-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by Edinburgh Research Explorer

Edinburgh Research Explorer

A metal-polymer composite with unusual properties

Citation for published version:

Bloor, D, Donnelly, K, Hands, PJ, Laughlin, P & Lussey, D 2005, 'A metal-polymer composite with unusual
properties' Journal of Physics D: Applied Physics, vol 38, no. 16, pp. 2851-2860. DOI: 10.1088/0022-
3727/38/16/018

Digital Object Identifier (DOI):
10.1088/0022-3727/38/16/018

Link:
Link to publication record in Edinburgh Research Explorer

Document Version: _
Early version, also known as pre-print

Published In:
Journal of Physics D: Applied Physics

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN ACCESS

Download date: 28. Apr. 2017


https://core.ac.uk/display/28969696?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1088/0022-3727/38/16/018
http://www.research.ed.ac.uk/portal/en/publications/a-metalpolymer-composite-with-unusual-properties(53811f2f-2093-43a7-9f35-854338273c94).html

A metal-polymer composite with unusual properties.

D. Bloor''? K. Donnelly*? P. J. Hand$, P. Laughlir?, and D. Lussey.
!Department of Physics, University of Durham, SdRtiad, Durham, DH1 3LE

and

2Peratech Ltd., G3 Morton Park Way, Darlington, Darham, DL1 4PJ.

Abstract.

Electrically conductive composites that containdwutive filler dispersed in an
insulating polymer matrix are usually prepared lwy vigorous mixing of the
components. This affects the structure of therfplarticles and thereby the properties
of the composite. It is shown that by careful miximano-scale features on the surface
of the filler particles can be retained. The f#lersed possess sharp surface
protrusions similar to the tips used in scanninglling microscopy. The electric
field strength at these tips is very large andltesn field assisted (Fowler-
Nordheim) tunnelling. In addition the polymer matmtimately coats the filler
particles and the particles do not come into dipdstsical contact. This prevents the
formation of chains of filler particles in closentact as the filler content increases. In
consequence the composite has an extremely higterese even at filler loadings
above the expected percolation threshold. The tieteof filler particle morphology
and the presence of an insulating polymer layenéen them endow the composite
with a number of unusual properties. These areepted here together with

appropriate physical models.

 Present address: Microengineering and BiomateBedsip, Faculty of Engineering
and Physical Sciences, University of Dundee, DunD&d 4HN.



1. Introduction

The properties of composites comprising electrycadinductive particles dispersed in
an insulating polymer matrix have been studiedfar 50 year$.? ** *Carbon and
metal powders, e.g. Ni, Cu, Ag, Al and Fe, havda#n used as fillers. Carbons
utilised include carbon nanotubes, carbon fibrapgite, pyrolytic carbons and
carbon blacks, the latter having large variationpurity and morphology. The metal
powders offer well-defined morphology and a higimérinsic conductivity than
carbon black. In general, at low filler content tunductive particles are well
separated and the composite is insulating withleetrecal conductivity only slightly
higher than that of the polymer. Initially the comtivity increases slowly with filler
concentration, but then rises rapidly over a narconcentration range to give a high

conductivity with only a weak dependence on furinerease in filler concentration.

Percolation theory is commonly used to describebtteaviour in the region of
rapidly varying conductivity: > The conductivity rises at the percolation thredtas
the conductive particles begin to aggregate toyredhains of particles in intimate
contact, providing conductive paths spanning timege. The conductivity increases
rapidly as more percolation paths form until safarais approached when the
conductivity rises slowly to its maximum value. $imodel fails below the
percolation threshold where it predicts that thegosite is an insulator. Effective
medium theories have been developed that provgted description of the evolution
of the conductivity across the full range of fillsncentration$.® The concentration
of filler particles at the percolation thresholdsensitive to the shape of the particles.
Values of the volume fraction of filler at the pelation threshold are observed to
range from < 1% for needle-like particles to > 1fif¥ospherical particles. Low
percolation thresholds occur in anisotropic comiessivhen chains of aligned filler
particles are produced during processing, usuglye application of electric or
magnetic field$.Anomalous behaviour is observed with some cartackb due to

agglomeration of the individual particlés.

