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Quantitative and qualitative analysis of segmental dielectric
relaxations and space charge by TSDC in nanocomposites
of natural rubber/clay
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The effect of adding three different layered clays, a sodium montmorillonite, and two commercial modified montmorillonites, on the morpho-
logy and molecular dynamics of natural rubber characterized by Transmission Electron Microscopy and Thermally Stimulated Depolarization
Currents (TSDC) was studied. Carbon black was employed as reinforcing filler in a standard compound prepared and used for comparisor
purposes. The morphological results revealed that the sample with Gioidi# displays the highest degree of exfoliation, which suggests
stronger compatibility between the organic and inorganic phases. When the dispersion degree increases, a decrease of the activation ener
was found from the quantitative analysis of the space charge dielectric relaxations. From the qualitative analysis of the dipolar dielectric
relaxations aroundy, changes in the dielectric relaxation profile and in the peak localization were attributed to probable interactions between
the nanofillers and the elastomer in the glass transition region of the NR.
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1. Introduction by the necessary and conventional vulcanization process in
rubbery materials also affect the molecular dynamics [6,7].

Rubbers are an important type of material widely used forin- The Thermally Stimulated Depolarization Currents
dustrial purposes due to their unique properties_ They are a|§a—SDC) teChnique is an efficient tool for the characterization
subject to important research and study in the materials scRf polymeric materials in general because it allows know-
ence field, owing to their potential in the development of newind, in a very precise way, the molecular dynamics of their
materials with improved mechanical performance when comlong chains, which are related to its macroscopic proper-
pounded with reinforcing fillers. Until now, carbon black hasties [8-13]. Its high sensitivity allows exploring the molec-
led the market as reinforcing filler for rubbers. Nonethelessular dynamics at different scales, from chain segments of the
its h|gh po"u“ng potentia| and its dependence on oil as th@lze of the repetitive unit that prOduce local and restricted
main source for its synthesis remain as a drawback. Henc&ovements (secondary relaxations), to long chain segments
its substitution by more inert inorganic reinforcements suctPr even whole chains whose movements are cooperative or
as clays has been an issue for further research. Recent invé¥-long range (segmental relaxations). Both processes corre-
tigations in the field of thermoplastics have shown that wherspond to dipolar relaxations.

compounded with small amounts of some clays with parti- Relaxation processes attributed to spatial charge carriers
cle sizes in the order of nanometers, the resultant compositesn also be measured by TSDC. lonic or electronic current
display improved thermal, mechanical, barrier and electrids produced by the combination of two processes: the injec-
properties. Similarly, the study of rubber/clay nanocompostion of charge coming from the TSDC cell electrodes or the
ites is an active area of research nowadays. In nanocompotiiermally stimulated movement of charge carriers inherent to
ites, a significant fraction of the polymer is within a distancethe sample. The theory used to explain thermoluminescence
of several nanometers of the inorganic particle surface. Thidue to charge relaxation processes has also been successfully
interface has potentially different structure and molecular dyused to explain the currents in TSDC measurements from the
namics than the bulk. In some reported cases, the hanopaame origin [14-18]. The band structure formed by solids,
ticles do not effect at all on the dynamics, whereas in othergven those of amorphous microstructure, originates energy
a very thin layer of a few nanometers in the thickness of in-sub-levels known as traps. Charge carriers are confined in
terfacial polymer with restricted mobility has been detectedthese traps and emerge from them when heated. The depth of
around the filler particles, while the rest of the polymer fol- the traps, as a first approximation, can be assumed as unique,
lows bulk dynamics [1-5]. Additionally, changes introduced and its measurement is the activation energy of the process.
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Nonetheless, in practice, the trap depths in many solids are Detailed studies of the effect of the dispersion of the in-
not the same and vary in an ample margin of values. Thugrganic nanophase on the molecular dynamics in solid sub-
peaks associated with those thermoluminescent (and dielestances are seldom reported. Thus, the aim of this work is
tric) relaxation processes usually tend to be wide. to further explore the molecular dynamics of a rubber/clay
Under the assumption of unigue activation energy, modsystem, through the study of the previously obtained fitting
els are formulated based on the formalism of the kinetics oparameters in spatial charge relaxations by TSDC. Besides,
chemical reactions [19,18] which constitute the kinetic mod-a qualitative study of the dipolar relaxations of a rubber/clay
els. The kinetic model of first order assumes the recombinasystem by TSDC is presented. Composites of natural rub-
tion of charge carriers, once they have left the traps, as theer/montmorillonite were prepared, and their molecular dy-
most probable relaxation process [14]. The TSDC currenhamics were characterized by TSDC and related to the filler
density corresponding to this kinetics, obtained at a constarttispersion determined by Transmission Electron Microscopy
heating rate, is described by the following equation (TEM). A conventional NR/carbon black system was also

