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ABSTRACT

Thiswork reports on the preparation of titanium diboride filled composites
based on different in chemical nature elastomers (natural rubber, nitrile buta-
diene rubber and siloxane rubber). The studies on the dependences of vol-
ume resigtivity on pressure and of resistance on deformation were carried
out with regard to the application of such composites as pressure and defor-
meation sensors. It has been found out that titanium diboride used as afiller
at certain concentrations, has a very valuable property that a number of
fillers do not possess, i.e. to linearize (to make linear) the dependences of
volume resistivity and resistance on pressure and on deformation (varied in
a wide range). The composites comprising that filler are also sensitive to
dlight changes in outside factors and those with an optimal filler amount
have no hysteresis. The prepared elastomer based composites first of all
those based on siloxane rubber could be used as transducers in pressure
and deformation sensors. The elastomer nature of the composites and the
possibility for an easy incorporation of the sensing element into tires, cer-
tainly after carrying out some additional investigations, is an especially
interesting aspect of application of such type of composites in so called
smart tires. © 2012 Trade ScienceInc. - INDIA
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INTRODUCTION

Recent advancesin computers, sensorsand other
rel ated technol ogy have contributed to theimproved
reliability of vehicles. Safety in acceleration, braking,
steering and cornering dl depend on arelatively small
areaof road contact, i.e. onthetires- theonly partsof
thevehiclewhich arein contact with theroad. For re-
ducing theeconomic and persond costsof fatditiesand

seriousinjurieson theroadsin the European Union,
starting 2012, all new models of passenger cars must
be equipped with atire-pressure monitoring system
(TPMYS). Sensors which are embedded into thetire
material are oneof the advance optionsforaTPMS.
Themaininnovationisindevelopingawirel esssensor
that will transmit dataabout pressureload and wearl¥
andwill dlow manufacturing of theso cdled ‘smart tires’.
The sensors needed might operate by two aternative
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mechanisms: they may be either pressure sensorsre-
sponsiveto changesin the pressure of thetire, or de-
formation sensorswhich areirresponsiveto pressure
changesbut react to adeformation of thetiresidewall
resulting from pressurd?. Thereforemuch attention has
been paidto the potentia utilization of conductivecom-
positesbased on rubber and different fillersasasens-
ing element incorporated into thetires.

Themgor requirementsthat the material sfor elas-
tomer based pressure and deformation sensors should
meet are;

1. The dependence between the volumeresistivity
and theapplied pressure or deformation should belin-
ear inawiderange of changesin pressure and defor-
meation;

2. Thechangeinthevolumeresistivity with chang-
ing pressure and deformation should begreat enoughin
order to guaranteethat the changed valueisnot inthe
error range of the adopted method for measuring the
pressureand deformation;

3. Theédectric parameters of thecomposite should
not changewithtime, i.e. thepropertiesof thedie ectric
matrix, aswell asthose of the conductive phaseshould
remain constant for alongtime.

4. The change in the environment temperature
should haveanegligibleeffect upon the sensor resistiv-
ity, if compared to the effect that pressure or deforma-
tion has.

Vulcanizates based sensors should not be used
whent;

1. The conductive phase migratesfrom the matrix
volumeto its surface and worsensthe surface proper-
tiesof the composite;

2. Thepossibility for acontact between the con-
ductive particles changeswith the temperature of the
matrix;

3. Therubber matrix doesnot deform at the needed
degreeand resistivity va uesdo not change notably with
pressure and deformation, i.e. the sensitivity is not
enough.

Thethessof thisstudy isthat theintroduction of an
goppropriate quantity of asuitable conductive phaseinto
therubber matrix could ensurethat the mentioned above
specific dectric properties (especidly volumeresstiv-
ity) of vulcanizates, thus obtained, could meet there-
quirements set for sensing materia sand may be used,

respectively, for the production of pressureand defor-
mation sensors. On the other hand, the conductive com-
posite materia sensitiveto pressure and deformation
should bedastic, containingasmall filler quantity and
having not too complicated composition.

Thiswork reports on the preparation of compos-
itesbased on elastomers of different chemical nature
(natural rubber, nitrile butadiene rubber and siloxane
rubber) filled with titanium diboride. Thestudiesonthe
dependencesof volumeresistivity on pressureand de-
formation were carried out with regard to the gpplica-
tion of such composites as pressure and deformation
SENsors.