Despite the long history of experimental and thecaéstudies of conductive

composites, there is an on-going discussion alheuteiative importance of different



conduction mechanisnis:® While examples are known of systems where therfill
particles are in direct physical contadn, general in the percolation regime the
conducting chains will contain gaps across whigcttebns can tunnel. The thermal
fluctuation of the inter-particle tunnelling bamigas been used to explain the
behaviour of the conduction at low temperatiré? *3t has also been demonstrated
that in the percolation regime any external infleeethat affects particle separation,
and hence electron tunnelling, will give rise ta@e change in resistante’®The
piezoresistance, i.e. the change in resistandeecfdmposite under external forces,
has been analysed using the percolation modelfanfibrous fillers, in terms of fibre
reorientation:**® Tunnelling has also been implicated in the rapittéase in
resistance with temperature, the positive tempegatoefficient (PTC), which occurs
in most composite$. In carbon black-polyethylene composites this heenb
attributed to the fact that the carbon black pkasi@are excluded from crystalline
regions and accumulate in the amorphous regiomsinétease in the amorphous
polymer fraction close to the melting point allofiier particles to move apart,
creating wider tunnelling barriers and breakingoepcolative chains. This model
does not explain a number of results, notably treeigence of a PTC effect in
composites with amorphous polymer matriteshis has been attributed to the
interplay of thermal expansion and internal stgggmg rise to significant changes in
inter-particle separation, thereby affecting tutinglbarriers and the conductivity.

While tunnelling is important in determining theoperties of composites, a number
of other mechanisms that could play a role in catidn have been considered.
Electric field induced emission was once considéodoe important?® particularly at
high fields® Schottky emission, Poole-Frenkel conduction artegharge
limitation of conduction with Fowler-Nordheim turitieg via traps have also been
used to model conduction in compositeBuring the preparation of metal-polymer
composites metal ions may be dispersed in the paynatrix, and mobile ionic
species? and possibly electrochemistry, may contributedoductivity. Given the
complexity of conductive composites the possibitityhe occurrence of these

conduction mechanisms should not be ignored irattadysis of experimental data.



We report here the properties of a new type of ausite, QTC™, produced by
Peratech Ltd. The company has developed a prbgeshich metal particles with
sharp projections on the surface are wetted péyflegtthe host polymet: These
composites display a range of unique propertie®hsérved in other composites.
The composites remain insulating at filler to pogmoading of 4 to 6:1 by weight,
which is normally sufficient to produce a matesdéher in or above the percolation
regime. This results in a large piezoresistivedffas the resistance of the
composites is extremely sensitive to deformatiomder modest compression the
sample resistance can fall from circd%00** ohm to less than 1 ohm, an
exceptionally large dynamic range for a properta gblid material at room
temperature. When compressed into the low resiststate the composite can carry
large currents without observable damage. Furthexntle resistance also falls
reversibly when the material is stretched, bertvisted. This behaviour is unlike that
of conventional conductive composites for which ibgistance increases on
extensiorf> 2 Similarly, the highly non-linear current-voltageatacteristics of
deformed samples, with negative resistance regiarejnlike those reported for
other composite&' A description of the properties of these composites of possible

physical mechanisms underlying them is presentémhbe
2. Experiment.

Samples of composite comprising nickel powdersilastomer matrix were
prepared at Peratech Ltd by a patented prdCessich involves the careful mixing of
nickel powders and liquid monomers. Nickel powdeese obtained from Inco Ltd.
Those used in this work were type 123, manufacaigeroted particle size
distribution measured by Fisher sub-sieve sizenf8o5 to 4.5 micron, and type 287,
guoted particle size in the range 2.6-4303. However, electron microscope
observations revealed a somewhat larger size raxtgading from below fum to
above 1Qum, see 83.2 below. The powders were used as sdpligtincorporated at
loadings of metal to polymer of between 4:1 andt®.iveight (400 to 600 phr) in the
composite. The monomers used were either siliconeathane based. Silicones
included Alphasil 2000 (Alphas Industries Ltd.)lcBset 153 (Ambersil Ltd.), Silastic
T4 (Dow Corningland RTV6166 (GE Silicones) and the urethane was(Fééhsil



Ltd.). The mixture was prepared as described in2&fcalendared and the monomer
polymerised following the manufacturer’s instruaoto produce flexible sheets of
controlled thickness. Samples were cut from thasets with either a sharp knife or a
hole punch. Samples for scanning and transmissemtren microscopy were
prepared by freeze fracturing and microtoming, eespely. These were examined in
a Jeol JSM 1C848 SEM and Jeol JEM 200CX TEM. Themasition of the samples
used in these studies is given in the figure captio

The resistance of undeformed samples was measuribe fiour-point probe method,
with four in-line conductive paint contacts, useé(eithley Model 610C electrometer
in current mode and between the inner contacts tvélelectrometer set to measure
resistance. The piezoresistance was measuredrfgoregsed, stretched and bent
samples. A variety of metals were used to makeretatcontact to the composites,
these included aluminium, nickel, gold, copperochium, brass and steel. No
significant dependence of the results on electrodterial could be discerned and low
resistances, of the order of a few ohms or lesgs wieserved for deformed samples
regardless of electrode material. Cylindrical sagpb.5 mm in diameter and 2 mm
thick, with nickel electrodes in contact with theper and lower surfaces, were
subjected to uniaxial compression in a Lioyd Mdd¢100 mechanical tester. Sample
resistance was measured with a purpose-built, aohestirrent source, providing
currents of betweendA and 10 mA, and an analogue to digital conveécq
ADC-100) connected to a PC; data was collecteddessplayed with Picoscope™
software. The range of resistance values that doeilcheasured at a given current was
less than the total change in resistance of theposite so that several current settings
were used. When the current was reset the compreasis reduced so that the
measurement ranges overlapped. At higher compretsgoviscoelastic behaviour of
the composite resulted in an offset of the valuebe region of overlap, this is seen

in the results presented below.

