled silane films are named as asfile replacement for chromate
containing anti-corrosion coatings for aluminunogdl [Palanivel 2003]. A small amount
of silica particles (5 ppm) in the silane film clg@&s the mechanism of cathodic reactions
on the alloy surface such films behave as a cathualirier similar as also observable
when Ce-compounds are used [Parkhill 2001]. Timassuppresses the cathodic
reaction by reacting with the cathodically geneta®#—ions, under the formation of
water and Sigf” ions. The as-formed Si® ions subsequently react with®Alons at the
anodes forming a passive silicate film. With arr@ase in silica content (above 15 ppm)
such a desirable cathodic inhibitive behavior diggps again, probably due to an
enhanced porosity. .

Nanoreservoirs, homogeneously distributed in time fnatrix can possess a controlled
and corrosion-stimulated inhibitor release to ceiwn defects without any negative
effects on the stability of the passive corrosiavigctive coating matrix. The
development of active corrosion protection systénsnetallic systems is of prime

importance for almost all applications. Oxide naamtiples containing cerium ions were



explored as isolated, inhibitor-impregnated resisvio be incorporated inside the
protective coatings providing prolonged releasthefinhibitor and self-healing ability
[Zheludkevich 2005]. In a fairly new contribution the development of a new protective
intelligent system with self-healing ability comjeaisof hybrid sol-gel films doped with
nanocontainers that release entrapped corrosidnitimhby regulation of the

permeability of the encapsulation shell in respdogeH changes caused by corrosion
process is described [Zheludkevich 2007]. Silicaoparticles with a size of ca. 70 nm,
covered layer-by-layer with polyelectrolyte layarsd layers of the inhibitor
(benzotriazole) were randomly introduced into trs#liaa-zirconia based hybrid film

used work as an anticorrosion coating deposited\82024 aluminum alloy. The hybrid
film with the nanocontainers reveals enhanced k&ngr corrosion protection in
comparison with the undoped hybrid film. This effescobtained due to regulated release
of the corrosion inhibitor triggered by the starteurosion processes. The released
benzotriazole forms a thin adsorption layer ondamaged metallic surface to
sufficiently hinder the anodic and cathodic coroosprocesses and passivate the alloy by
replacing the damaged A; film.

2 Microstructured self healing polymer structures

2.1 Liquid-based sdlf healing ther mosetting polymers

The self-healing material development started witandmark paper by White et al, who
showed that a thermosetting epoxy material with eanient of 60-10Qum diameter
spherical urea-formaldehyde capsules filled wittydiopentadiene, in combination with
a dispersed (Grubbs) catalyst can show substaetiatepair upon fracture. [White 2001]
Upon cracking the released liquid monomer startsaahetathesis polymerisation with
the dispersed catalyst, which leads to rebondinghef crack surfaces. Their results
showed that the material regained about 75% ofortginal fracture load provided
sufficient time for healing was allowed and crackfaces were kept in contact during
this healing period. Pang et al. (2005) publishedh® production of a self-healing fibre
composite based on a similar self-healing pringipiere in line to the concept presented
by Dry [Pang 2005, Dry 1996 ]. They embedded holipass capillaries filled with either



of the two components of a two liquid-componentgpsystem. The results showed that
their bleeding composites even re-establish arcirib of their original strength in
compression tests after impact.

The original choice for a thermosetting polymertlzes matrix material for self healing
liquid-based system is rather logical and stemsnfitbe initial low viscosity of the
thermosetting resin in combination with the low parature imposes the most favourable
conditions for mixing the liquid filled microcap®d in the matrix material without
excessive premature rupture. However, the unavi@dadnsequence of the crosslinked
nature of the matrix polymer is that the matrixeltss highly immobile and all healing
action is related to the formation of a chemicatdbetween the healing agent, itself also
a crosslinking system, and the matrix material gmésit the crack faces. So, the matrix
material plays no role itself in the healing pracesther than providing adequate
anchoring for the healing agent. An additional pt& problem is the fact that the crack
will be healed by a new material, having differémechanical) properties than the matrix
material, leading to undesirable stress conceantratiupon reloading. More recently
Caruso et al. [Caruso 2007] demonstrated selfdhgah thermosetting epoxy resin by
using a solvent as the encapsulated phase. Thike@sn a significant healing efficiency
of ca. 80%. The surprisingly high healing efficigroould be attributed to the presence of
substantial amounts of uncured epoxy moieties withe matrix. The relatively lowly
cured state of the epoxy was responsible for tive hoeechanical properties of the
undamaged material. For a fully cured thermosettpgymer, healing via an

encapsulated solvent would not lead to a measuhaalkng efficiency.