1> prepared and analyzed for comparison purposes.
Je = OnyS0 €Xp <—k;>
2. Experimental

T

E, ;

X exp _io/exp <_kT’dT/) , (1) 2.1. Materials
v

To Natural rubber (NR) (SMR 20 grade) was used as polymeric

whereo,,, is the trapped carriers density at the discharge ini-matrix in the preparation of composites. Three layered sil-
tial temperatureg, is the inverse of the relaxation time icates (montmorillonite) supplied by Southern Clay Prod-
of charge carriers, and, is the activation energy. These ucts Inc. were employed in the preparation of the formu-
are the three parameters to be adjusted in the experimentaltions. They are commercialized by the names of Cloisite
data analysis. The second-order kinetic model assumes ti®15A, CloisiteR30B, and natural sodium montmorillonite
process of re-trapping the charge carriers into the traps g€loisite®Nat), which was organically modified in our lab-
the most probable relaxation process [20]. When recombieratory. Their characteristics, reported by the supplier, are
nation and re-trapping take place simultaneously in the solidgshown in Table I.

the process is better described by the general-order kinetic
model, which constitutes intermediate situations between th&asLE |. Characteristics of the layered clays.
firstand second-order kinetics. In this model, the current den-=

sity is described by the equation Clay Organic Modifier doo(nm)

CloisiteR15A 2MTHT 3.15
J. = Gy 50 XD <_kE;> Cloisite®308 MT2EtOH 1.85
Cloisite Na — 1.17

T —t7

b—1 E,
X —w/exp (— /)dT’Jrl ) ,
v P kT 2.2. Experimental procedures
0

The parameteb is equal to 1 in first-order kinetics and Sodium montmorillonite (Cloisit®Na*) was organically
2 in second-order kinetics, even though values lower than inodified using octadecylamine and hydrochloric acid [21].
and higher than 2, as reported in the literature [16], can bd he clay was dispersed in hot water (about@pat 1200
found. In the case of general-order kinetics, there are foufPM. and then the amine [(NCHz),7CH;s] was added, and
fitting parameterss,,, so, E,, andb. In the process of de- k_ept under mechanical stirring for 10 m!ngtes. After that pe-
termining these parameters, the following expression must b0d, HCl was added and kept under stirring for 15 minutes.

minimized by the non-linear least squares fitting techniqué-inally, the dispersion was allowed to cool down, always un-
[16], the expression is der stirring, for 30 more minutes. The product was filtered

and dried at 80C, under vacuum for 48 hours, to obtain
9 Moo 9 a montmorillonite intercalated with octadecyl-ammonium
§°= Z J2(T;) [J(T7) = Je(Ti, 0ng, 50, Bas D)7, (3) (OMMT). The OMMT thus prepared had an interlayer spac-
=1 ing of 1.8 nm [22].
where N is the number of experimental datd; is the The rubber/clay nanocomposite samples were prepared
temperature corresponding to each measuremg(t;) is  following the standard procedure described in ASTM D3184,
the TSDC current density measured at this temperaturén a laboratory Farrel Banbury internal mixer, and an open
Jo(T5, 004, S0, Fa, b) is the current density according to the two-roll laboratory mill. First of all, the natural rubber was
chosen model and withyg, sg, E,, b fitting parameters. broken down by mastication and then the zinc oxide, stearic
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TABLE Il. Formulations prepared in this work (in parts per hundred).

Ingredient F1 F2 F3 F4 F5 F6 F7 F8
Natural Rubber (NR) 100 100 100 100 100 100 100 100
Zinc Oxide (ZnO) 5 5 5 5 5 5 5
Stearic Acid 2 2 2 2 2 2
Antioxidant 1 1 1 1 1 1 1 1
Cloisits®Na" modified (OMMT) 3 5
Cloisite®15A 3 5
Cloisite®30B 3 5
Carbon Black 10
2-Mercaptobenzothiazole disulfid®{(BT'S) 1 1 1 1 1
Sulphur 25 25 25 25 2.5 25 25 25

acid, antioxidant, and filler were added in the internal mixer.3. Results and discussion

Then, the compound was discharged, banded and allowed to

cool down. Afterward, the compound was added to the tWwog 1 TEM results
roll mill and the curatives were incorporated. Table Il shows

the different composites prepared.

