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Memooamu OuHAMUYECKO20 MEXAHUUECKO20 AHATU3A U OUhepenuuanvHOIl cKaHupyo-
wiell Kanopumempuu uccile006at nPouecc CMeK108aHuA 6 31ACMOMEPHBIX KOMRO3UMAX, CO0epHCa-
WUX 2UOPUOHDLIL HANOJIHUMEb HA OCHOGE MEXHUUECKO020 Y21epo0a U y2iepoonsix HaHompyook. Mo-
oynb naxonnenus E' u manzenc yena mexanuueckux nomeps TanD pecucmpuposanu é unmepeaine
memnepamyp om —100 00 100 °C u uacmome 10 I'y. Tepmuueckuii ananuz npoeooUIU co CKOPOCHbIO
noovema memnepamyput 2 °C/mun. Bynkanuzamuol u320moenueanu no mpaouyuoHHol mexHoa02uu.
Yenepoonwvie nanompyoxu 6eoounu 6 cocmae pe3unogvix cmeceii 6 6ude ROPOUKOOOPA3HLIX Macmep-
bamueil mexHuuecKuil y2nepoo/yznepoonsie HAHOMPYOKU, NOJIYUEHHBIX 8 YCILOGUAX COBMECHIHOIL Ylb-
mpa3zeykoeoii oopadbomku. Cooeprcanue yenepooHviX HAHOMPYOOK 8 PEIUHOBBIX CMECAX BAPLUPO-
eéanu om 0,1 00 0,5 mac. u. na 100 mac.u. kayuyka. Ilo 0anHbIM OUHAMUUECKO20 MEXAHUUECKO20 AHA~
JIU3a YCMAHOB1EH0, YMO GKAI0YEHUE ZUOPUOHBIX YACMUY HANOTHUMEA RPUGOOUM K PACUIUDEHUIO
nukoe memnepamypuuix 3asucumocmeii TanD ona ecex od6pazyoe 6 cmopony 6o1ee HU3IKUX memne-
pamyp u cmeuienuio noaoxycenus maxcumyma TanD na eenuuuny om 4,0 oo 15,6 zpadycos. /lannvie
ougpchepenyuanvhoil ckanupylowell Kaiopumempuu yKa3vléarom Ha Haauyue O0ONOJTHUMETbHBIX
HU3KOMeMNnepamypHslxX d-peilaKcayuoHHbIX nepexo006 6 MOOUPUUUPOBAHHBIX GYJIKAHUIAMAX
(-123...-118 °C). Habnrooaemoe penaxcayuonnoe nosedenue 00yciosneno yeeauuenuem 00U céo-
0600H020 00bema 6 8YIKAHU3AMAX, HOGBIUIEHUEM CE2ZMEHMATbHOI HOOBUNCHOCIU YACMU MAKPOMO-
JIEKYJ1 6 CPAGHEHUU C KOHMPOIbHbIM 00pa3yom. B eynkanuzame ¢ naubonvumum codepicanuem 4a-
cmuy 2ubpuonozo Hanoanumens chuxcenue TanD ¢ nepexooHoii 30ne om cmexi000pa3InOZ0 K 8bl-
COKO0INACMUYUECKOMY COCIOARUIO U Y8eSIuYeHUE 8 6bICOKOIIACIUYECKOM COCHOAHUU YKA3bleaem Ha
opmuposanue oonoanumenbHBIX 63aUMOOCHCMEUNl «HANROIHUmMe b-Hanoanumensvy. Takum obpa-
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30M, 0OpabomKa yenepooHbIX HAHOMPYOOK MeEXy2iepoooM RPUEOOUM K CUHEPZeMUUECKOMY I-
dexmy 60 enuanuu Ha QunamuyecKue XapaKmepUCMUKu GYIKAHU3AMO8 U MOMHCem Gblmb UCNOJIb30-
6AHA 011 CHUMNCEHUA HUIICHEZO0 MEMNEPAMYPHO20 NPedeia IKCHIYAMAuUN Pe3uH.