EXPERIMENTAL

Materials

Natura rubber (SMR 10) was purchased from
North Special Rubber Corporation of Hengshui, Hebel
Province, China. High temperature cure siloxane rub-
ber pastewith hardness of 30 ShoreA was purchased
from the same company. Nitrile butadienerubber, con-
taining 33 % ACN (Krynac 3345F, produced by
Lanxess) wasalso used.

TiB, used asconductivefiller waswith particlesize
of ~50 nm and received from Wako Chemical Com-
pany, Tokyo, Japan.

TABLE 1: Formulationsof NR based nanocompositesfilled
with TiB,

Ingredients phr
NR 100 100 100 100 100 100
Zn0O 4 4 4 4 4 4
Stearic acid 2 2 2 2 2 2
TiB, 0 10 15 25 35 45
|PPD* 15 15 15 15 15 15
MBT? 3 3 3 3 3 3
Sulphur 1 1 1 1 1 1

IPPD — N-isopropyl-N’phenyl-p-phenyldiamine (Vulkanox
4010-NA, produced by Lanxess); 2MBT - 2-mercapto
benzothiazole (Vulcacit Merkapto, produced by L anxess).

TABLE 2 : Formulations of siloxane rubber based
nanocompositesfilled with TiB,

100 100 100 100 100 100
15 20 30 45

Silicon rubber paste
TiB, 0 10
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TABLE 3: Formulationsof NBR based nanocompositesfilled
with TiB,

Ingredients phr
NBR 100 100 100 100 100 100
ZnO 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2
TiB, 0O 10 15 25 35 45
IPPD* 15 15 15 15 15 15
ZDEC? 1 1 1 1 1 1
MBT? 05 05 05 05 05 05
Sulphur 2 2 2 2 2 2

IPPD — N-isopropyl-N’phenyl-p-phenyldiamine (Vulkanox
4010-NA, produced by L anxess); 2ZDEC - zinkdiethylcar bamate
(Vulkacit LDA, produced by Lanxess); MBT - 2-
mer captobenzothiazole (Vulkacit Merkapto, produced by
L anxess).

Theformulationsof the compound prepared (in phr)
wereasfollows(TABLE 1-3):

Preparation and vulcanization of rubber com-
pounds

Therubber compoundswere prepared on an open
two-rall laboratory mill (L/D 3205360 andfriction 1.27)
according to therequirementsfor processing natural
rubber, nitrile butadienerubber and siloxane rubbert,
The speed of the slow roll was 25 min't. The experi-
mentswererepesated for verifyingthestatistica sgnifi-
cance. Theready compoundsintheform of sheetsstayed
24 hoursprior totheir vul canization.

Theoptimd curing timewasdetermined by thevul-
canization isotherms, taken on an oscillating disc
vulcameter MDR 2000 (Alpha Technol ogies) accord-
ingto1S0 3417:2002. Thevul canization of therubber
compoundswascarried out in an electrically heated
hydraulic pressat 160°C for nitrile butadiene rubber
(NBR) compositesand at 155°C for the composites of
natural rubber (NR), under pressureof 12 MPa. The
samplesheetsof sloxanerubber based composteswere
vulcanized at 195°C and under pressure of 15 MPa.
Theobtained sampleswithasizeof 200 x 200x 2 mm
wereused for further investigations.

Characterization and M easurements
Volumeresistivity measurement

Volumeresistivity (p,, £2.m) was measured using
two electrodes (2-terminal method) and calculated by
theequation:

> Fyf) Poper
p,=R,.S/h (@D}

where:

R, - measured ohmic resistance between the el ec-
trodes, Q;

S—cross sectional area of the measuring electrode,
ne;

h—sample thickness between the electrodes, m.
Deter mining thevolumeresistivity asa function
of thepressure

The equipment presented schematically on Figure
1 was used to determine the volume resistivity as a
function of the applied pressure. The pressureinthe
range of 5-35 kPawas changed by varying the mass of
the measuring el ectrodes. The sampleswere subjected
to pressure of 5, 10, 15, 20, 25, 30 and 35 kPa,
respectively. Our previousinvestigationsgive grounds
to consider that the dependence of specific volume
resistivity on pressurewithin theaboveinterva should
be of anear-linear scale.