Curing curves were reocorded using an Ektron EKT-2000S0mposites, where exfoliated clay structures are clear. A
vulcameter at60.0 + 0.5 °C, following the standard proce- hjgher degree of exfoliation was obtained at lower concen-
dure in ASTM D5289. Once the scorch and curing timesyrations of the clay. Figure 2 shows that in those composites

Figure 1 shows the TEM micrographs of NR/Cloiggé5A

(ts andty) were obtained, sheets of approximately 2.0 MMprepared with Cloisit®30B, the clay is present as exfoli-

in thickness were compression molded and vulcanized in @ted as well as tactoid structures. This fact indicates that
Carver press. The morphologic study of the samples was CaLloisite®15A is more compatible with natural rubber than

ried out by Transmissi_on Electr(_)n Microscopy (TEM) using CloisiteR30B. Finally, Fig. 3 displays TEM micrographs
a JEOL JEM1220 equipment, with an acceleration voltage 0pf the composites of NR with OMMT. Exfoliated and inter-

100 kV. Samples were cut out from the compression molded|ated structures are visible, which are signs of compatibi-
sheets, by ultramicrotomy (Ultracut UCT by Leica) at aboutjization. From the morphological analysis, it is clear that
CloisiteR15A is the most compatible of the clays (more

—100°C.

The standard protocol followed when the Thermally exfoliation), followed by OMMT, and Cloisit®)30B as the
Stimulated Depolarization Currents (TSDC) technique wadeast compatible of the three.
used consists in applying a polarization of a direct current

(DC) voltageV, to a sample located between a pair of cir-
cular parallel-plate electrodes at a temperatiiyeduring a k

time ¢, to reach the equilibrium polarization at this temper-

ature. The sample was under a nitrogen atmosphere in the

course of polarization. Then, it was cooled down to a tem-

peratureTy < T, under the applied voltage. OnceEj,

V,, was turned off, and the system remained frozen-polarized
in the absence of an applied voltage. Afterwards, the sam-
ple was heated at a constant ratevof= 6 K/min, while

a high sensitivityKeithley 6430, electrometer measured the

polarization rate change. This rate change is the depolariza:
tion current density as a function of temperatur@’). Po-

larization conditions were selected to properly separate the
segmental relaxations from those relaxations at higher tem-
peratures. TSDC spectra were normalized to the area of the
sample, applied voltage and sample thickness, for compari-

son purposes. The electrodes are circular, stainless steel, apguyre 1. TEM micrographs of NR/Cloisit®15A nanocompos-

coated with a thin gold film. For space charge experimentsites: 3 phr (left micrograph), and 5 phr of clay (right micrograph).

the blocking electrodes were not used.
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FIGURE 4. TSDC spectra at room temperaturd,( =
297 K, tp= 30 s) of natural rubber and its composites with
Cloisite®15A, CloisiteR30B and organically modified montmo-
rillonite (OMMT). Relaxations around glass transition temperature
of the rubber are shown in this spectra.

dynamics are affected by the presence of the curing sys-
tem and antioxidants added in its preparation and by its
vulcanization. This conclusion is consistent with dielectric
studies carried out using broadband dielectric spectroscopy
‘ - (BDS) [6,7]. In Fig. 4 the spectrum corresponding to the
2 iy NR/CloisiteR15A compound displays the lowest intensity
3 and a doublet peak. This result suggests that rubber chains
are restricted in their movement owing to their interactions
with the nano clay, analogously with what Dynamic Me-
chanical Thermal Analysis (DMTA) results reported in the
literature have shown [23-26]. Besides, the temperature at
the intensity maximunt,,, and width at half intensity height
AT were obtained from Fig. 4 and are reported in Table Il

From these results it is clear that the relaxation peak of the
FIGURE 3. TEM micrographs of NR/OMMT nanocomposites: 3 composite containing Cloisi®15A is wider and moved to-
phr (left micrograph), and 5 phr of clay (right micrograph). wards higher temperature than those of the remaining sam-
ples, indicating the presence of important interactions be-
tween rubber chains and clay nanoparticles which unfolds
3.2. TSDC Results: Dipolar relaxations that this composite presents the strongest compatibilization
between phases [1]. These results are in agreement with
Figure 4 shows the TSDC spectra of segmental relaxation dhose from the morphological analysis; that is, the interac-
natural rubber (NR) and its composites with 3 parts per huntions at the filler/rubber interface are stronger in the compos-
dred (phr) of the nano clays in the temperature range betwedte with CloisitgR15A than in any other composites because
200 and 240 K. All samples were polarized at 297 K duringit presents a higher degree of exfoliation (cf. Fig. 1). Similar
30 seconds, in the 100 to 400 Volts range. The peaks exhibiesults were reported by Jady al. [27] through SAXS, TEM,
the dielectric signal of the glass transition of the rubber, withand measurement of mechanical properties. Formulations
a glass transition temperatufg of approximately 210 K [1].  with OMMT and Cloisite®)30B unfold narrower relaxation
In TSDC spectra, the area under the current density vs tenpeaks due to the presence of zones where the inorganic phase
perature curve is proportional to the amount of mobile elecforms tactoids because of fewer interactions (cf. Fig. 2). The
tric dipoles susceptible to orientation [11]. In that sense, botlpeak of natural rubber without clay is wider than those in
the peak intensity and its width can indicate, at the molecuthe composites containing Clois@30B and OMMT, which
lar level, interaction between the rubber matrix and the fillersuggests that the mobility of the reorientable dipolar entities
All TSDC peaks are wide, suggesting the existence of comassociated with the antioxidant and curing system ingredients
plex molecular dynamics in the elastomeric matrix due to itgs restricted by the presence of the nanophase. Areby.
heterogeneous nature. The wide relaxation peak of the NIR8] concluded that the organic treatment of the silicate in-
formulation without clay (cf. Fig. 4) indicates that molecular creases the interlayer spacing, which allows the dispersion of