2.2 Liquid-based self healing thermoplastic polymers

In contrast to thermosets, thermoplastic polymeas show substantial molecular
mobility, and hence self healing potential, proddde temperature is well above its
glass transition temperature (for amorphous polginer above its melting temperature
(for semi-crystalline polymers). Molecular mobjlican also be enhanced by bringing
the polymers in contact with a strong solvent. €hbanced mobility is used successfully

in the case of solvent welding [Peng-Peng 1994,1084].



Very recently the concept of solvent welding hasrbenerged with the liquid
encapsulation concept for thermosets to genemguéllbased self healing thermoplastics
[Mookhoek et al, 2009]. These new systems are basespherical urea-formaldehyde
capsules containing o-dichlorobenzene (DCB) embéédd a mixture of polymethyl
methacrylate (PMMA) and polystyrene (PS) since aMZWPS blend could be
polymerised quickly from a 2:1 by weight ratio MM2$ solution resin and had a low
initial viscosity. The volume fraction of the capssiwas 10-15%, at a typical capsule
diameter of 60um. The encapsulated solvent is known to be anllextesolvent for
polystyrene and has a Hansen solubility spherausasiinaller than the solubility sphere
radii of the polymer. [Hansen 1999] Additional, thkelichlorobenzene has a relative low
vapour pressure at room temperature preventingtaefaaporation when the solvent is
released from the capsules. A low vapour pressiloe/safor an extensive action of the
solvent inside the polymer matrix, providing bettealing. Using solvents with a too low
vapour pressure however leads to a weakened io¢edithough the crack looks sealed,
since it will not escape from the material in tiav@ acts as a plasticizer.

While the mechanical healing efficiencies of thystem are yet to be reported,
very elegant proof of the healing process was piexvistudying the healed fracture
surface of such a system using a special versiddEdf-based X-ray microtomography
yielding a spatial resolution of approximately {i®. A typical reconstructed image of
the volume around the fracture surface shows tpétlen of the capsules as well as the
solid contact between the former fracture surfgeee figure 1). While the route of
liquid based thermoplastic polymers is yet in #gswinfancy, it seems a very interesting
and attractive route as the use of a solvent abeéhbng agent has many advantages over
the use of liquid resins used for healing of thesate and because the total market for

thermoplastic polymers is much larger than thahefmosets.
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Figure 1.

Reconstructed tomographic views of
the segmented data showing full
capsules (purple) and empty capsules
(green) in the vicinity of the crack;
(@) displaying the 3D rendered
dataset of 200 slices including the
healed crack and the segmented
empty capsules, (b) showing only the
segmented microcapsules, omitting
the matrix material. (c) showing a 2D
segmented slice of the data at the
healed crack. The dark area in the
lower image corresponds to a

fraction of the crack area which did
not heal completely. The indicated
scale-bar applies for all three images.
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2.3 Geometrical aspectsin encapsulation

As indicated in the introduction, a requirement fBdequate healing via the liquid

encapsulation route is the necessity to fill treckrgap more or less completely with the
healing agent, preferably without the occurrencenatsive bleeding [Pang 2005]. It is

intuitively clear that the amount of healing agentering the crack is determined by
product of the average volume of healing agentestgper capsule and the areal
probability of the crack intersecting a capsuléhisTproduct depends on the particle size
(nanosized capsules inherently contain very sn@llinmes of healing agent indeed), their
volume fraction and in the case of non-sphericaliglas, their aspect ratio and average

orientation of their director.



As a first step in the geometrical optimisatiorigfiid encapsulated self healing
materials we define a representative volume elefiRViE) in which spherical and
cylindrical 3D geometrical elements are spatialgpédrsed (Figure 2a and 2b
respectively).