A QTC™ sheet was stretched on an optical slide mitrometer adjustment. The
opposite edges of the sample were held in contiiletgeld electrodes by clamps the
separation of which was set by the micrometer. Uiiseeformed, freestanding portion

of the sample had dimensions2Q@0x 1 mm. The sample resistance was measured



between the clamps with a Beckman Circuitmate DM28ital multimeter with an
upper measurement limit of 200(M As the sample was stretched the lateral
dimensions of the central portion of the sampleewesibly reduced, however, the
width of the clamped edges was unaltered. Samplesn thick, were bent over
cylinders of different radii. The resistance wasasweed parallel to the bending axis.
Two chromium plated probes, separated by 10 mnyatoa line of minimum radius,
were brought in to light contact with the samplbeTesistance was measured with
the Beckman multimeter. Radii were taken as the gltine cylinder radius and the
sample thickness. As the sample thickness is rediacecylinders with radii below 2
mm this overestimates the smallest radii, an iregdaxperimental error is

introduced to allow for this.

Current-voltage curves were recorded for cylindrszamples, typically 5.5 mm
diameter and 2 mm thick, compressed in a microretprsted clamp. The stainless
steel jaws of the clamp were brought into diregtgital contact with the QTC.
Alternatively foils of aluminium, copper and golere inserted between the jaws and
the QTC sample. As noted above the use of differentact materials had no
noticeable effect on the measurements. Pressurenaaigored with a 940-241E
Mitutoyo force gauge with digital output. A Keitlyidlodel 2420 digital high voltage
SourceMeter™ interfaced to a PC was used to callet. Voltage sweeps and data

collection were controlled by a Labview™ programme.

All experiments were carried out at room tempegatur

3. Results and discussion.

3.1 Response to external forces

The sheets of QTC™ composite used in this studyiexiéle and dark grey in
colour. The flexibility depends on the grade ofsébaner used as matrix, the filler
loading and the sheet thickness. Thin sheets wittfiller loading are the most

flexible. When the sheets are deformed the resistéalls for all deformations, i.e.

compression, elongation, bending and twisting.rkgpd materials of uniform cross



section that have only small dimensional changekeuan applied force it is possible
to separate the effects of the changes in samplerdiion and the resistivity of the
material®® QTC™ is a soft deformable material, even at thyhst filler loading. The
changes in dimensions and shape under externasfare considerable. At the
highest deformations the samples are clearly nmidgenous. Inevitably quantities
such as the resistivity, electric field and curréansity will not be constant
throughout the sample. Therefore, we present aaridderms of the resistance for
samples of defined composition and initial dimensjand the measured
compression, extension and bending. An estimatthéoresistivity of undeformed
samples is 40" Qm while that of the most highly compressed sample< & Qm.

Typical data for compressed, stretched and benplesnare shown in Figs. 1-3.

Results for a compressed sample is shown in Fighé resistance of the
uncompressed sample was too large to be meashesithstrumental limit being 10
Mohm. However, the resistance of an uncompresseglsaof a similar composite
was measured to bel0'? ohm and it is reasonable to assume that thelinggstance
was in this instance, allowing for the differentrgde dimensions, ca. 11Q. The
lowest resistances observed for compressed samples ohm. The variation in
resistance under compression is reproducible prayithat the measuring current is
kept small, effects due to charge storage in timeposite at higher current levels are
described in section 3.3. Samples have been regitdgdweycled between the
insulating and conductive states for one millionleg. During the measurements
shown in Fig. 1 the output of the current source sitched as described in 82 and
some offsets occur for compression >17%. The cpldded round each data point
indicates the measurement error. Within the ehrerrésistance depends
exponentially on compression up to ca. 21% compesseyond which a different
dependence is observed. Joule heating of the sasipleufficient to account for the
deviation at high compression as the electrodeggea large thermal sink. Sample
temperature was measured with an IR thermometehéoclamp used for current
voltage characteristics, which is a similar thereralironment, and the maximum
temperature increase for both sample and electrwdsgound to be a few degrees
Centigrade under similar electrical conditions. @sgible cause of this deviation is
discussed in §83.2.