FIGURE 2. TEM micrographs of NR/Cloisit®30B nanocompos-
ites: 3 phr (left micrograph), and 5 phr of clay (right micrograph).
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- - - 1.4e-14 4 ; E:/C!owsite 15A 3 phr &
TABLA lIl. Temperature at the intensity maximuffi,{) and peak & NR/Cloisite 30B 3 phr gw%%&@

. . . . . 12e-14 1 @ NR/OMMT 3 phr ?%b
width at half intensity height of TSDC relaxation bands of natural _~ 2
rubber and its nanocomposites. §

< 1.0e-14 4
Sample Tm +£0.1K AT +£0.2K g 6ot
o e-15
Natural Rubber (NR) 217.5 12.0 .
NR/Cloisite®15A 220.1 16.5 § 8.0e-15 1
NR/CloisiteR30B 219.1 10.9 @ 4.0e-15
NR/OMMT 219.2 11.4

2.0e-15 4

the silicate layers into the matrix at a nanoscale level and  °°
improves the filler-matrix compatibility. Thus, they reported
better mechanical properties for those composites.

In Dynamic mechanical thermal analysis (DMTA), Teh  FIGURE 5. TSDC spectra at room temperaturd,( =
al. [23,24] reported a reduction in the value of the mechanical?7 K) of natural rubber and its composites with Cloig&5A,
loss factortan & with the incorporation of an organoclay, and CIO|S|te®SOB, and organically rlnlodlfled montmorillonite OMMT.
attributed this phenomenon to a strong interaction betweeﬁelaxapons_, above glass transition temperature of the rubber are
the rubber matrix and the clay. An additional relaxation peakShown in this spectra.
at a higher temperature in thend vs. temperature curve

was also reported by the authors, which may represent the %" 5

T T T
240 260 280 300 320

Temperature (K)

L
part of the rubber that is intercalated, that is, located between . 14-2 b e é@z
the clay layers. e-14 1 o NRICarbon Black 10 phr 4
N

According to Vargheset al. [25], the smaller segmental
peak (or glass transition relaxation peak), the higher the rein-
forcing efficiency of the filler is. Hence, a higher reinforce-
ment effect could be predicted for the CloigRé5A and by
the OMMT in the present work, following the form of TSDC
dipolar peaks. Varghesat al. also reported a more or less
pronounced doubling or tripling of the segmental peak (as =, s |
additional peak and/or shoulder on the main peak, also found
in TSDC spectra in the present work) which suggests that at o, == . : 2 ,
least a part of the NR molecules is less mobile. Reduced 189 209 220 240 260 250 300 20
chain mobility owing to the physical absorption of the NR Temperatura (K)
molecules on the filler surface causes a height reduction of,cure 6. TSDC spectra at room temperatufg, (= 297 K) of
the segmental peak. The multiplication of the segmental peakatural rubber and its composites with Cloigié5A at different
hints for several NR populations with different chain mobili- clay concentrations and natural rubber/carbon black.
ties and this behavior could be a consequence of the silicate
intercalation/exfoliation by NR. tures is observed in the 260 to 300 K range only in the com-

Varghese and Karger-Kocsis [26] also reported that a proposites with Cloisit®15A and 30B. This peak can be as-
nounced segmental peak in DMTA analysis reflects high moeribed to a new relaxation mode recently reported in the liter-
bility of the polymer chains when their contacts to the filler ature that has been nameew modgcaused by a restricted
are low, and a reduction on the height of this peak indicatesegmental dynamics of rubber chains localized in the rub-
a strong interaction between NR and the silicate. A similaber/clay interfacial region [6]. The absence of the so called
explanation could apply for an increase in the width and enew mode in the composite with OMMT has been already re-
height reduction in TSDC spectra in the present work. ported by Hernandeet al. [6] in broadband dielectric spec-