Figure 2: Schematic of capsule distribution in RWiEh intersecting fracture-plane: a)
spherical and b) cylindrical capsules

The matrix/capsule system can be adjusted by vautyia volume of the embedded micro
particles (Vcaps), their volume concentration) @nd the aspect ratio (AR). The
theoretical ratio of the volumes of healing agezlieased for both geometries, i.e. the
ratio of released volume for cylindrical and spbakricapsules, is denoted as the release
improve factor (RIF) and is a function of the cyliital capsule aspect ratio and is
independent of capsule size and capsule volumeeatration. The RIF as function of
AR is given in Figure 3. The RIF shows a non-linbahaviour with increasing aspect
ratio. The increase of RIF as function of AR denmi@tss the ability to enhance the
liquid-based healing mechanism by applying cylioarshaped microcapsules in stead of

spherical ones.
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To illustrate the beneficial effect of the elonghteharacter of the capsules, Figure 4
shows the average released liquid volume as fumctd the capsule volume
concentration for the different aspect ratios, aseg a random orientation of the
elongated particles. In this graph the effect ainding the capsule aspect ratio on the
capsule concentration is made visible. From thelgracan be concluded easily that the
same amount of healing fluid per fracture plan@ a@n be obtained at a lower volume
fraction for elongated particles than for spherizaitticles. The lower volume fraction of

liquid present will have a positive effect on thber mechanical properties of the system.
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Figure 4: Average release liquid volume as functodncapsule loading for different

capsule aspect ratios

Finally, the average orientation of the cylindligghaped capsules inside the material is
also of influence on the healing agent release.crlentational order parameter sHor

dispersed cylindrical rod-like structures is givsn

_ <3cos2 «9> -1

eq.l
5 q

2

in which 6 is the angle between the cylinder axis and thenabexis (X), perpendicular
to the fracture orientation, as shown in Figurdldw by varying <> from -0.5 (parallel

to fracture plane) to 0O (random) and 1 (perpendictb fracture plane) the effect of
capsule orientational order can be determined. fHsalts of these calculations are
presented in Figure 5. The figure shows the rel@apeove factor (RIF) as function of
the orientational order parameter. The RIF wasrdeteed at a given capsule aspect ratio
AR = 5. The positive effect of preferred orientatiof the cylinders perpendicular to the
fracture plane also offers the possibility to lovilee capsule loading even further with
respect to a system based on spherical capsules.

/L
3.0 ———/ : - T y : ;

)

AW,

— 2.0+ .

o :
(4]
L I N
| ]
1

Release improve factor
P
1 §
]
1

o
o

S

b T ' I : T : T :

sph  -05 0.0 0.5 1.0 15
Capsule order parameter (<P,>) []
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To illustrate the magnitude of the effect causedh®yorientational order in combination
with the aspect ratio, the average released volasefunction of the capsule
concentration is plotted in Figure 6 for the diffiet <B> values for dispersed cylinders

with AR = 5 taking the case of homogeneously dispeispheres as the reference state.
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Fig 6: Average released liquid volume as functibnapsule loading for different

orientational parameters

In conclusion, irrespective of the nature of thémrahealing efficiencies in liquid based
self healing materials can be increased signifigatter current levels by using
elongated rather than spherical capsules. A deziaasapsule size to dimensions of
about 1 micron is possible without loosing the-$eléling properties [Blaiszik 2008],
however a further decrease to nanoscale dimenbioits the healing potential due to an
increase in capillary action of the capsules thdéweseas well as the minimal amount of

healing agent released per capsule.
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3. Nanoparticle reinforced self healing polymer systems

3.1 Modelling the modulus of nanoparticlefilled polymers

There are a variety of possible approaches to atadssing the mechanical properties of
polymer nanocomposites. One of the aspects tistitlisnclear at present is to what
extent the presence of nanoparticles gives risecttange in the local polymer dynamics.
For instance if there is a strong polymer-partioteraction one may anticipate a local
decrease in dynamics and a corresponding incrddbe tocal glass transition
temperature. Similarly a poor interaction may gige to a faster polymer mobility and
local Ty decrease. At present we prefer not to addrese thsses directly and primarily
deal with what should happen to the mechanicalgnags purely on the basis of the
particle aspect ratio and concentration. So thetipreis: what should happen without
considering any change in the matrix polymer dymrafit will become clear that
already in this case interesting phenomena mayraspecially at higher particle aspect

ratios.