When composites containing conductive fillers amnpressed the separation of the
filler particles is reduced and the resistancexpeeted to fall. Such piezoresistance
has been observed for many different compositesteds. 14-16 and the following
examples. The resistance of epoxy-graphite comgmtreported to fall by a factor
of about 100 when subjected to hydrostatic pressiibetween 1 and 1.8 GP4.
Larger variation has been reported for model contg®somprising mixtures of
physically separate polymer and conductive powdengn mechanical deformation
of either the insulating or conducting particlesds to a pressure-induced percolation
transition?® For a polymer-soot mixture a 200-fold decreasesistance is observed,
while a polymer-graphite mixture a ca.’¥6ld decrease occurred. These changes
were, however, irreversible due to the nature efrtiixtures used. Much smaller
changes, a 4-fold decrease for a uniaxial compessi2 MPa, have been observed
in natural rubber-carbon black composftesn exception to this general behaviour is
the observation of an increase in resistance by@aimes of a polyisoprene-nano-
particulate carbon composite under uniaxial comgioes™ This has been attributed
to the disruption of the extended structures ofridueo-particulate carbon when the
composite was deformed. A small initial decreaseegistance up to a compression of
ca. 10% followed a larger increase has been rapaatel theoretically modelled, for
carbon black-silicone rubber composites with carblack concentrations above the
percolation threshold® The changes induced by pressure in QTC samplés tre
direction expected but are much larger and shotebegversibility than for the

examples given above.

The resistance of stretched samples was also austrfall with deformation, an
example is shown in Fig. 2. The circles drawn rotheddata points encompass the
measurement errors. Within experimental error tieees exponential dependence of
resistance on elongation indicate by the straigktplotted in Fig. 2. In the light of
previous work, discussed below, this is an unexguemsult. As noted in 82 the
centre of the sample contracted laterally. Althotlgh is proportionately less than the
main distortion it must play a role in the observeduction in resistance with

elongation of the sample.



When a composite is subjected to tensile forcesiltbeparticle separation will
increase in the direction of elongation and théstasce will be expected to increase.
Provided the elastic limit is not exceeded extamsibbpolymer-carbon black
composites leads to a reversible increase in aggist The changes are also modest;
less than 8 times for silicone-carbon blatknd a similar variation was reported for a
latex-fibre composite containing polypyrrole coatetlulose fibre$® The
polyisoprene-nano-particlate carbon composite maatl above, where it is thought
that the filler morphology is affected by defornoati has a larger reversible increase
of 10* times.?® A similar variation is reported for a nickel cogigraphite fibre-

natural rubber composite but no information waggigoncerning reversibilityf,
Deformation beyond the elastic limit has been olestto result in a decrease in the
resistance of samples due to the alteration istitueture of the composite, but the
changes are irreversibf ** A decrease in resistance has also been reported fo
silicone-nickel fibre composite under cyclic loagliff However, the effect was only
observed during the first five stress cycles aftkich the resistance increased
irreversibly. These changes were attributed tandial alignment of the nickel fibres
followed by mechanical breakdown of the polymerdimterface. Thus, there appear
to be no examples of a large reversible decreasesistance for composites under
tensile stress other than QTC. The changes obsen@dC subjected to elongation
are in the opposite sense to that expected. Pessabkes of this effect are discussed
in 83.2.

The data shown in Fig. 3 was obtained by bendihignan thick QTC sample over
cylinders of different radii. The resistance istf#d against the inverse of the bend
radius since this is a measure of the strain irstiteace of the sample. There is
negligible deformation of the sample parallel te #xis of bending. When the QTC
samples are bent the outer surface is subjecteldngation similar to that shown in
Fig. 2 and the measured resistances are also sildavever, at the smallest bending
radii there is significant radial compression. Aliigh the data is limited the lines
plotted in Fig. 3 suggest different approximatetp@nential dependencies in the low
strain regime and when radial compression occurerelis no comparative data in
the literature on the effect of bending on thestasice of other composites.



The large changes in resistance that occur when €gih@ples are deformed provide a
sensitive measure of the creep of the polymer mathien a sample is subjected to a
constant tensile stress. This is avoided in thesomemnents described above by using
fixed deformations rather than fixed forces andwihg samples to relax to a
constant resistance before measurements are maeleh@nges in resistance with
deformation are reversible with only small hysteretfects. The data for
compression, elongation and bending indicatestkigatesistance of QTC samples
varies exponentially with strain and that the pbgsmechanism underlying this

unusual behaviour is similar in these situations.
3.2 Particle morphology and conduction mechanism

The most distinct difference between QTC and therotomposites described above
is the morphology of the filler articles in the cpasite. The Inco nickel particles have
an extremely spiky morphology with numerous shagainted protrusions and

ridges. This morphology is designed to producesa flowing powder suitable for
powder metallurgy. The careful mixing of filler apdecursor monomer is designed to
avoid damaging the nickel filler particles. Thekdktparticles will have a thin native
oxide layer. However, this grows extremely slowlyair at room temperature and the
properties of the composite are unaffected by goad the powder for several years
prior to use, indicating that any oxide layer pressfects neither the particle

morphology nor the conduction process.