With the reinforcing fillers in the rubber matrix, the peak troscopy. Varghese and Karger-Kocsis [26] and &tlal.
maxima are shifted towards higher temperatures, as showi@3] also report an additional peak tané vs. temperature
in Table 11I. The larger displacement was experienced by theurves. They attributed the additional peaks at higher temper-
composite containing Cloisi®15A, where the peak is lo- atures than that df}, to rubber located between clay layers
cated at 220 K. This fact is interpreted as a decrease in madn an intercalated (partially exfoliated) and/or confined (re ag-
bility of the rubber chain, due to a strong adhesion at the fillelgregated) system. There the rubber behaves differently from
platelets/polymer interface [29], and thilis, increases. that of the bulk, being under constraints. Therefore, this rub-

Figure 5 shows the TSDC spectra of the samples polaer portion has a highdf, than that of the bulk.
ized at room temperature in a wider temperature range (from Figure 6 shows the TSDC spectra of rubber nanocom-
240 to 300 K), where an additional peak at higher temperaposites containing different concentrations of CloiGtEbA

2.0e-14 -

1.5e-14 4

1.0e-14 -

TSDCurrent density (A/mz)
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and carbon black. The segmental relaxation peak figaf 12612 T TSDC wilhout biocking elecirodes

rubber is slightly shifted towards higher temperatures as the P TREG Il boskingabetoses. e
clay concentration increases, in agreement with the results "™ .
reported by Fragiadakist al. [1]. The temperature at the
intensity maximumr,,, of the composite with 5 phr of the
clay is located at 220.8 K, which is a higher temperature than
those of the peak maxima for the unfilled natural rubber and
the composite with only 3 phr of the clay (cf. Table III).

8.0e-13 -

6.0e-13 L4

TSDCurrent (A/m?)

4.0e-13 & oe
Furthermore, the intensity of this peak increases with clay . .
concentration. Additionally, the dielectric signal of the new 2013 - > S »
mode shows a strong dependence on clay content present i MO Uco
the rubber matrix, as can be observed. These results indicatr o0 : ,
that the higher peak intensity of the new mode corresponds
to the higher content of Cloisi®15A, in agreement with
what was reported by Hernandetzal. Since the composites FIGURE A. High Temperature TSDC spectra of Natural Rubber
prepared with natural rubber and CloigRé5A displayed a (I, = 373 K, ¢, = 30 s) with blocking electrodes and without
higher degree of exfoliation and higher rubber/clay compatthem.
ibility, as suggested by TEM analysis and TSDC characteri-

T
260 280 300 320 340 360 380 400 420

Temperature (K)

zation, they were chosen to compare their dielectric behavior 184 PP ——
with that of a conventional natural rubber formulation con- 16e-14 - oe O TePewithblacking electiodes
taining 10 phr of carbon black. From its TSDC spectrum eta | C;-“éio

(Fig. 6), the strongest segmental peak is observed around thi_ % °

rubber glass transition temperature, which indicates a higher‘;E sl .0" A

amount of reorientable dipolar entities. On the other hand, = 1.0e-14 1 ) ¢

the new mode is not present in the compound with carbon £ 4, s | o:." by

black, as can be seen in its TSDC spectrum. The relationship§ o°F ©

of this new modewith the mechanical properties of the rub- = **™ | R s o

ber is still under study and has not been reported yetetVu 40618 y oo

al. [30] reported that the factor governingn ¢ is the state 2.0e-15 4 I

of filler networking, and, in general, the stronger the filler - ‘ ' .

network, the lower the value afin§. From DMTA analy- 200 210 220 230 240
sis, they found that above the glass transition temperature of Temperature (K)

the elastomer, thean § value obtained using carbon black is Figure B. TSDC spectra at room temperature of Natural Rubber
higher than that using silica due to weaker filler-filler interac- (7,=297 K, ,=30 s) with blocking electrodes and without them.
tions and stronger polymer-filler interactions in the former.

tion of the maximum of the peaks change when the elec-
3.3. TSDC Results: space Charge relaxations trodes are blocked. It is known that the use of different types

