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Abstract

The mechanical and dc electrical properties of a carbon black-filled ethylene—octene elastomer (EO) are reported. The stress—strain curves
of the composites, scaled with that of the unfilled polymer up to approximately 500% strain, suggest good filler—matrix adhesion. The large
reinforcement effect of the filler followed the Guth model for non-spherical particles. Electrical behavior under large strain was divided in
four qualitatively or quantitatively different regimes that differentiated carbon black composites with the EO matrix from carbon black
composites with chemically vulcanized matrices. Among the most notable features of the EO composites was the completely reversible
variation of the resistivity, up to 20% strain, suggesting that these materials might be useful as strain gauges. In addition, depending on the
carbon black content, the composites retained low resistivity to high strains. From the results of various thermo-mechanical treatments, a
microstructural model for the response to stretching was proposed. This model incorporated dynamic junctions specific to the EO matrix to
describe the mechanical properties, the decrease in resistivity at low strains (20%), and the weak increase in resistivity at intermediate strains
(up to about 300%)© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction have been commercialized and are the subject of numerous
investigations as unfilled polymers [6—8], however very
Low-resistivity elastomers typically employ vulcanized little is known about their mechanical and electrical proper-
rubber as a matrix for dispersion of a large variety of fillers, ties when reinforced with conducting fillers [9].
mainly carbon blacks [1,2], carbon fibers [3] and metallic ~ Electrical properties of binary mixtures depend strongly
particles [4]. In addition to imparting conductivity, the filler on the microstructure. In particular, dispersion state [10],
generally improves environmental resistance and mechan-filler geometry [11], and filler—filler [10] and filler—matrix
ical properties. As these composites do not always exhibit [12] interactions strongly affect the electrical properties of
the best balance of properties, alternative elastomericcomposite materials. External variables, such as tempera-
matrices are of interest. ture [13,14] and mechanical stretching [15,16], can signifi-
In recent years, the development of Dow's INSITE  cantly affect the microstructure and thereby the macroscopic
constrained geometry catalyst technology has led to the conductivity. If there is a simple relationship between elec-
production of a new class of elastomers based on homoge-rical conductivity and an external variable, the composite
neous ethylene-olefin copolymers. In particular, copoly- has potential applications as a sensor. For these reasons, the
mers with more than 8% octene possess low crystallinity development of new conductive composites requires an
and rubber-like behavior that depends on physical ratherunderstanding of the changes in conductivity that might
than chemical junctions [5]. The main advantage of these occur in service. Conversely, measurement of electrical
polymers over chemically vulcanized elastomers, lies in conductivity under large strain can be a probe to understand-
their ease of processing and post-processing, much likeing microstructural changes.
conventional polyethylenes. These elastomeric materials Recently, composites that incorporate a conductive filler
into an ethylene—octene (EO) elastomer matrix were eval-
. . . . uated for electrical and mechanical properties [17].
632%?rreSp°”d'”g author. Tel.:1-216-368-4186; Fax:+1-216-368-  omnaring three types offillers (carbon fiber, high-structure
E-mail addresspah6@cwru.edu (A. Hiltner). carbon black, and low-structure carbon black), it was found
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Fig. 1. Scanning electron micrograph of a cryofracture surface showing dispersion of the carbon black filler (20% v/v).

that the composite with high-structure carbon black exhib- temperature [5]. A high-structure carbon black designated
ited some interesting electrical and mechanical characteris-as Conductex 975 Ultra was supplied by the Columbian
tics. The present work examines, in more detail, the Chemicals Company (particle diameter 21 nm; dibutyl
properties of EO with a high-structure carbon black filler. phthalate absorption number (DBPA) 170; surface area
The mechanical behavior was studied as a function of filler 242 nf/g; volatiles 1%; mean aggregate size 110 nm;
content in order to quantify the reinforcement effect of the weight mean aggregate size 300 nm; average aspect ratio
particles. However, the work focused primarily on in situ 2.78).
changes of resistivity during uniaxial stretching. Particular  Blending was carried out in a Haake Rheomix 600 mixing
attention was paid to the occurrence of reversible and irre- head with a 44 crh mixing volume. The polymer was
versible phenomena. The electrical and mechanical proper-melted in the mixing head for 1 min before the filler was
ties were analyzed for the purpose of correlating slowly added. The total operation lasted 10 min, during
macroscopic behavior with microstructural events. which time the mixing head was maintained at 40 rpm
and 200C. All batches, as well as the unfilled elastomer,
were processed under identical conditions. After cooling,