SEM and TEM examination of QTC shows that the aagsharp projections on the
surface of the filler particles are retained in #semade composite. SEM images of
freeze-fractured samples show that the filler pbasi are intimately coated with the
silicone polymer matrix, Fig. 4(a). The coatingpofymer obscures the sharp surface
features of the particles. When a high acceleratoitage is employed to give greater
penetration of the electrons into the polymer,uhderlying structure of the nickel
particles is discernable in secondary electrong@saFig 4(b). The SEM images
show a high density of nickel particles, commentsuvath the high filler loading.

The particles are randomly distributed with an agpnately constant density over

areas of ca. I®m? but with local fluctuations in density on a smebeale; see Figs

10



4(a) and 5. More direct evidence of the particlephology is provided by TEM
images, Fig. 5. The protrusions visible in profisgghe particles shown in Fig. 5(a)
show that the particle morphology has not been gbdusignificantly during the
fabrication of the composite. In a few samples wltbe projections of the nickel
extend beyond the microtomed surface, pyramidalfidardentary projections with
tip radii of 10 nm and less are observed, Fig. a¢m (c). These sharp features are
similar to the tips utilised in scanning tunnellimicroscopes (STMSsY Inter-particle
separation varies over a wide range but many pestare seen to have separations

well below 100 nm.

On the basis of these observations the followingehoan be proposed for
conduction in QTC. The intimate coating of the jgéet prevents them from coming
into direct physical contact, hence the high rasis¢ of the as-made composite
despite the filler loading being above the expegtaolation threshold. The high
filler loading means that there are many pathwhgs, in the absence of the polymer
coating, would be a percolation path. Charge iegahito the composite will reside
on the filler particles and give rise to high lo@ialds at the tips of the extremely
sharp surface features. These tips are likely v fiald enhancement factors as high
as 1000"* This will favour field enhanced emission, Fowleoidheim tunnelling.
Direct evidence for the occurrence of high fieltdthe spikes on the filler particles is
provided by the observation of localised dischdogair from the side of compressed
cylindrical samples, diameter 10 mm, connected2d@V AC source. This requires
that fields greater than81¢° Vm™ occur at the tips of the sharp features on ther fil
particles in QTC. When the composite is deformedatberage particle separation
along the putative percolation paths will be redijce. most particles are in close
enough proximity that field induced tunnelling aaecur from the sharp surface

features.

The exponential dependence on deformation showiigs 1, 2 and 3 support a
model of conduction dominated by a tunnelling psscén samples compressed to
low resistance the already densely packed nickéikjes are brought into close
proximity. This, together with the spiky particleorphology, means that inter-particle

interaction will increase the stiffness of the casipe. Such stiffening is observed
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experimentally and explains the deviation from exgdial behaviour at high
compression seen in Fig. 1. The unexpected obsenvaita decrease in sample
resistance in extension can also be attributedddnigh filler concentration. The
effect of uniaxial deformation can be modelledamis of contributions due to
changes in filler particle separation parallel @edoendicular to the direction of the
applied forc€® Percolation paths are randomly distributed inmpasite so that
there are more contacts between particles in thgepdicular than in the parallel
direction. Because of this the model predicts timatthe percolation regime, although
the perpendicular deformation is smaller than talel deformation it is the
dominant factor determining the response of thepmmsite to deformation as
observed experimentally. Thus, when QTC is stret¢he reduction in particle
separation in the putative percolation paths petipefar to the stretching direction
must dominate over increasing separation in thalleadirection. The occurrence of
field induced tunnelling means that carriers candrse larger gaps than in a
conventional composite. This further suppresseeftiieet of the increasing particle
separation in the parallel direction. The largeppeadicular deformations and
consequent inhomogeneity of the composite mayastribute to the continuous
reduction in sample resistance seen in Fig. 2.18raffects will be important in the

reduction of resistance in bent samples.

The corollary to this conclusion is that these prtips are not seen in conventional
composites since the filler particles either laekysharp surface protrusions, or are
not intimately coated with polymer, or both. Thgaious mixing normally used to
make composites would destroy the fine surface haaqgy of the filler particles and
grind them down to a spherical shape. To testiyymthesis samples were made
using the same filler and matrix but either suljgrthe mixture to different degrees
of vigorous mixing, or milling the filler prior tbormation of the composite. Pressure-
resistance curves for a series of these sampleshaven in Figs. 6(a) and (b)
respectively. This shows that the composites tbatain damaged filler particles
become progressively less sensitive to the apjpbie. Electron microscope
examination revealed that this loss of sensitivis associated with the removal of
the sharp spikes and edges from the filler pagjdiggure 7. The sensitivity of
QTC™ js also reduced by either oxidizing the Nefi] by heating the powders in air

12



between ca. 550°C and 750°C for several hourgcbing it with 30% HCI. Both
treatments are likely to attack the spikes on iflex particles. SEM images of the
nickel powder before and after etching show a &igamt reduction in the number of
sharp features. These results provide further suf@othe model proposed above.