To understand the mechanical properties of our c@ngposites have chosen to use the
Halpin—Tsai model (Equation 2), which was origigakeveloped to describe the
mechanical properties of semi-crystalline polynietalpin 1976, Halpin 1969], using the
shape factors derived by Van Es [VanEs 2001].

1+ E./E))-1
YL inwhich/7=—(f n) eq. 2

1-ne, (E;/E))+¢

&
Em

Here:E. composite Young's modulug; Filler modulus E,, matrix modulusy shape
factor - depending on geometry, aspect ratio arehtation; ¢ filler volume fraction.
Similar expressions can be derived for the otheduthidike G.

It should be noted that in the literature oftenapin-Tsai equations are described as a
semi-empirical approach. This however does notidbtige to their original derivation as
they are the result of closely examining the warkKerner, Hill and Hermans [Halpin

1976] that analysed composite stiffness in termsetifconsistent mechanical models,

14



where the particles, of certain aspect ratio, atbexlded in a polymer matrix and this is
embedded in a continuum (consisting of polymer euticles). The self-consistency
constraint then gives rise to equations for theowesrmoduli that under certain
assumptions can be reduced to the form proposéthlpin and Tsai. This means that the
Halpin-Tsai equations should be considered as daamécal mean-field model and not as

an arbitrary choice.

With the appropriate shape factors for differentipkes shapes and orientations this
model can successfully describe Young’s and shealuin The specific shape factors
can be determined by comparing the model with espatal results or with more
fundamental theories i.e. the Eshelby theory, tlogiM anaka theory and 3D finite
element modelling [Sheng 2004, VanEs 2001, VanB4.BD

The shape factors for the tensile moduli of platedenforced composites width; b
thickness) are [Van Es 2001]:

EllorE22 ¢ =§(%} (in the radial direction of the platelets)

E33 ¢=2 (perpendicular to the platelets)

The shape factors for fibrea kength;b width) are [Van Es 2001]:

EllorE22 ¢=2 (perpendicular to the fibre direction)

E33 ¢= 2(%) (in the fibre direction)

When the stiffness of the composite, matrix andrfiire known, the Halpin—Tsai model
can also be used to back-calculate the aspectaftie@ reinforcing particles.

This will be an effective aspect ratio, becausepiduicles can have different shapes,
sizes and thickness, as has been pointed outiougaarticles [Fornes 2003, Kuelpmann
2005, Wu 2004, Sheng 2004]. Instead of using inzagdysis of TEM images to estimate

15



the aspect ratio distribution [Fornes 2003, Kuelpma005, Sheng 2004], we simply use
the effective aspect ratio that the model givegbam the experimental data. This
effective aspect ratio is at least a reasonabimatt of the average aspect ratio [Vlasveld
2005b, Vlasveld 2005c] and provides a useful patante compare different
nanocomposite compositions. The Halpin—Tsai eqnatpredict that platelet-shaped
particles are hardly effective at very low aspatios (<10). The maximum stiffening
effect is reached only at aspect ratios above 1@0platelets and 100 for fibres [VanEs
2001b], see figure 7.

— Platelets M |

——Fibres

Relative modulus (Ecomposite /Ematrix )
at random particle orientation

1 10 100 1000 10000
Aspect ratio (L/D)

Figure 7: Influence of the aspect ratio on the modulus fatgbets and fibres [VanEs
2001-2]

When Eqg. (2) is rewritten in one equation as isnshm Eq. (3), the physical nature of
the Halpin—Tsai model becomes more transparent:
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(2 +1/¢)E, +(1-9)E,
(1-0)E +(g+{)E,

E.=(E, eq.3

When the aspect ratios are much smaller than tieeaffiller and matrix modulus{k<

E{/En) the Halpin—Tsai model gives results close toreesenodel:

EmEf
Ec = = —+
Ef (1_ (of )+ quof Ef Em

-1
) 1—%}

When the aspect ratios are much larger than theoifiller and matrix modulus(e>

E{/En) the Halpin—Tsai model gives results close toralfe model:
E.=Eg¢ +E,(1-9) eq5

For nanocomposites the series model underestirttegeaodulus. Because the volume
fraction of filler is low the first term in Eq. (4Jominates giving values close to the
matrix modulus. Similarly the parallel model, Eqoverestimates the composite

modulus at low matrix moduli, since it assumes @ticoous reinforcing phase.