Measuring electrode

¢ .

Therraohmmeter

Sample—s= —

§ |
Volt electrode

Figurel: Schemeof laboratory equipment for volumeresis-
tivity measurement

Thered stance was measured on atherraohmmeter
Teralin 11 (produced in Germany), using direct cur-
rent.

Thecurrent voltagewas 100 V. The measurements
were performed on samples2 mmthick 1 min after the
current was switching on, so that theresistance values
could stabilize. The measurementswere carried out at
ambient temperatureincreas ng and decreasing thepres-
surein order to determinethe presence or absence of
hysteresis.

Deter mining the compression coefficient of vol-
umeresistivity (PCp)

The compression coefficient of volumeresistivity

ey, Research & Reotews On

Polymer



50 Rubber based nanocomposites applicable as sensors in smart tires

RRPL, 3(2) 2012

Full Paper =
(PCp,) was determined™ by equation (2).

)

where:

- Ap —the change of the volume resistivity;

- p,— the volume resistivity of the unfilled sample at
pressure of 10 kPg;

- AP - the change of the pressure, kPa.

Deter mining thevolumeresistivity asa function
of thedefor mation

A smpleexperiment wascarried out regarding the
eventua useof thevul canizates astensotransducersin
deformation sensors. For the purpose weinvented a
method for simulating the working conditionsin a
tensotransducer of mechanic valuesinto electric ones.

Theexperimentd tensotransducerswere 79 x 20 x
2mmbdtscut fromtheinvestigated vul canizates. Cop-
per foil was glued to the upper surface of the
tensodl ement using el ectro-conductiveglue. Thenthe
tensotransducer was glued to a190 x 25 x 0.37 mm
stedl belt (Figure 2). Thearching carrying e ement thus
constructed was connected to the therraohmmeter by
conductors. Theradiusof thearch wasregulated by a
stopping rack.

@

© Steel belt |
{ ¥ |

Figure2: Laboratoryequipmmt for measurement of resis-
tanceR (in ©2) depending on applied defor mation

Thechoseninitial radiuswas 100 mm. Thedefor-
mation in percentage was cal cul ated by thefollowing

"\

_ Stopping rack ||

formul&®:

golof

-100,%
—-100% 3)

whered isthebendingandr andr aretheinitial
and thecurrent radius, respectively, a different degrees
of deformation.

RESULTSAND DISCUSSION

Figures 3-5 present the dependences of volumere-
sdtivity (p,) onapplied externd pressureandfiller quan-
tity for titanium diboridefilled compositesbased on ni-
trile butadiene, natural and siloxanerubber.

A decreaseof volumeresstivity withtheincreasing
applied pressureand filler concentration has been ob-
served for dl thecompositesinvestigated. However, the
volumeresstivity of thenon-filled samplesof naturd and
siloxanerubber (0 phr TiB,) increasesslowly with the
increasing pressure. Thiseffect could beexplained by
thefact that mainly ionsare current carriersinthe non-
filled compositesbased on natural and siloxanerubber,
I.e. thelatter exhibit ionic conductivity and with conges-
tion of therubber structuresunder gpplied pressure, the
trangtionsof ionsishampered. Inthefilled composites,
asthefiller content and the applied pressureincrease,
therubber layersamong thefiller particlesbecomethin-
ner, whichleadstolower volumeresstivity.

8.3,

L I S
e T
8.1 k:‘“"“h?'"“‘%m:‘“x:ﬁi T
2 0] SIS
O‘i Vs " ) H"Lk H“"'.HH H*H&‘ .
§ 79 0phr [ e TR T
o 78] @ 10phr S el Y
S ~a-15 phr I SN
77 - 25 phl \‘\,\1 A
7.61|+-35 phr ~
7_5.J-q—45phr "
10 15 20 25 30 3§
Pressure, kPa

Figure3: Dependenceof p on pressureand filler quantity
for compositeson NBR basis
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Figure4: Dependenceof p on pressureand filler quantity
for compositeson NR basis
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Figure5: Dependenceof p on pressureand filler quantity
for compositeson siloxanerubber basis

Theeffect ismore pronounced for sampleswith
higher filler content (30-45 phr). Thelarger amount of
TiB, particlesenhancesthe el ectroconductivity of the
composite and has anegative effect uponitsvolume
resistivity. Thisdecrease of thevolumeresigtivity isdue
tothefact that followingtheincreaseintitaniumdiboride
amount, the current carriersbecome predominantly elec-
trons.