3.3 Current-voltage characteristics

QTC™ displays extremely non-linear current-voltaparacteristics, which are
explicable in terms of the model proposed abovesé&lcharacteristics are not fixed
but depend on the initial deformation of the samipde the initial resistance, the
maximum voltage applied to the sample and the samptory. The initial resistance
was determined from the initial slope of the cutresitage curve. Fig. 8 shows
examples of current- voltage characteristics fongas under low compression, with
initial resistances > 1 Mohm, and low data collectiate. The characteristic shown
in Fig. 8(a) is typical of samples with initial rstences greater than a few hundred
ohm. Initially the current increases super-lineavith applied voltage. The rate of
increase then falls until a maximum current is heacbeyond which the current then
falls with increasing voltage. This negative resmise regime is characterised by
apparently random fluctuations in the current. @ardasing the applied voltage from
its maximum value there is marked hysteresis. Tieeat increases slowly as the
voltage is reduced, and in some instances remppr®ximately constant over a wide
voltage range, before increasing rapidly over aavaroltage range. Finally the
current falls non-linearly to zero as the voltageeduced to zero. The final resistance
is lower than the initial resistance. In a few amtes the increase in current during the

reduction in applied voltage occurs extremely rhpids shown in Fig. 8 (b).

Such highly non-linear behaviour has not previolis®gn observed in conductive
composites. Generally carbon black filled compas#igow ohmic behaviour unless
there is sufficient Joule heating for the positiemperature coefficient of resistance
to have an effect, when a small negative resisteegiene can be observé&iThere

are a few reports of non-linearity in the abserfdeeating. van Beek and van P8Il
reported an exponential dependence of current tiageofor high resistance samples,

typically greater than £hm, and high applied fields, up to<@0° Vm™. This data

13



was interpreted in terms of internal field emissiBelzard et a* studied graphite
flake-epoxy composites with compositions just abineepercolation threshold and
found a reversible current-voltage characteristreiy by the sum of linear and
guadratic voltage terms. This was interpreted imgeof a non-linear random resistor
network formed by the contacts between the grafilaikes. These effects are all

significantly weaker than the non-linearity obsehiue QTC.

The trend in the form of the current-voltage chtastic as the initial resistance is
reduced is illustrated in Fig. 9. The initial r¢aisces are approximately 100 kohm,
Fig. 9(a), 900 ohm, Fig. 9(b) and 10 ohm, Fig 9Q).the initial voltage sweeps the
behaviour is as described above except for thdyhadmpressed, low resistance,
sample where the response is initially ohmic bilo¥eed by regions of sub- and
super-linear voltage dependence. At highest vaodtdige current decreases to very
small values in all cases. A high sample rate veasl dor data collection and the
fluctuations in current are seen to start befoeentfaximum current is reached, and
continue until current flow is suppressed. The mmaxn in the current that occurs as
the voltage is decreased is reduced as sample essign increases. At the low
compressions, and high initial resistances, tha fiesistance is lower than the initial
resistance but at high compression and low iniéisistance the situation is reversed.
Data for a series of samples indicates that the adtinitial and final resistances
depends on the initial resistance to the paweavheren is of the order 0.8, Fig. 10.
Thus, the effect is most marked for the more regstamples. The fact that not all
samples were driven until current flow was supprdsse. the amount of trapped
charge was not maximised, see Fig. 8 and 9, istepaxplanation for the scatter in
the data in Fig. 10.

The observations noted in § 3.2 supporting the mafdéowler-Nordheim tunnelling
indicate that charge is stored on the Ni particN& attribute the negative resistance
regime to charge storage on the metal particles.rahdom particle shape and
distribution means that along the conduction p#itbse will be a distribution of
potential barriers affecting charge transport. @earan build up on a particle where
there is a high barrier for charge flow in thediélirection, i.e. a large separation to

the next particle in the conduction path that asts dead-end. The trapped charge
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will produce an enhanced local field that will deepotential barriers in adjacent
conduction paths. Trapping of charge on the adjgoaths provides a feedback
mechanism that pinches off conduction paths, cgusia current through the sample
to fall. The charge distribution established wtiie applied voltage is increased
persists as the voltage is reduced. Eventuallyapipdied field is no longer large
enough to maintain the distribution of trapped geaand it is redistributed, but not
eliminated. The residual trapped charge leavesah®le with a resistance different
from that in the initial uncharged state. The siorkarge gives rise to internal forces
between the Ni particles and there will be a merdahnesponse due to the
deformation of the elastomeric polymer matfighis effect will contribute to the
changes in the conductive pathways in the QTCdbetir during voltage sweeps. It
will also alter the microscopic geometry of samlest retain charge after a voltage
sweep. Thus, in a charged sample the geometryedfample and the conduction
paths are different from the initial configuratiarhis accounts for the hysteresis that
occurs when the applied voltage is reversed anditfexence in initial and final
resistance of cycled samples.