2. Materials and methods the blends were compression molded into 2 mm thick
plaques. The materials were sandwiched between Mylar
2.1. Materials sheets, heated at 2@ under minimal pressure for 2 min,

then subjected to repeated pressure-release cycles for 8 min
An EO elastomer, synthesized by the Dow INSITE to remove any air bubbles resulting from the mixing proce-
technology and commercialized under the designation dure. Plaques were rapidly cooled to ambient temperature
DEG-8180, was the matrix in this study. The polymer had under minimal pressure in a cold molder.
a density of 0.863 g/cc and behaved as an elastomer at room To confirm good particle dispersion, specimens were
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"o e P 2 the specimen geometry or the pressure applied to the elec-
102 1 \\ trodes, furthermore gold electrodes deposited on the cut
1010 \ edges of the specimen gave the same resistivity as electro-
3 des applied to the molded surfaces. Therefore, the measured
g 10° & parallel resistivity was taken as a bulk value, although the
E 108 possibility that it represented a surface resistivity cannot be
2 absolutely eliminated.
E 104 § For electrical measurements through the thickness
102 (perpendicular direction), electrodes consisted of thick
] gold layers (=200 nm) deposited on both surfaces. The
100 [, ‘ , > - specimen was mounted in the Instron and the swrespeci-
0 10 20 30 men lengthL, and voltage were recorded during uniaxial
Filler content (% v/v) extension. The applied current was’AQunless, at higher

strains, the voltage approached the limits of the device, in
which case the current was decreased. When this occurred,
the resistance changed very slightly indicating that deforma-
tion did not alter the ohmic behavior.
broken in liquid nitrogen, coated with 10 nm of gold and The resistivity was obtained from the measured resistance
observed in a JEOL JXA 840A instrument. Fig. 1 presentsa R and the geometrical changes in the specimen. The
micrograph of the cryofractured surface of a composite constant volume assumption, i.e. Poisson’s ratio equal to
containing 20% (v/v) carbon black. Uniformly dispersed 0.5, is generally considered valid for polymers above the
light spots represent carbon black particles. The particle glass transition temperature. With this assumption, the resis-
size, in the range of 50-500 nm, is consistent with the tivities parallel and perpendicular to the extension direction
primary aggregate size given by the manufacturer (weight were, respectively, given by:
mean aggregate size of 300 nm). The roughness of the frac-

o ; ; WH Vo
ture surface indicates good adhesion between the partlcle% =R(—)=R(— (1)

. [ \ L | |_2
and the matrix.

Fig. 2. Resistivity as a function of carbon black content. The solid line is the
statistical percolation fit, Eq. (3).

and
2.2. Methods

WL WoL

Stress—strain behavior in uniaxial tension was measuredP+ = RL(?) = RL( Ho ) 2
at ambient temperature with ASTM 1708 microtensile
specimens, cut from the compression molded plaques. The By using Egs. (1) and (2) to calculate resistivity, the
grip separation was 22.3 mm and included the fillet section, volume V, was assumed constant, and possible volume
the specimen width was 4.8 mm. Specimens were deformedchanges due to void formation were neglected. Unless indi-
in an Instron 1123 testing machine at a rate of 20%hin  cated otherwise, the parallel resistivity is reported.
except when stipulated otherwise. Marks were drawn on the
specimens to measure the draw ratio from a video recording.