of electrodes can give information about the nature of the
Next, results from dielectric relaxation measurements in natdielectric relaxation peak [31] and cites therein. Thus, the
ural rubber reinforced with nano clays and carbon black, poeonductor-dielectric junction produces variations that affect
larized at much higher temperatures than that of the glasthe profile of the space charge TSDC peaks, unlike the dipole
transition temperature of natural rubb&i, > T,), where relaxation peaks that are not affected by these variations.
space-charge processes [10,11] are activated, will be pré&rom Fig. B, we can affirm that the high temperature TSDC
sented. To our knowledge, such measurements in rubbgreaks (above room temperature) correspond to the relaxation
and its composites, using TSDC or dielectric spectroscopyf space charge. To also confirm that the TSDC peaks that
have not been reported in the literature yet. To confirm thagppear below room temperature correspond to dipole relax-
the high temperature TSDC spectra correspond to the spaegions, TSDC spectra were obtained with blocking electrodes
charge relaxation, two experiments were performed. Firstand without them in the natural rubber sample, with identi-
dielectric relaxation was measured by polarizing at 373 Kcal polarization conditions than the previous experiment. The
Vp, = 1400 V, and¢, = 30 s in the natural rubber sample non-variation of the shape and position of the maximum in-
(NR) with blocking electrodes using sapphires and withouttensity of the TSDC peaks,as can be seen in Fig. B, verify
them (sandwich configuration of electrode-sapphire-samplethat it corresponds to dipole relaxations [32].
sapphire-electrode and electrode-sample-electrode, respec- Once the nature of the high-temperature TSDC peaks
tively). TSDC spectra were normalized to the applied volt-was verified, the space charge relaxation peaks were ob-
age, and sample’s thickness and area. Figure A shows thetgined from the rest of the nanocomposites. High-temperature
results where it can be seen that both the shape and the podiSDC spectra were obtained polarizing all rubber samples at
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TABLE IV. Characteristic parameter of experimental TSDC curves of unfilled and filled rubber sample.

Sample (Im £0.01) pA (Tm £0.1) K (Qrer £0.01) NnC
Natural Rubber (NR) 6.84 335.1 1.96
NR/CloisitgR)15A 3 phr 4.98 347.1 1.88
NR/CloisitgR30B 3 phr 3.09 362.3 0.82
NR/OMMT 3 phr 3.09 345.6 1.19
NR/Carbon Black 10 phr 3.23 352.3 1.04
- NR the band structure of the solid, which is thermally activated,

NR/Cloisite 15A 3 phr
NR/Cloisite 30B 3 phr
NR/OMMT 3 phr
NR/Carbon Black 10 phr
Calculated data

and from where charge carriers hop to the conduction band.
A small peak on the slope of the high-temperature dielec-
tric signal can also be observed from the TSDC peaks for
the Cloisite reinforced samples. TSDC was performed with
blocking electrodes and without them for the NR/Cloisite15A
3 phr sample, with identical experimental conditions from the
previous experiment using blocking electrodes, and from the
results obtained (cf. Fig. C) it can be seen that this peak ap-
pears when there are no blocking electrodes. This allows us
to assume that this small dielectric signal is due to the charge
injected from the electrodes.

The fitting parameters, such as the charge initially stored
in the trapsny (calculated using the adjustment param-
FIGURE 7. High Temperature TSDC spectra gnd numeripal fitting etero,,, and data area, thickness, and voltage applied to the
(T, = 373K, t, = 30 s) of natural rubber and its composites. sample), frequency factep, activation energy,K,, which is
the average depth of the traps), and the kinetic ofbleare

373 K, at 50V, for 30 s, without blocking electrodes, to sim- . 7 :
plify the analysis of the results. TSDC spectra were normal—dISpIayed in Table V for analysis. The TSDC peak a@as

; . N were plotted against the initial stored charge in the traps
ized to the applied voltage, and sample’s thickness and areg, eaIcD:h samplge as seen in Fig. 8. The Iilgear fittingn?;pvery
The results are shown in Fig. 7. This figure shows the high- 00d because th'e correlation co.effi.cienR?s: 0.9999

temperature TSDC spectra of natural rubber and its com og- . . .
b b b The concentration of the charge stored in the traps is the

ites with 3 phr of the different clays, and also of that with 10 that of the liberated ch that o th d

phr of carbon black. The relaxation peaks are produced by th?—:amg as d ?tho (T : eraf bIC alr\g/;e davg%es (t)h tetr:: onduc-
flow of charge carriers or spatial charge present in the poly—!on and ot tne polymer. 1ables TV and v show that the un-
mer matrix. In those curves, a peak shifting towards higheplled sample traps more space charge and also liberates more

temperatures can be seen in samples with filler. Charactef@rge to the conduction band. The accelerators, activators,

istic parameters of TSDC curves, such as current intensit?nd stabilizers added to the rubber, and natural impurities

maximum (I,,,), the temperature at the intensity maximum
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(T,,), and peak are&?,.;), related to the liberated charge, 14812 1 SPG without blooking electrode
were determined for these discharges and reported in Table =, |07 wintec e sk -
V. &

The curves were fitted using a kinetic model of general _ 10e-12 o ..
order, except that of the natural rubber/carbon black com- § kS .
posite, which was fitted to a first-order kinetic model (cf. & "™ . .
Egs. (1) and (2)). In this sense, in those samples with clay § 6.06-13 - a .
as a filler and in that without filler, combined space-charge & by o5 =
relaxation processes occur, that is, charge recombination and ~ “%" 1 . ooO I+
retrapping [17,18]. The sample with carbon black displayed s I ..-' OoO Oo ’\
mainly a charge-recombination relaxation process. Some ex- 3 ° .
amples of curves fitted to experimental data are shown in oo - \ - , T Dese—]

260 280 300 320 340 360 380 400

Fig. 7. A good agreement between the experimental results
and the fitted curves was obtained. This agreement allows
inferring that the origin of TSDC peaks is the space charge-IGURE C. High Temperature TSDC spectra for NR/Cloisite 15A,
relaxation, located at energy sub-levels or traps, present igPhr. (I, = 373 K, ¢, = 30 s).