KiroueBble cioBa: CTCKJIOBAHUC, 3J1aCTOMED, TCXHUYCCKUI yriepoa, yriepoaHblC HaHOpr6KI/I

EFFECT OF HYBRID CARBON BLACK/CARBON NANOTUBES FILLER
ON VULCANIZATES RELAXATION BEHAVIOR
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The glass transition in hybrid carbon black/carbon nano-tube (CB/CNT) filled elastomer
composites has been studied through dynamic mechanical analysis (DMA) and differential scan-
ning calorimetry (DSC). The storage modulus E' and loss tangent (TanD) are recorded from -100
10 100 ° C and a frequency of 10 Hz. The thermal analysis was carried out at 2° C/min temperature
increment. The vulcanizates were made as per conventional technology. The CNT were introduced
into rubber compounds as CB/CNT masterbatches resulting from joint ultrasound processing. The
CNT content in the rubber compounds varied from 0.1 to 0.5 phr. The DMA data proved that in-
troduction of CB/CNT hybrid particles resulted in the spread of TanD temperature peaks for all
the samples towards lower temperatures and the subsequent shift of the maximum TanD position
by 4.0 to 15.6 degrees. The DSC data demonstrated the existence of additional low-temperature a-
relaxation transitions in the modified vulcanizates (-123...-118 °C). The observed relaxation be-
havior could be explained by the increase in vacant volume in the vulcanizates along with the rise
in segmental mobility of some macromolecules when compared against the reference sample. The
highest hybrid filler content vulcanizate demonstrated certain TanD drop in the glass-to-rubber
transition zone and the TanD rise in the high-elasticity state, which fact indicated formation of
additional filler-filler interactions. Thus, the CNT treatment with carbon black resulted in a syn-
ergy effect upon the rubbers’ dynamic characteristics; hence, it can be applied to the task of raising
the material frost resistance point.

Key words: glass transition, elastomer, carbon black, carbon nanotubes

Jast uuTupoBaHus:
Mancyposa U.A., bypkos A.A., lllumos U.b., Jonruii 3.0., benoszepos B.C., Xycannos A.J]. Bausiare ruGpuaHOTo HAmos-
HUTEJS] TEXHUIECKUN YTIIepo1/yTiaepoJHble HAHOTPYOKH Ha pelaKcallMOHHOE TIOBEICHNE BYIIKAHU3ATOB. H36. 8)306. Xumusl
u xum. mexuonozus. 2019. T. 62. Bemr. 11. C. 106-111

For citation:
Mansurova I.A., Burkov A.A., Shilov I.B., Dolgiy E.O., Belozerov V.S., Khousainov A.D. Effect of hybrid carbon
black/carbon nanotubes filler on vulcanizates relaxation behavior. Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2019.
V.62. N 11. P. 106-111

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2019. V. 62. N 11 107



Lei Sun, Hui Zhao, Heng Zhong, Dongsheng Xia, A.V. Nevsky

INTRODUCTION

Currently, the composite-materials science is
greatly interested in the use of hybrid fillers. The term
hybrid filler refers to a combination of two or more fill-
ers, composed of particles of different shapes or those
of different chemical nature, while there is a physical-
and-chemical interaction among the particles on the
nanometer scale [1]. The material containing the hy-
brid filler exhibits properties (mechanical, tribological,
electrical, and thermal), otherwise unachievable, in
case the components are used individually [2, 3]. The
researchers pay special attention to hybrid fillers based
on allotropic sp? carbon forms: CB, CNT, graphene or
graphite nano-filler consisting of several graphene lay-
ers [4-6]. The experiments demonstrated that the sim-
ultaneous use of a CB/CNT combination results in a
synergistic effect upon the strength and fatigue endur-
ance of vulcanizates, as well as on their electrical char-
acteristics [7-13]. The authors believe that this effect is
due to high similarity of thread-like and spherical par-
ticles, composed of graphene planes; the ability of the
particles to form a filler hybrid network within the vul-
canizate structure [7]; vulcanizates' increased re-
sistance to fatigue cracks formation [9, 10]; natural
rubber like behavior of CNT [13]; and a better CNT
spread within rubber in the CB presence [12].