Electrical properties were measured with a four-terminal 3. Results and discussion
technique using a Keithley model 220 as current source, and
Keithley model 619 for voltage and current measurement, as3.1. Initial electrical properties
described previously [17]. The device was interfaced to a
computer to record data. The minimum time required to  The percolation threshold is a basic characteristic of a
obtain a measurement was 0.12 s. The error in the measureeonductive composite; in this case the percolation
ments, determined with standard resistances, was less thathreshold defines the composition range for studying
2% in the range 10'—10 2 A for current, and 10°-100 V the effect of stretching on conductivity. Fig. 2 shows
for voltage. the variation of the resistivity with the volume fraction

To measure in situ the changes in conductivity upon of filler. A typical S-shaped curve is observed that sepa-
stretching, strip-like specimens were used with an initial rates three regions: insulating, transition, and conduc-
length of Lo=135, width of Wy=10, and thickness tive. The model that is most often used to quantify
Ho=2 mm. For measurements along the specimen lengththe changes in the transition and conductive regions is
(parallel direction), flat clamps covered with copper foil the so-called statistical percolation model [18]. Proposed
were used. The clamps applied an approximately constantby Kirkpatrick [19] and Zallen [20], this model predicts
pressure even on the strained specimens and, thereforethe electrical resistivity of an insulator-conductor binary
could be used to measure resistance during deformationmixture by assuming random positions of the filler
up to fracture. The measured resistivity did not depend on particles. The result is a power-law variation of the
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Fig. 3. Mechanical properties of composites with various amounts of carbon Fig. 5. Comparison of the experimental shift factors with the Guth models
black. The solid lines are fits to the slip-link model, Eq. (6), with the shift for spherical particles (dotted line, Eq. (4)) and rodlike particles (solid line.

factor from Eq. (5) forf =4.83. Eq. (5)).
resistivity p, above the percolation threshold: threshold simplifies the analysis and interpretation of the
experimental results.
« (v -V, )t 3 P
PE\ToV,

whereV is the volume fraction of fillerV, the percola-  3-2- Mechanical properties

tion threshold and is a universal exponent that is close . . .

to 2 for a 3D dispersion [21]. The two-parameter fit is The influence of filler content on the mechanical proper-

represented in Fig. 2 by the solid line and gives ties of reinforced-elastomers has been extensively reported
V,=0.12 andt=2.05. The value of the exponentis in the literature [23]. It is generally agreed that the increase
consistent with the model prediction. On the basis of N Modulus is due to strong interactions between polymer

this result, composites with between 12.5 and 30% (v/v) Chams and particles, and/or l_)etween part|c_les anql partlples.
filler were used to study the relationships between resis- F19- 3 Shows the stress—strain curves obtained with various
tivity and mechanical deformation. The lower limit was 2@mounts of carbon black dispersed in the EO matrix. By

determined by the percolation threshold, the upper limit Increasing the volume fraction of filler, gradual improve-
was the maximum carbon black that could be dispersed MeNt in modulus and tensile strength was observed. The
in the EO matrix. properties at higher strains were especially impressive.
A previous study demonstrated that the composite exhib- 1 YPically, reinforcement even with high-structure carbon
ited ohmic behavior before and after stretching to 20% black is accompanied by a decrease in elongation to break

strain [17]. As already indicated [22], this linearity between [24:25]. This was not the case with the EO composites,

applied current and measured voltage above the percolationWhiCh retained the high elongation of the unfilled elastomer

even with the maximum filler content of 25% (v/v).
2 : , , , As the stress—strain curves had the same shape as the

unfilled EO, it was of interest to compare the reinforcement
effect with the Guth hydrodynamic models [26] that are
commonly used in the rubber literature. Assuming perfect
s adhesion between filler and matrix, an important conse-
= e EO || guence of the Guth analysis is that the stress—strain curves
Q: ° 5% are proportional with the proportionality constant deter-
(O] v 10% mined by the amount of filler. To test the possibility that
:’ ;g:j: the curves would superpose with a simple shift factor, the
o 059 data are plotted in Fig. 4 as the rubber modubus: o(A —
/A%~ where is the extension ratio and is the engi-
00.0 02 04 06 08 10 neering stress. The curves for the composites were shifted