AsseenfromFigures 3, 4and 5intheinterva from

—= Fyl] Paper

Oto 35kPathevolumeresistivity (p ) changesaspres-
sureincreasesinalinear scale, i.ethat type of materids
could be used as pressure sensors. Furthermore, the
siloxanerubber based compositecontaining TiB, at 45
phr isthe most sensitiveto changesin theresistivity
caused by pressure, henceit isthemost suitable mate-
ria for sensor gpplications. The useof such composites
as sensorshas another advantage— the siloxane rubber
based vul canizates are distinguished by very high ozone
stability, resistancetothermal aginginair, frost ress-
tance”. Our results provethat al ong with mentioned
propertiesreveal the capacities of the compositesas
materials suitablefor production of sensorstoo. Fig-
ures 3-5 a so show how the chemical natureof theelas-
tomer matrix affectsthe values of volumeresistivity.
Thesevduesfor vul canizatesbased on nitrilebutadiene
rubber are several orders|ower because that matrix
may principally bereferred to polymer semiconducting
materialsand not to dielectricsasnatural and siloxane
rubber are. Theres stivity value changesupon varying
thepressurearethedightest for the non-filled compos-
ites. Thereisnoincreasein volumeresistivity of non
filled NBR based sampleswith higher pressure gpplied
(Figure 3) asit has been observed for the other two
rubbersinvestigated (Figures4 and 5). Itisconsidered
that the electron type of conductivity prevailsintheni-
trilecomposites® 9,

The compression coefficients of specific volume
electricresstivity for composites based on nitrile buta-
diene, natural and siloxanerubber havebeen determined
asafunction of titanium diboride content (Figure6).

AsFigure 6 showsthe compression coefficientsof
volumeresistivity PCp, arenegative. That meansthe
resstivity decreaseswiththeincreasing pressure. This
changein PCp,, revedshow specific volumeelectric
resistivity varieswith pressure. ’Sensitivity”” to compres-
sionimpactsimproveswiththeincreasing of TiB, con-
tent, too. The Figured so showsthat vul cani zates based
on siloxanerubber possesthe highest compression co-
efficentsvauesamost intheentireinvestigated range,
I.e. their sengitivity to compression impactsisthehigh-
est. Thisisother evidence that these compositesare
themogt suitablefor pressure sensors, whilethe sens-
tivity of nitrile butadiene rubber based compositesis
thelowest.
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Figure6: PCp asafunctionof TiB, content for composites
on nitrilebutadiene, natural and siloxanerubber basis

A tensoeffect has been established when applying
deformationimpact onthesamplesof titanium diboride
filled compositesbased on nitrilebutadiene, naturd and
siloxanerubber. Figures7, 8 and 9 present theresults
from resistance (R, Q) measurementscarried out ac-
cording to the bending of the steel belt to which the
composite specimenswerefixed.
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Figure7: Change of resistance depending on applied defor -

mation and filler content for compositeson nitrile butadiene
rubber bass
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Figure8: Change of resistance depending on applied defor -
mation and filler content for compositeson natural rubber
basis
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Figure9: Changeof resistancedepending on applied defor -
mation and filler content for compositeson siloxaner ubber
basis

Asseenthetendency of resstanceR changing (Fig-
ure 7-9) and that of the changeinvolumeresistivity
with pressure, shown on Figures 3-5 arethe samefor
compositesinvestigated Thetendency of alinear resis-
tancevs. deformation function opensopportunitiesto
usethesecompositesasdeformation sensors. Thecom-
posites based on nitrile butadiene rubber are the most
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insengitiveto deformation changes, i.ethemost unsuit-
ablefor deformation sensors. Thebending processieads
to creeping of compositelayersand successive orien-
tation of the structure. That to acertain extent fasci-
natesthetransport of current carriersand lowersthe
resistance values, respectively. The e ectroconductive
glue used improvesthe contact between the sample,
the copper foil and steel belt what isaprerequisitefor
obtaining lower res stancevalues. Itisobviousfromthe
resultsthat thedastomersinvestigated areproneto high
deformationswithout adanger of breaking unlikethe
traditional (inorganic) materialsused assensorswhich
arebrittle, fragileand with deformability up to 194
The experiment has proven that arelatively easy
technology for arubber matrix and typeof filler selec-
tion canyield various and simple pressure and defor-
mation sensorsfor awide range of applications.
Figure 10 showsthe dependence of volumeresis-
tivity on consecutive pressureincrease and decrease
for composites based on siloxane rubber, containing
45 phr titanium diboride (TiB,). Asseenfromthe Fig-
ure hysteresisdoes not occur upon pressureincreasing
and decreasing. That isaso aprerequisite that those
composites can find application as pressure sensors.
Thenatural rubber based compositesfilled with tita-
niumdiborideexhibitasmilar behavior.