Given the importance of molecular mobility in
the formation of the vulcanizates' mechanical proper-
ties, the authors are especially interested in studying
the effect of CB/CNT hybrid filler upon molecular mo-
bility of rubber chains, as well as the chain mobility's
connection with the vulcanizates' viscoelastic properties.

The most informative from the point of view
of the macromolecules' mobility is the a-transition, due
to the main relaxation transition in polymers —i.e. glass
transition. One can distinguish structural and mechan-
ical glass transitions in polymers. Structural vitrifica-
tion occurs in the absence of mechanical load upon the
sample. The structural vitrification temperature (Tg)
can be determined by differential scanning calorimetry
(DSC) through a sharp change in the polymer sample's
heat capacity when cooled or heated [14]. At which
point the calorimetric measurements can hardly regis-
ter movements of such structural units as chains, side
chain substituents, in other words, units, smaller than a
macromolecule’s segment [15].

Mechanical glass transition occurs when the
polymer material is cooled under cyclic load. The me-
chanical vitrification temperature (Tmg) can be deter-
mined by dynamic mechanical tests (DMA) [16]. In
this case the indicator of the rubber chains mobility is
the temperature point of the maximum mechanical loss
tangent (TanD). Both the shape and the steepness the
TanD = f (T) dependence peak provide additional data.
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PROCEDURE

Vulcanizates containing hybrid CB/CNT filler
are this study's object. The original CNT's were manu-
factured by means of the CVD technology (OCSIiAl,
Novosibirsk, Russia). According to the manufacturer
the CNT's are two-wall structures (1-2 walls) measur-
ing ~1.5 nm in diameter and over 5 um in length. The
CNT specific surface area is 360 m?/g (specific surface
area was determined by the Brunauer-Emmett-Teller
method). The impurities of carbon and metal were re-
moved from the CNT batch by exposing it to 12M
HNO3 (48 h, room temperature). The cleaning of CNT
was performed through annealing in a muffle furnace
at 400 °C for 1 h. According to the TGA curve, the
content of metallic impurities in the CNT as a result of
the purification process was reduced from 23 to 9 wt.%.

The content of the filler in all vulcanizates is
the same - 48.5 phr (phr = parts per hundred parts of
rubber), the volume fraction of the filler is 0.27. In the
modified vulcanizates, some of the original CB N330
was replaced with CB/CNT masterbatches. Mas-
terbatches consisting of CB N330 and CNT were
jointly prepared by ultrasonic treatment of the compo-
nents in a volatile solvent medium [17]. Samples | - IV
differ in the CNT content and preparation conditions.
Sample | (0.1 phr) and 11 (0.5 phr) was prepared in 10-
fold excess of CB, sample 111 (0.1 phr) and 1V (0.5 phr)
- in 50-fold excess of CB. The masterbatches were in-
troduced into the rubber mixes along with the CB N330
main filler.

The formulation of research mixtures complies
with the sidewall formulation of a pneumatic tire (phr):
synthetic rubber cis-isoprene IR-3 (40.0), neodymium
cis-1,4-polybutadiene BR-Nd (60.0), ZnO (5.0), stea-
ric acid (2.0), Norman oil (5.5), paraffin wax (2.0),
IPPD (2.0), TMQ (2.0), CB N330 (48.5), sulfur (1.55),
PVI1 (0.23). Rubber stocks were mixed in a laboratory
two-roll mill.

The calorimetry analysis was performed with
Schimadzu DSC analyzer, heating rate was 2 °/min.
The dynamic mechanical analysis was done with Ne-
tzsch DMA 242C dynamic mechanical analyzer, in 10 hz
oscillation mode in -100 to +60 °C temperature range.
Based on the obtained data we calculated the com-
pounds' dynamic elasticity modulus (the so-called stor-
age modulus E'), the maximum value of the mechani-
cal loss tangent (TanDmay), the TanDmax temperature.
The vulcanizates' mechanical properties were tested
with Shimadzy AG-5kNX tensile tester per GOST
(State Standard) 270-75 requirements.