by a factora, to obtain the best overlap with the unfilled
1/A elastomer. A gradually decreasing modulus at low strains
Fig. 4. Rubber modulus, = o(A — /A%~ of composites with various ~ Was foIIowgd by a region of almost constant modulus. The
amounts of carbon black, shifted to the rubber modGiysf unfilled EO by stress—strain behavior superposed well to about 400%
a shift factora,. strain. Deviations toward lower modulus values at large
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100 _ : elastomeric EO copolymer is described by a slip-link model
108 — E"pefe”‘a' limit that operates with four parameters [8]: the density of cross-
107 e links (N), the density of slip-linksN), a slippage parameter
—_ . (n) and an inextensibility parametest). The free energy
§ 10 derived from the slip-link theory takes the form:
g 108
>
£ 10 2 2
2 F 1 AL+ 7)1 -
AT L (L m)(1— o)
[0 kT 2 i 1 _ 2 2 2
T 102 a Z’\i 1+ mA7)
101 | !
100
0 200 400 600 800 1000 +log (1 + mA?) | + log (1 —a?y )\iz)
Strain (%) i
Fig. 6. Influence of carbon black content on the electrical properties under 2 2
large strain. All carbon black contents are above the percolation threshold. 1 Z A (1 - )
. . _ . + SN| | 7——— +log (L + AP
strains, especially for high-filler contents, were consistent 2 (1 _ azz/\g)
with loss of particle—matrix adhesion. i

Fig. 5is a plot of the shift factors derived from the super-
position. The variation of the shift factor with filler volume
fraction was smooth and, in particular, there was no transi- + log (1 - azz /\,2) (6)
tion in the vicinity of the percolation threshold. Therefore i
the results were compared with Guth reinforcement models
[26]. The model for spherical reinforcing particles has the where the summation is made over the Cartesian compo-
form: nents of strain. In uniaxial tension, the stress is obtained by:

Ge = Go(1+ 25V + 141v%) @ < oF ) -
oA )TV

whereG, andG, are the moduli of the composite and matrix, . ] ] ) o

effect of individual particles, and the second power term is WO parameters held constanj= 1.1 anda = 6.5x 10 2.

the contribution of particle pair interactions. This model Values forN; andNs of 0.37 and 5.76 MPa, respectively,

significantly underestimates the observed reinforcement, 9ave the calculated stress—strain curve in Fig. 3, which fit

as shown in Fig. 5. The difference between experimental the entire experimental stress—strain curve very well. The

data and Eq. (4) was even observed for a volume fraction c@lculated curves for the composites were obtained by

as low as 10% (v/v), where the model is most applicable. Multiplying the right side of Eq. (6) by the shift factor
An alternative formulation accounts for non-spherical Obtained from Eqg. (5) withf=4.83. Good fit with the

particles. For rodlike particles of aspect ratighe reinfor- experimental results extended to high strains, about 500%.

cement is given by: The agreement demonstrated that the Guth model can apply
for matrices with multiple parameter stress—strain curves.

G.= G0(1+ 0.67V + 1.62sz2) ®) Loss of reinforcement due to extensive damage in the

. ) . composite at higher strains caused the experimental curve
Using f as an adjustable parameter, an excellent fit was to grop below the calculated one.