Evidence for local charge redistribution within & C during voltage sweeps has
been provided by direct observation of currentdiamts with a fast oscilloscope,
Tektronix TDS350. These data reveal charge osatiatwith frequencies between 1
and 30 MHz, Fig. 11. These occur principally atieigvoltages in the region where
the current flow through the composite is redueed, to a lesser extent in the first
negative resistance regime. It is apparent from &i§ and 11 that charge
redistribution occurs in QTC on all levels from tinécroscopic to the macroscopic.

The presence of this trapped charge is also redégi¢he behaviour of subsequent
current-voltage sweeps, which depend on the tiraehthas elapsed since the initial
measurement. On an immediate repeat the currdatvothe characteristic observed
on the first down sweep of voltage and can be dyrit the negative resistance
regime. If a few days are allowed to elapse, duwhgh the stored charge can leak
away, the initially observed behaviour is recoverBtk initial behaviour is also
recovered by compressing the sample to a low eggist which allows the stored

charge to leak away rapidly, returning the samplistinitial high resistance state.
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The low resistance state can also be triggeredéompressed samples by the
application of a high voltage impulse, which creaeconductive region where charge
is deposited by the impulse. The mechanical regoh®TC to trapped charge can
account for this. The deposited charge will beritisted along the least resistive
pathways before being trapped; the trapped chailgthen deform the composite,
affecting the inter-particle separation in the wity of the trapped charge. These
results provide a clear indication that the effetiserved are due to charge storage on
the Ni particles in the QTC. It is also likely tithe rapid changes in sample resistance
observed in both the regions of negative resistandie up and down voltage
sweeps, Fig. 8 and 9, are the result of a rapidtrédslition of charge coupled to the

mechanical response of the matrix.

Finally we note that the initial section of the @nt-voltage characteristic of QTC can
be compared to that observed in polycrystallinamec varistors." *®In these an

initial high resistance regime occurs due to thesence of potential barriers at the
grain boundaries. As the fields across these baigsdmcrease, field induced
emission occurs and the conductivity of the varigioreases rapidly as a function of
applied voltage. At the highest fields the resistaapproaches a value determined by
the resistance of the ceramic particles. Fig. I#¥sha log-log plot of voltage versus
current, as conventionally used for varistors,QdiC samples with different initial
resistances. At low compression, i.e. high samgdestance, the characteristic of QTC
is similar to that of a varistor up to the poinatithe current in the QTC falls in the
negative resistance regime. This similarity lendghier support to the model of field
induced tunnelling in QTC. Fig. 12 shows the simiiyjabecomes less pronounced and
is eventually lost as sample compression is inegkabhis is to be expected since the
separations of the metallic grains are reducedgeh@ansport is facilitated so that
trapping of charge is inhibited and ohmic behaviswbserved. The behaviour of
QTC on repeated voltage cycles is complex andbeiltliscussed in greater detail in a

separate paper.

3.4 Sensitivity to organic vapours
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The use of carbon black composites as elementsdorporation in vapour sensor
arrays has been report&d*® Absorption of vapours leads to swelling of thethos
polymer and causes changes in the sensor resistamegray of such sensors can be
used, together with suitable data analysis, agkattronic nose”. The sensitivity of
the Peratech composites to deformation, describ&8.i, indicates that they should
be suitable materials for this type of vapour sen&darge response has been
observed to a range of volatile materials, examateshown in Fig. 13. Sensors were
made from a granular form of QTC™ with a nickeldoeay of 10:1 by weight.

Vapour was passed through a porous bed of granafapressed between two nickel
gauze meshes, which acted as electrical contdetsintrease in resistance is due to
the homogeneous expansion that results from thiisgvef the polymer matrix by
the organic vapour. Further results on vapour sgnsith QTC will be presented

elsewhere.