The TEM images of the hybrid filler particles
were made through JEOL JEM2100 microscope (at
200 kV accelerating voltage).
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RESULTS AND DISCUSSION

Fig. 1 shows TEM image CB/CNT mas-
terbatch (sample 1). The primary CB aggregates are
seen to be aligned along the CNT bundles. Table 1 lists
physical and mechanical properties of the vulcanizates
containing hybrid CB/CNT filler, the control is the vul-
canizate filled with N330 CB only. Unfortunately, it
was not possible to produce a rubber mixture contain-
ing 48.5 phr CNT. According to the SEM images, quite
large CNT agglomerates were present in the volume of
the rubber mixture. This did not allow parallel testing
of the vulcanizates. According to [7], it is possible to
distribute satisfactorily in the polyisoprene matrix not
more than 11.3 phr CNT using a Brabender type mixer.

500 nm
Fig. 1. CB/CNT masterbatch TEM image
Puc. 1. TEM uzo6paxenue ucxoxHoro CB / CNT

Table 1
Physicomechanical characteristics of vulcanizates con-
taining hybrid filler
Tabauya 1. ®DU3UKO-XUMHUYECKHE XaPAKTEPUCTHKH
BYJIKAHM3aTOB, COJIePKALMX THOPUAHBIH HANIOJIHUTEIb

Vulcanizates contain-
ing samples of
CB/CNT masterbatch

Indicator Control

I i

1 0,
Tensile stress at 100 %, 18 20 125120129

MPa
1 0

Tensile stress at 300 %, 6.8 66 | 7311100115

MPa
Tensile strength at break, 180 |18.01152/170l175

MPa
Elongation at break, % 530 | 580 |510|550|430
Fatigue resistance, number 670 121201170 450 510

of cycles (g = const)

Resistance to tear, KN/m 68 72 |66 |76 | 79

Density, g/sm® 2.03 |1.75|1.88/1.83|2.04

Table 1 demonstrates that samples | and 111 ex-
hibit longer fatigue life as compared to the control and
samples Il and IV. Samples Il and IV are characterized
by increased stress values at 100% elongation, and
300% increase in tear resistance.
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Fig. 2 presents temperature dependence of the
dynamic elasticity modulus (storage modulus) E’ and
TanD. Fig. 2 demonstrates, that vulcanizates, contain-
ing hybrid filler, display a decrease of the E’ value in
the vitrified state. At which point the TanDmax position
and the dependencies change greatly. Thus, the
TanDmax position moves along the temperature axis to-
wards lower temperatures by 4 (sample 1) to 16 (sam-
ple 1) degrees Celsius. In the case of samples I, 11, I
the TanDmax Value rises broadening the TanD peak on
the glass side of the glass-to-rubber transition. In the
case of sample IV theTanDmax Value goes down against
the control vulcanizate, however the peak broadens on
both the glass side and highly elastic side of the glass-
to-rubber transition.

Sample 1

900 - 0,60

800 0,55

700 0,50

. 600 1 0,45
S )
S 500 040 €
L 400 035
300 r 0:30

200 - 0,25

0,20

0 : : : : : : : : 0,15
00 -80 60 -40 20 O 20 40 60
T(C)
Fig. 2. The temperature dependence of the storage modulus E' and
the loss tangent TanD
Puc. 2. TemnepaTypHasi 3aBUCHMOCTb MOIyJIsl XpaHeHus E' n Tan-
re’ca yria norepb TanD

Table 2 presents DSC data for vulcanizates
containing the hybrid filler (samples | and 1V), as com-
pared against unfilled IR-3/BR-Nd-based rubber stock
and the control vulcanizate.