obtained withf = 4.83 for filler contents less than 25% (v/

V), Fig. 5. The importance of particle—particle interactions 3 3. Electrical properties under uniaxial strain

was inferred from the need for the second term in Eq. (5), to

describe the mechanical reinforcement. The fit did not hold The resistivity as a function of strain for different

for a volume fraction of 25% (v/v), probably because the amounts of filler is displayed in Fig. 6. These curves are

amount of polymer was insufficient to completely wet and separated in four regimes with increasing strain. Regime |

disperse the filler. An unsuccessful attempt to disperse moreis characterized by a sharp increase in resistivity and corre-

than 30% (v/v) filler supported this hypothesis. sponds to the behavior typically observed with vulcanized
Good agreement of experimental results with Eq. (5) was, rubber composites. It is generally accepted that the

however, rather surprising because the model presumablyincreased resistivity is due to breakage of the carbon black

applies only for one parameter stress—strain curves [24], andnetwork. Regime | ends at a few percent strain in the EO

the mechanical behavior of the EO matrix cannot be composites. Regime Il, extends from the maximum in resis-

described properly by classical rubber theory. Instead, thetivity at 3—4% strain to about 30% strain. It is characterized



832

10

—#— 100% min"! (@)
gt |~ 10%mnt ™ ’
——1%mnl | amEEY
T 67
[a
2
o 4r
(%}
g
h ol
O F
0 50 100 150 200 250 300
Strain (%)
10°
§
2 L
a 10
2
=
k7]
3 101}
[an
100

150 200 250 300

Strain (%)

0 50 100

Fig. 7. Effect of strain rate on: (a) mechanical, and (b) electrical properties,
of EO with 20%(v/v) carbon black.
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In regime lll, the resistivity gradually increased. The
exponential relationship oc exp(Be) wheree is the engi-
neering strain, was essentially independent of composition
with B =8x10"3. This indicated that the filler volume
fraction had little influence on the change in resistivity
over a very broad range of strain, although the magnitude
of the resistivity in regime Ill decreased with the amount of
filler. Regime Il ended when the resistivity reached about
10°Q cm; the corresponding strain increased with the
amount of filler. The resistivity at the onset of regime IV
corresponded to the percolation transition (Fig. 2). The
correlation suggests that the relatively weak conducting
network with resistivity about 100 cm can be destroyed
either by decreasing the filler volume fraction, or by stretch-
ing the composite. Depercolation explained the rapid
increase in resistivity upon further stretching. For all
volume fractions of filler, growth in resistivity was expo-
nential with a much larger exponegt than in regime Il
B =5x10"2

Although the electrical response to strain followed the
same trends for all compositions, not all the compositions
exhibited all four regimes. Thus the composition with
12.5% (v/v) filler, which was close to the percolation thresh-
old, did not exhibit regime Ill. Also, the composites with the
most filler, 25 and 30% (v/v), did not exhibit depercolation,
regime IV. The properties in regimes Il and IIl were consid-
ered the most interesting, as these differentiated the EO
composites from the more widely investigated composites
that utilize a vulcanized elastomer matrix. Therefore, the
properties in regimes Il and Il were explored in more

by a rapid decrease in the resistivity. This behavior at such adepth using a single composition with 20% (v/v) filler.
low strain is unusual and has only been observed previously The effect of strain rate on the stress—strain and resistiv-
in a few instances [9,27]. In cases where a decrease in resisity—strain behavior is demonstrated in Fig. 7a and b. The

tivity is observed in vulcanized rubber composites, it gener-
ally occurs at strains an an order of magnitude higher [29].

mechanical response of unfilled EO at ambient temperature
did not depend on strain rate in this range of strain rates.
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Fig. 8. Effect of pre-strain on: (a) extension, and (b) recovery behavior of EO with 20%(v/v) carbon black, comparing the first (solid symbolshénd seco

(open symbols) extensions.
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70 [l on the mechanical properties is displayed in Fig. 8.
60 @ 20 % (viv) carbon black Increasing the magnitude of the first strain gradually
2 v unfiled decreased the stress level on the second extension. The
> 501 strain-softening, indicating that some breakdown occurred
& 401 in the composite during the first extension, was similar to
< 301 the so-called Mullins effect observed with filled vulcanized
9; rubber [1]. In the latter case, the Mullins effect has been
8 201 attributed either to fracture of chains in the rubber network
g 10 - or to detachment of chains from the surface of the particles
w 01 during the initial extension. The unfilled EO matrix did not

exhibit a Mullins effect when strained to 300%, which made

the first explanation unlikely [1]. The second possibility
seemed reasonable for these composites.