4. Conclusions.

The retention of sharp features on the surfacéiseofickel particles in polymer

matrix composite, QTC™, has been verified by tragsin electron microscopy.
Scanning electron microscope images of freezedradurfaces reveal that the
matrix polymer intimately coats the nickel partgl8ecause the adhering polymer
separates the metal particles the composite hasyahigh resistance even when the
guantity of nickel powder incorporated in the comip®is above the percolation
threshold. The resistance of the composite is faarik extremely sensitive to any
mechanical deformation. Thus, unlike other condgctiomposites the resistance falls
when the material is either stretched, or bentwsted. Modest applied forces

produce resistance changes of many orders of malgnit

The experimentally observed exponential dependehsample resistance on
deformation indicates that the principal conductieechanism is by carriers
tunnelling between the filler particles. The redoctin response to mechanical
deformation when the sharp surface features aragathprovides circumstantial
evidence that field enhanced emission, i.e. FolNl@mdheim tunnelling, occurs. The

observation of discharges to air from QTC™ samgplesvs directly that very large
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fields are generated on the surfaces of the undeanfdter particles. The composites
display extremely non-linear, hysteretic, currealiage characteristics, which are
dependent on the initial conditions and sampleohyst The hysteresis and history
dependence are attributed to charge trapped ioaimposite, which leaks away

slowly unless the sample resistance is reduceddw &alue by compression.

The results presented here emphasise the unigperpies of QTC™, which are
unlike those of composites previously investigatedither industry or academia. The
extreme sensitivity of QTC™ to deformation rendérmlitable for a number of
applications including switches, tactile sen$basid sensors for volatile organic

compounds.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4.

Figure 5.

Variation in resistance as a functionahpression for a soft silicone-Ni
type 123 QTC™ composite (5:1 Ni by weight in a 48#astic T4, 60%
GE RTV 6166 matrix). Measurement error is indicdigdhe size of the
circles enclosing the data points. Experimentatipewith deformed

sample is shown in insert, see text for details.

Variation in resistance as a functionlohgation for a silicone-Ni type
287 QTC™ composite (4:1 Ni by weight in a Alph&i00 matrix).
Measurement error is indicated by the size of ttedes enclosing the data
points. Experimental set up with deformed sampEh®wn in insert, see

text for details.

Variation in resistance as a functionerding radius for a silicone-Ni
type 123 QTC™ composite (5:1 Ni by weight in a 8det 153 matrix).
The error in bending radius is shown and the @releclosing the data
points indicated the error in the resistance valggperimental set up
with deformed sample is shown in insert, see textétails.

Scanning electron microscope imageseeize-fracture sections of
QTC™ composites. (a) A normal image of a silicondylde 123 QTC™
composite (6:1 Ni by weight in Alphasil 2000) af & secondary
electron image of a silicone-Ni type 287 QTC™ cosif@(4:1 Ni by
weight in Alphasil 2000). The scale bars indicie thagnification.

Transmission electron microscope imdgesilicone-Ni type 287 QTC™
composite (4:1 Ni by weight in Alphasil 2000): @gjnicrotomed section,
(b) and (c) a free surface with a projecting smhkehe surface of a Ni
particle. The scale bars indicate the magnification
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Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Variation in resistance as a functiooahpression for (a) silicone-Ni
type 123 QTC™ composites (4:1 Ni by weight in Algih@000) prepared
with either different degrees of energy input dgmmixing from low, at
the left, to high, at the right, and (b) a siliceetype 287 QTC™
composite (5:1 Ni by weight in Silastic T4) withetNi milled for 40 sec,
[, and 60 sed.

Scanning electron microscope imagefoéeze fracture surface of a
silicone-Ni type 123 QTC™ composite prepared withhrenergy input
during mixing (right hand line in Fig 6(a)).

Current-voltage characteristics for eaile-Ni type 123 QTC™ sample
(4:1 Ni by weight in a Alphasil 2000 matrix) compsed to give initial

resistances >1 Mohm.

Current-voltage characteristics for sitie-Ni type 123 QTC™ samples
(4:1 Ni by weight in a Dow Corning T4 matrix) conegsed to give initial
resistances, (a) ~100 kohm, (b) ~900 ohm, andX6)ohm.

Ratio of the final to the initial resince of compressed silicone-Ni type
123 QTC™ samples (various matrices as given in@apto Figs 8 and
9) as a function of the initial resistance. Theefitline is given bR/R; =
0.08x R*%,

Current oscillations observed in theatieg resistance regime of a
silicone-Ni type 123 QTC™ sample (4:1 Ni by weigihta Dow Corning
T4 matrix).

Log-log plot of voltage versus currenmtdilicone-Ni type 123 QTC™
samples (4:1 Ni by weight in a Dow Corning T4 mgtdompressed to
initial resistances of ~100 Mohmj, 1.4 Mohm, O, 850 ohn?)\, and 94
ohm< .
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Figure 13. Response of (a) silicone-Ni type 123007 (10:1 Ni by weight in a Dow
Corning T4 matrix) exposed to saturated hexane wagod (b)
polyurethane-Ni type 123 QTC™ (10:1 Ni by weightifechsil F42
matrix) exposed to saturated tetrahydrofuran vapour
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Figure 7.
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Figure 8.
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Figure 9.
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Figure 10.
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Figure 12.
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Figure 13.
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