Further insight in the Halpin-Tsai model can beagied if eq.3 is approximated for large

aspect ratios and low filler fractions as showedqguation 6:

_ B4
‘T E,+EQ

(g +E,(1-0)) eq.6

Here we observe that if the matrix modulus remauficiently high the pre-factor will
reduce to a value close to 1 and the parallel misdsbtained. When the matrix modulus
times the( factor get below Bhe pre-factor will start forcing the compositedntus to

lower values and ultimately the soft matrix willrdmate the behaviour of the material.
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This explains why a nanocomposite with large asp particles can perform so well
at elevated temperatures using a semi-crystallafgper matrix. Above the glthe
Young’s modulus of a semi-crystalline polymer ismally too low for any useful
application. But for nanocomposites the physicavoek (from the crystalline regions)
allows the large aspect nanoparticle to contriboitde modulus roughly in accordance
with the parallel model. This means that the fittentribution is additive to the modulus
of the soft semi-crystalline matrix and a usefiuffrséss results. Note that this does not
work for an amorphous polymer, as the modulus eénrtibber plateau of amorphous

polymers is far too low for the pre-factor be usefu

3.2 Experimental validation for non-self healing systems

To validate the model nanopatrticle reinforced cosites using silicate clays as
reinforcement and Nylon6 as the matrix materialengoduced and their mechanical
properties were determined. Special attention veas fo the influence of moisture on the
modulus of the composite, as moisture level vanetiallow the variation of the modulus
of the matrix, while keeping all other parametefrthe composite exactly constant.
Figure 8 shows some representative data for atyasfelry and humidified PA6

samples. In all cases the stiffness increase ipaamble however the humid samples start
at a much lower initial modulus value. If the megical model is correct then the
calculated aspect ratio of the nanoparticles shbelothdependent of the value of the
matrix modulus. That this is the case is demoredrat figure 9, which shows a
systematic decrease of the effective particle @sp#io with increasing weight fraction

of silicate nanopatrticles, irrespective of the mois level in the matrix.
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Silicate content [wt%]
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Figure 8: Modulus as a function of silicate content for thckfferent moisture contents.
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Figure 9: Aspect ratios calculated from the moduli as a fimmcof silicate content for

three different moisture contents (Cloisite 30Ba@mposites).

The most important result in figure 9 is the fdwdttthe data for three different moisture

contents do overlap indeed. This shows that theutnsdf a nanocomposite can be
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explained by the combination of a very stiff fillearticle with a high aspect ratio and the
regular matrix modulus, which in this case is vty changing the moisture content.
Apparently, the Halpin-Tsai composite theory carubed to describe the modulus of
nanocomposites for a wide variety of matrix mododith below and above Tg of the
matrix polymer, with the same aspect ratio fomaditrix moduli. The fact that the
modulus of nanocomposites can be explained by Higii Tsai theory, independent of
the modulus of the matrix, proves that the reinfggenechanism in nanocomposites is
similar to traditional composites. No additionaffehing of the matrix due to
confinement of the polymer has to be assumed taexghe high modulus of

nanocomposites.

3.3 Design of a self healing nanoparticle composite

From the results obtained on PA6 based PNCs weareiude that the Halpin-Tsai
model is able to describe the enhancement of tlehamécal properties rather
successfully. In addition we find that the interastbetween the polymer and the nano-
particles can give rise to a (small) yield stréssing this insight that nanoparticles can
give a modulus increase as well as a yield stnesarecement allows us to design a self-

healing PNC with acceptable mechanical properties.

For this we need to return to equation 6:

_i(
‘T E +EQ

Eq+E,(1-¢)) eq. 7

From this expression it is observed that if thefuctor is in the order of 1 the modulus
will be dominated by the linear (parallel) additi@mm E@. In the case of PAG this leads
to the good enhancement of the properties abowasThe semicrystalline network still