Although the mechanism was probably different from
Fig. 9. Influence of 20%(v/v) carbon black on the set strain after five days, that proposed for vulcanized rubber, it is suggested that
compared to the unfilled matrix. strain-softening of the EO composites was caused by

dynamic bonds between particles and matrix. By analogy
Changing the strain rate by two orders of magnitude also with Boonstra’s interpretation [2], when the composite was
had little effect on the mechanical response of the compo- subjected to a tensile strain, the shortest or the more strained
sites. Regimes | and Il in the resistivity—strain behavior chain segments between particles rearranged to accommo-
were virtually strain-rate independent (inset in Fig. 7b). date the deformation. As a result, the chain length was
This observation is of importance for certain applications homogenized and the resistance to elongation was lower
such as strain gauges. Regime lll, on the contrary, showed aon the second extension. Increasing the pre-strain gradually
strain-rate effect similar to that observed with vulcanized increased the amount of slippage. The higher set strain of
elastomers [22]. Specifically, the parameter that describedthe composite compared to the unfilled elastomer was
the exponential dependence of the resistivity gradually further evidence of physical changes in the microstructure
increased with strain ratef = 25x 1073, 6.0x10 3, that were not completely reversed by the restoring force of
and 10x 1072 for strain rates 1, 10, and 100% mih the network, Fig. 9.
respectively. Although the electrical response revealed Pre-straining the composite to 100% strain did not
strain-rate dependent changes in the microstructure of thequalitatively change the electrical response, Fig. 10. A
conducting network, these changes did not significantly well-defined regime Il was observed indicating that the
affect the mechanical response. initial microstructure was recovered. However, in
composites pre-strained to 200 and 300%, the character-
istic decrease in resistivity of regime Il was replaced by
almost constant resistivity over a broad range of strain.
The influence of pre-straining the composites into regime This behavior was interpreted as partial loss of particle—

0 100 200 300 400 500 600
Applied strain (%)

3.4. Effect of thermo-mechanical history

T T T T T T
102 102 |- (b) 4102
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g . l G
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4 14
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100 F —— 200% | 100 | 4 100
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Fig. 10. Effect of pre-strain on the electrical properties of EO with 20%(v/v) carbon black during: (a) extension, (b) recovery, comparing tlelfirst (s
symbols) and second (open symbols) extensions.
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Fig. 11. Effect of thermo-mechanical history on the: (a) mechanical and (b) Fig. 12. Effect of cyclic deformation to 20% strain on (a) mechanical, and
electrical properties of EO with 20%(v/v) carbon black. (b) electrical properties of EO with 20%(v/v) carbon blapl. = 12 and
po. = 1130 cm.
particle interactions, as already suggested by the
Mullins effect. Consequently, the resistivity did not upon annealing), the strain-softening disappeared and the
change until the strain was high enough to cause forma- stress—strain curve was the same as that of the annealed,
tion of new holes in the percolating network. unstrained composite. As regards the mechanical behavior,
The resistivity was also recorded after pre-straining as the annealing above the melting temperature completely erased
unloaded specimen recovered before the second extensionthe strain history.
Fig. 10. An initial increase in resistivity confirmed the tran- Regarding the electrical properties, annealing the
sient condition of the conducting network at high strains. unstrained composite produced an increase in resistivity
Similar behavior of carbon black-filled silicone rubber was suggesting that relaxation of internal stresses during anneal-
explained by rapid destruction and reformation of loose ing involved particle—particle interactions. The major
contacts between conducting particles [28]. After the initial observation from the resistivity measurements was that
increase, the slight decrease in resistance was attributed t@nnealing the strained composite restored regime Il, and
geometrical changes as the specimen recovered. therefore erased the damage to the conducting network
Fig. 11a, displays the stress—strain behavior of specimensinduced by the mechanical history. The observation that
submitted to different thermo-mechanical histories. Anneal- large pre-strains produced both the Mullins effect and the
ing the unstrained composite above the melting range (0—loss of regime Il, and that both effects were erased by melt-
80°C), produced a small decrease in the modulus. Possiblying the EO crystals, suggested that they were the mechanical
annealing released internal microstresses due to molding.and electrical manifestations, respectively, of the same
The mechanical behavior of the composite pre-strained to strain-induced damage to the composite microstructure.
100% resembled that of the annealed composite. This
suggested that at least part of the change in mechanicalg 5 Cyclic deformation
properties on stretching to 100% was due to relaxation.
More interesting was the influence of annealing on the The stress response to 20% cyclic strain is displayed in
composite after pre-straining to 300%. Although the pre- Fig. 12a. After the first cycle, the hysteresis was small. The
strained specimen did not quite recover the initial dimen- first cycle differed from subsequent cycles due to a transient
sions upon annealing (the set strain dropped from 45 to 15%set strain. Nevertheless, there was no strain-softening even
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The resistivity in the direction perpendicular to the strain,
dropped more than the resistivity measured parallel to the
strain, Fig. 12b. A decrease in resistivity in the strain direc-
tion observed with vulcanized elastomers, at much higher
strains, was attributed to particle alignment [29]. The effect
of alignment is, however, probably negligible at low strains
(below 20%) [16]. Furthermore, the comparison of parallel
and perpendicular resistivities, which revealed a larger drop
in the perpendicular direction, demonstrated that regime |l
was not due to particle alignment but to new or improved
particle—particle contacts.