Temperature (K)
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TABLE V. Fitting parameters of TSDC curves (space charge) of unfilled and filled rubber sample.

Sample no NC (s0x10') Hz E, eV b
Natural Rubber (NR) 1.97 1290 1.07 15
NR/CloisitgR)15A 3 phr 1.89 0.0134 0.774 1.4
NR/CloisitgR30B 3 phr 0.807 25,700 1.26 1.2
NR/OMMT 3 phr 1.20 0.0249 0.789 1.3
NR/Carbon Black 10 phr 1.04 0.0530 0.820 1
22 8
NR
2.0 4
— 7 1
1.8 4 NR/Cloisite 154 f-; ¢ NR
o = &
£ 16 g &
<} 3 .
g 1.4 4 E 5 4 ° NR/Cloisite 15A
< £
¥ 124 b
g NR/OMMT 2 44
0 NR/Carbon Black é o NRICarbon Black
0.8 4 NR/Cloisite 30B 3 ;R/OMMT NR/CIoisite.3OB
e ' ' r ! ! ' ! 2 - : : . : ;
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 330 335 340 345 350 355 360 365
Initial trapped charge n, (nC) Temperature of the maxima T (K)
FIGURE 8.TSDC Peak area versus initial trapped charge with linear
fitting and correlation coefficie®® = 0.9999 FIGURE 9. Plot of current maxima against peak temperature.

present in the raw elastomeric material are the most probabach appeard,,,. As seen there, all filled composites display
origin of these charge carriers. Additionally, charge injec-lower I,,, values than that of unfilled natural rubber, though
tion from the electrodes contributes to space charge into thell composites peaks are shifted towards highigr This re-
system. sult indicates that reinforcing fillers reduce the mobility of
From TEM results, as previously mentioned, a highercharge carriers, and the evidence is a lower current inten-
compatibilization degree was found for Cloig®d 5Ain NR.  Sity in all nanocomposites when compared to the unfilled NR
This fact is related to the amount of liberated charge in thesample.
dielectric relaxation of this nanocomposite (Cf. Fig. 8). At  Figure 10 displays a plot of the activation energy, ob-
better dispersion, higher liberated cha@ge;, because there tained from the fittings, versus peak temperature of the sam-
are fewer obstacles for electric conduction of space chargples, £, vs T,,. The presence of reinforcing fillers mod-
and a higher amount of charge carriers can percolate. Henciies the rubber’s energy profile, because the activation en-
the NR/CloisitéR30B sample has a lowe®...;, which is  ergy, corresponding to the traps 'average depth, decreases in
in agreement with the lower degree of dispersion in NR, agieneral when compared to that of the unfilled rubber. This
seen in micrographs (Cf. Fig. 2). Space charge percolatedecrease inF, could be associated with the appearance of
less when tactoids are present, which is in agreement witenergy sub-levels between the existing levels when NR has
the fact that NR/Cloisit®30B sample has the lowest TSDC no fillers and the conduction band, which indicates strong in-
peak area. teractions between the reinforcement and the polymer [14].
The sample of rubber with carbon black has a lower perAn exception to this behavior is the NR/CloisR80B sam-
colating degree because the filler’s particle size is two orderple, which has the lowest degree of filler dispersion or
of magnitude larger than that of the clays. Then, even thougkompatibility, according to TEM results. Furthermore, the
the reinforcing filler could be better dispersed, it has efficientNR/CloisiteR15A sample displays the lowesi, value and
sections that hinder the percolation of charge carriers, whichas the finest dispersion, according to TEM images.
is reflected in the fact that its TSDC peak area lies among the Thus, an alternative way of ascertaining whether the re-
smaller of all. It is noteworthy that all reinforcing fillers act inforcement is homogeneously dispersed in the rubber ma-
as obstacles in the path of charge carriers. trix can be through the measurement of the sample’s activa-
In Fig. 9 the current maxima,,, extracted directly from tion energy, which should be lower than the unfilled sample.
experimental data, is plotted against temperatures at whichihen, a complementary path to determine the degree of dis-
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FIGURE 10. Plot of activation energy against peak temperature. FIGURE 12. Plot of log(relaxation time) against activation energy
Samples with good clay dispersion (without tactoids) display lower for NR and its composites with linear fitting with correlation coef-
activation energy. ficient R = 0.9571.