provides sufficient stiffness to meet the requiratfer the pre-factor to remain close to
1,ie. B >E.
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By extending this argument it is possible in pnobeito use a soft dynamic matrix
polymer (E, = small) if the shape factor is sufficiently larngeprepare materials that
combine mechanical stiffness (via thgyEerm) and local mobility by using a matrix
polymer that contains a dynamic network. This clagsolymers is known generically as
“reversible supramolecular polymers”. Examplestheedynamic hydrogen bonded
materials of Sijpbesma [Sijbesma 1997], metal-organbrdination polymers by
Schmatloch [Schmatloch 2004], and boric-acid mediPDMS also known as “Silly-
Putty” (see materials section). In this class ofamals the polymer chains, or
crosslinking networks, are only present in a dyreageinse. The polymer chains are
continuously breaking and forming over time, whifie level of interaction is sufficient

to have a high large dynamic degree of polymensati
To demonstrate the principle of this idea we haepared Silly-Putty nanocomposites
by mechanical blending of standard Silly-Putty wattout 5 and 10% MAE

nanoparticles.

The resulting properties are shown in figure 10
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Figure 10: dynamic modulus of Silly Putty and naartigle reinforced grades as a

function of temperature.

From these results we conclude that although thehamecal stiffness of the matrix living
polymer network is still relatively low, the addio§ nanoparticles can enhance the
dynamics stiffness by a factor 100 or more. Furttege, at clay loading levels of
approximately 5% the material keeps its shape extanded time periods (months),
unlike the unfilled sample, so that the particls® &ause a yield stress preventing flow

under low stress conditions.

Additional experiments were performed using Dowrfiag 3179 dilatant compound (the
professional variant of Silly Putty) with and witlitananofiller as the matrix for a glass
fibre reinforce composite [Jansen, 2009]. Withdwat hano-particles the resulting
material did not show any useful properties, whieling the nano-particles to the matrix
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dramatically improved the energy absorption usifigilang weight test. The results

obtained are summarised in table 2.

Material MM Glass fabric B-PDMS Failure/J
Reference 0 57 43 3
10% 5 57 38 8
20% 10 57 33

Table 2: Failure energy versus composition ofrtiarix of glass-fibre reinforced B-
PDMS (Dow Corning 3179 dilatant compound) nanocositps.

The impact energy absorption capability of thisteysis still not very high, but by
embedding two layers of glass fabric in the polystezet the absorbed impact energy
increased to 55 Joules per impact. After the impesttthe samples were left for several
days to recover their integrity. The mobility oethanofilled matrix remained sufficient
for rebonding of the impact damaged part, althooig¥iously the broken glass fibres

could not heal together again. The unfilled refeeesamples allowed imaging by C-scan

clearly demonstrating the self healing of a damagete, see figure 11.

Figure 11: Self healing in (non-nano)B-PDMS/glabsef panels (A) after impact
damage, (B) after 1 week of recovery, red zoneslal@minated.
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The observation, mentioned in passing above, kiwaglass fibres failed under impact is
in fact highly relevant to demonstrate the utibfythis physical self healing concept. The
occurrence of fibre fracture demonstrates thatithiing properties are obtained from
the properties of the fibre reinforcement, and thatmatrix has sufficient dynamic
stiffness to efficiently transfer the stress taréi@forcement fibres.

It is of course clear that a substantial amouritidher development and fine tuning may
be required to fully realise the potential of theygical self healing of living polymer
nanocomposites. Nevertheless the current experahergults clearly show that a
combination of dynamics and stiffness on the omedland repetitive self healing on the
other is indeed possible under the appropriateitond and with a judicious design of

the material.

4. Concluding remarks

While the development of liquid based self heafotymers has been going on for some
time and the simultaneous control and optimisatibmechanical and self healing
properties can now be addressed properly, the dewaint of self healing nanoparticle
reinforced composites is still in its infancy. Wewever believe that this concept has a
lot of potential. The development of the materfad@dd be combined with the
development of new techniques to quantify the degféhealing, both for single damage
events and for multiple healing. The developmérnhe material is clearly made easier
by the existence of validated mechanical modelsilé\this somewhat outside the scope
of the current chapter it is worth mentioning thviile the analysis of polymer dynamics
in confined and hybrid systems has been a topagoos$iderable scientific interest, to our
knowledge the concept of self-healing polymer nanguosites is one of the first
practical applications resulting from the fundana¢msight that has been gained over
the years in how to deal with the properties olpwrs in complex hybrid systems. In
terms of potential applications of such dynamica#yf healing materials one can
envisage personal protection for sports and otb&tamr activities, protective clothing

e.g. for motorcyclists, and indeed military apptioas.
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