Fig. 13 displays the mechanical and electrical response of
a specimen cyclically loaded to 150% strain. The first cycle
resulted in a large Mullins effect and significant non-reco-
verable strain. Both the Mullins effect and the strain set
increased gradually during subsequent cycles. The large
Mullins effect is shown by shifting the 30th cycle along
the strain axis to coincide with the 1st cycle. These observa-
tions are consistent with the breakdown of particle—matrix
interactions in regime Il as indicated by the pre-straining
experiments.

After the initial loading, the resistivity exhibited hyster-
esis loops in the shape of a figure eight. The decrease in
resistivity upon unloading was due to relaxation of the
stretched polymer, which allowed the particles to reform
the network. The decrease upon reloading was probably
related to the regime Il mechanism in the unstretched
composite. In between, the resistivity increased slightly on
the loading and unloading parts of each cycle. This complex
behavior demonstrates the dynamic and time-dependent

on the first cycle as was demonstrated by shifting the 30th nature of microstructural changes in regime IIl.

cycle to the left on the strain axis to coincide with the 1st
loading. The accompanying resistivity exhibited very little

hysteresis; all the cycles were very similar. Regime Il was
entirely reversible; regime | disappeared after the first cycle

3.6. Model for EO filled with high-structure carbon black

The four regimes in resistivity of a composite with 20%

because the strain set was above the transition from regimegv/v) carbon black are shown in Fig. 14. Regime | is gener-

[to Il

ally attributed to network breakage; in the present case, it
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Fig. 14. Definition of the four regimes in the resistivity—strain relationship of EO with 20%(v/v) carbon black.
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case, the maximum in resistivity between regimes | and I
would be interpreted as the yield strength of the secondary
aggregate. Although this mechanism could not be defini-
tively rejected, it is based on the controversial definition
of secondary aggregates. Moreover, it assumes that aggre-
gates that were not broken during the rather forceful mixing
process could be reversibly deformed during the mild uniax-
ial extension. Furthermore, this mechanism would not be
specific to the EO matrix, and regime Il has yet to be
8¢ reported for carbon black-filled elastomers with permanent