8 in an intermediate point between the values corresponding
to the better (NR/Cloisit®15A) and the worst (NR/Cloisite
74 . (R30B) dispersed composites. This could suggest, qualita-
tively, a distribution of current in activation energy values,
A and is it an indicator of the conductive property of the solid in
the bulk, as already seen in the presence of fillers: the charge
5 o NRICloisite 15A carrier flow decreases and the interaction between the poly-
mer matrix and reinforcement increases in the lower activa-
i tion energies direction, being more towards the left the more
NR/Carbon Black NR/Cloiste 308 compatible formulation, NR/Cloisi@®15A. Finally, the pre-
5.l P P exponential factor, is obtained from the fittings (cf. Ta-
NR/OMMT ble V), and the values lie in a wide range of orders of mag-
nitude (L0° a10'® Hz). Some of them are in agreement with
07 08 09 10 ¥ 12 13 those typical from the classic Debye theory. If the logarithm
Activation energy E, (V) of the inverse of the pre-exponential factgy, varies linearly
with the activation energ¥,,, then a compensation law is ob-
FIGURE 11. Plot of current maxima against activation energy. served [17] given by, = 7. exp(—E, /kT,) whereT, and
7. are the compensation temperature and time, respectively.

persion of the clay in NR is offered, that is, using TSDC gig e 12 displays thén(ro) vs E, plot, where the curve’s
as an experimental technique besides TEM. Henck, ik linearity indicates a compensation law. The linear relation

Ea,nr, the latter being the activation energy of the unfilled g ¢|ger jn samples with well-dispersed fillers, suggesting

rubber matrix, then the reinforcement will be well dispersedy, 5 e gielectric relaxations observed in these samples have
in the polymer. This plot also indicates that the shifting of o s3me molecular mechanism [17]. Fitting parameters were
the peak temperatures toward higher values is not a CoNSeyqjated by linear fitting of the data through the method of

quence of activatior_1 energy increases, as us_ual in dipolar "faast squares, and the compensation temperataad time
laxations, because in the NR/OMMT composite Higvalue 7. were obtained, with correlation coefficieRE = 0.9751.

is higher than that of NR/Cloisi®15A andT;, is higher in - tnair values ard. = 368 K andr~. = 22.8 s. which seems

the latter. In the end, the reinforcement with carbon black, stang out the importance of molecular dynamics of space
reveals an important fact which makes a big difference fro"bharge relaxation in polymers [17].

the tactoids of Cloisit®30B: even though particles of car-

bon black are larger than 100 nm, they are better dispersed

and distributed into the rubber matrix. Furthermore, there4. Conclusions

are important interactions between carbon black particles and

NR (known as “bound rubber ”). The finest dispersed fillerThe effects of the presence of the Cloigii#5A, Cloisite

(NR/CloisiteR15A) displays the lowest activation energy of ®30B, organically modified montmorillonite, and carbon

all samples with clay. black on the molecular dynamics of natural rubber were stud-
The plot ofI,,, vs E, is presented in Fig. 11. NR shows ied using TEM and TSDC. The morphological results re-

the maximum current value for an activation energy locatedrealed that NR/ Cloisit® 15A compound is the sample with

Intensity of the maxima |, (pA)
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a higher degree of exfoliation, which suggests stronger comfact could be used as a predictor of the clay’s reinforcement
patibility between the organic and inorganic phases. Disability during mechanical testing. On the other hand, TSDC
placement of TSDC peaks aroufiyj towards higher tem- peak ared),.; in rubber/clay composites increases with clay
peratures supports this compatibility between the phaseslispersion, because there are more charge-carrier percolation
TSDC spectra of NR/Cloisitl15A or 30B display an ad- paths. In this sense, to examine thg,; values in this type of
ditional relaxation peak, a new mode, which is not associformulations can be considered a good complement to TEM
ated with normal modes in the rubber because of its vulcharacterization. However, in carbon black filled rubber, the
canization, in agreement with reported investigations carried),..; value is low though good dispersion is known to be at-
out using Broadband Dielectric Spectroscopy (BDS). Thigtained, probably due to its particle size, which can be up to
peak is more intense as the exfoliated fraction of the clay inwo orders of magnitude larger than that of clays. Finally,
the rubber matrix is higher, as shown by the TSDC spectrathe dielectric relaxations of the rubber/clay composites obey
where this new mode is more intense in the sample containing compensation law very closely, indicating that relaxation
Cloisite®15A. Furthermore, clay concentration determinesmolecular mechanisms are similar in those samples.

the intensity of this relaxation peak; that is, the intensity in-

creases with the amount of clay. A significant finding in this

work is that, sinceE, is related to dispersion, and disper- AcCknowledgments

sion affects all the mechanical properties, it could be used as
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