331,
™, A increasing of the pressure
Wl \*‘\,% —+— decreasmg of the pressure
g 2.51 H\
G 20] 'Y
£ AN
%L 1.51 H*-“*::.\\\
= 1.0 iy
\\\\\Q-t\.
0.3 E N
(i
0 5 10 15 20 25 30 35

Pressure, kPa
Figure10: Changeof volumeresigtivity of compositeon si-
loxanerubber bags, containing 45 phr titanium diborideupon
consecutive pressur eincrease and decrease
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Noteworthy isthefact that whileahysteresisisob-
servedinthecaseof non-filled composites, it decreases
withtheincreasingfiller quantity and practicaly disap-
pearsat a45 phr filler content.
Theexperimentscarried out have demongtrated that
thetitanium diboridein quantitiesfrom 20 to 45 phr
(with appropriate selection of an elastomer matrix,
mainly siloxanerubber) issuitablefiller for devel op-
ment of compositeswith eventua application aspres-
sure and deformati on sensorsin thefuture production
of smart tires. Theadvantages of those composite ma
teridswith optimd fillinginview of suchan applicaion
ae
» senditivity to slight changesin pressure and defor-
mation;

» linear volumeresistivity vs. pressureand resistance
vs. deformation dependencesinwideintervas,;

» absenceof hysteresisupon increasing and decreas-
ing of pressureand deformation

» possbilitiesto embed thedement intothetire.

FUTURE INVESTIGATIONS

Oneof thefutureresearch areasisthe optimization
of sensorssizeregarding the gpplication of the prepared
compositesas sensorsin the production of smart tires.
The composites behavior upon multiple cyclicloads,
thechangesinther propertiesoccurring cycleby cycle
should bealso studied, aswell asthe creep influence
ontheexploitation characteristicsof thecomposte. The
influence of temperature on the possibilitiesfor com-
positesgpplication assensorsshould beclarified aswell.
Further investigations should be carried out, e.g. how
the signal from the sensor will be processed and sent
that informationtothevehicle’s computer; how the sen-
sor will be embedded into the tire (for example—in
sidewall), and how the problem of the power supply to
the sensor will be solved.

CONCLUSIONS
1. Theinfluence of nanos zed titanium diborideon
thevolumeresigtivity of compositesbased onnitrilebuta-
diene, natural and siloxane rubber and their response
to environment effects, in particular to pressureand de-
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formation hasbeeninvestigated. It hasbeen established
that volumeresstivity and res tancedecreaseindl cases
withtheincreasingfiller quantity and with theintensity
of outsideimpacts. Theseeffectsaremore pronounced
at higher filler amount.

2.1t hasbeen established that titanium diboride used
asafiller a certain concentrationshasavery vauable
propertiesthat anumber of fillersdo not possess, i.e.
under itsinfluencethe dependences of volumeresistiv-
ity and resistance on outsideimpacts (pressure, defor-
mation) inawideinterva becomelinear. Thecompos-
itescomprising that filler are also sensitiveto slight
changesin outsidefactors and those with an optimal
filler amount haveno hysteresis.

3. Thedastomer based composites, mostly those
based on siloxane rubber and filled titanium diboride
could beused astransducersin pressureand deforma:
tion sensors. Thelr elastomer nature and the ability to
incorporatethem easily intothetiresareaparticul arly
interesting aspect of their gpplication inthe production
of tire-pressure monitoring systems. Certainly for the
purposethediscussed compositesshould undergo more
gpecificinvestigationsinthe near future.
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