(a) Initial structure (b) Regime 11 () Regime III cross-link_s. _Finally, this mechanism cannot account for the

characteristics of regime Il that should, to some extent, be
Fig. 15. Schematic representation of the proposed microstructural mechan-related to regime |II.
isms for the decrease in resistivity upon stretching. The EO filled with high-structure carbon black exhibited

a combination of properties not generally achievable with

this type of filler in an elastomeric matrix, including a
can also be considered as an initiation phase for regime Il. Indecrease in resistivity upon stretching that was reversible
regime Il, the composite is differentiated from others up to 20% strain (regime II) and low resistivity with good
described in the literature by having virtually no strain mechanical properties at high strains (regime Ill). Further-
rate dependency in the resistivity up to 30% strain. More- more, these characteristics were specific to high-structure
over, in this regime the composite exhibited no permanent carbon black, as composites of the EO elastomer with
strain or irreversible electrical properties during mechanical low-structure carbon black or carbon fibers exhibited more
cycling. These combined properties would make this conventional behavior [17]. An explanation appears to
composite useful as a strain gauge. The primary character-require the unique features of both filler and matrix. A
istic of regime Il was preservation of the conducting possible structural model is presented in Fig. 15. In contrast
network during deformation to high strains. The properties to a vulcanized elastomer, the concept of a network of flex-
were recoverable upon rest after straining to 100%. Above ible chains with fringed micellar crystals serving as the
200% strain, the composite did not recover completely upon multifunctional junctions provides the structural basis for
rest; a Mullins effect also indicated that the composite was EO elastomers. A single polymer molecule contains many
damaged. However, the properties were restored by annealsegments that are long enough to crystallize; these can be
ing above the melting temperature of the matrix. The incorporated into different crystals to form a network,
mechanistic explanation of regime IV emerged from the Fig. 15a.
percolation curve (Fig. 2). Regime IV, was thought to result ~ Upon stretching, the fringed micellar junctions of EO
from the breakdown of the percolating network, and there- elastomers are not fixed, but are thought to provide a sliding
fore was called ‘depercolation’. topological constraint by a process of detachment—attach-

Using the concept of secondary aggregates [2], regime Il ment, which can also be viewed as partial melting [8]. As a
could possibly be explained as a reversible rearrangementresult of local stress concentrations, the actual strain in the
within the weakly bonded secondary aggregates. In this vicinity of the particle can be several times higher than the
average macroscopic strain [30]. Indeed, local strains in
regime Il may be high enough for crystalline junctions to
“melt” and flow out from the space between nearby parti-
cles, Fig. 15b. A new electrical pathway is thus created or an
existing pathway is improved. The effect should be particu-
larly noticeable in the transverse direction, which contracts
during straining due to Poisson’s effect. Recovery is driven
by the elastic deformation of the surrounding network of
fringed micellar crystals and entanglements. It would
seem reasonable that a threshold strain should be observed.
The maximum in resistivity between regimes | and 1l is
interpreted as this threshold.

The good mechanical properties and low resistivity in
regime lll suggest that the system tolerates high strains
with very little damage accumulation. It can be imagined
Fig. 16. Schematic representation showing adsorption of a linear EO chain t_hat particles mcorporated '“tF’ a networl_( of mobile Jun_c-
segment to the step-like edges of a carbon black particle, to produce goodtiONs are less constrained during elongation than those in a
adhesion. network of fixed junctions, and this would facilitate rotation
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and translation of aggregates [13,14]. Additionally, at high contents of 20—25% (v/v) produced a composite in which
strains it is necessary to consider the role of particle—matrix the resistivity remained above the percolation threshold, i.e.
adhesion. The embedded carbon black particles adherdess than 19Q cm, up to fracture at 800—900% strain.
strongly to the matrix, as indicated by conformity to the Synthesis of the results of various thermo-mechanical
Guth mechanical model. The mode of adhesion is suggestedreatments led to a microstructural model based on a matrix
by analogy, to the bound rubber models proposed for vulca- network of mobile, multifunctional physical junctions,
nized elastomers [31—-33]. Linear chain segments, which arewhich incorporated a dynamic bond between EO chain
not part of a fringed micellar crystal, are ideal candidates for segments and high-structure carbon black particles.
adsorption to the step-like edges of the carbon black parti-
cle, as illustrated in Fig. 16.
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