Table 2
DSC data for objects under study
Tabnuya 2. JCK n1aHHbIe HCCTETYyEMOro 00beKTa

o-transition Unfilled Vulcanizates
temperatures, |rubber com- Sample
oC pound control |Sample | v
- - -118 | -123
BR-Nd -109 -104 | -108 | -101
IR-3 - 65 - 63 - 63 - 62

Table 2 demonstrates that introduction of
N330 CB-filler into the rubber compound, the Ty struc-
tural transition temperature shifts towards higher tem-
perature by 5 degrees for the BR-Nd component, and
by 2 degrees for the IR component. Introduction of the
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hybrid particles (sample 1) resulted in the reduction of
the structural transition temperature of the BR-Nd
component up to that of the unfilled rubber compound,
moreover, there occurred the —118 °C low-temperature
peak. When sample 1V was introduced, the structural
transition temperature of the BR-Nd component, to the
contrary, shifted towards higher temperatures, while
the —123 °C low-temperature peak still occurs (Fig. 3).

0,02 1
K_

0,01

0,00

DSC (mW/mg)

-0,01

-0,02 +

-0,03

T T T T
130 <125 120  -115  -110  -105  -100 -95
Temperature (°C)

Fig. 3. DSC curves of control vulcanizate (1), vulcanizates con-
taining samples | (2) and 1V (3)
Puc. 3. Kpussie JICK xouTponsHOro Bynkauusata (1) u BynkaHu-
3aToB, cojepskamux oopasisl [ (2) u IV (3)

As to the commonly accepted knowledge of
the polymers glass transition process, the macromole-
cules' mobility depends on the degree of the intra- and
inter-molecular interactions, macromolecules' confor-
mational abilities, and the availability of some free vol-
ume/space within the polymer [18]. Within filled pol-
ymers segmental mobility of the macromolecules in
the vicinity of solid particles can be restricted by the
physical and chemical interactions with the surface of
the filler [19, 20].

Detailed DMA studies of the unfilled non-po-
lar rubber's segmental mobility demonstrated [21], that
the mobility didn't depend on the particles size, specific
surface area, and the CB structure (the samples ranged
from N990 CB to N110 CB, the in-vulcanizates filler
volume fraction was 0.18). In publications [22, 23] it
was demonstrated that the structural glass transition
temperature for filled polymers (DSC technique) prac-
tically didn't depend on the fillers' specific surface area
and particle size.

In this study the compound containing sample
I (0.1 CNT phr, 10:1 CB/CNT ratio in the masterbatch)
featured enhanced fatigue endurance (Table 1), broaden-
ing of the TanD peak on the vitrification side of the
TanD = f(T) extreme dependency, a significant Tmg
shift towards lower temperatures as compared against
the control vulcanizate (Fig. 2). This indicated a
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change in the structure of the material with the intro-
duction of the hybrid particles. Given the decrease in
the density of the vulcanizate (Table 1) it can be as-
sumed that in its volume there appeared some areas
with less densely packed macromolecules. This means
that the macromolecules have more conformational ca-
pabilities in segmental movement at lower tempera-
tures. This fact is backed by the DSC data: there is a
new a-relaxation transition point having a meant glass-
transition point temperature of —118 °C.

The nature of the TanD temperature depend-
ence of the compound containing sample IV (CNT
0.5 phr, 50:1) indicates the appearance of intensive in-
ter-component interactions within the vulcanizate. To
overcome such interactions additional mechanical en-
ergy is spent in the highly elastic state, i.e. in the -30 to
+60 °C temperature range (Fig. 2). It can be assumed
this phenomenon is due to the formation of a filler net-
work composed of hybrid CB/CNT particles (the ones
formed in preparation of masterbatch IV) and CB par-
ticles. The obtained data are consistent with the study
[7], in which through electron microscopy the hybrid
filler networks were proved to form in vulcanizates
filled with the two CB and CNT fillers. The fillers net-
work is nothing else but the CB aggregates linked by
nanotubes. Moreover, the formation of a continuous
unbroken network depends on the CB and CNT con-
tent in the vulcanizates.

The filler network formation is known to occur
during the vulcanization process, while the compound
still retains its plasticity and the filler aggregates floc-
culate, thus forming the material's final structure, its
mecanical properties and, specifically, energy dissipa-
tion at cyclic deformations [24]. This structure in-
cludes areas with low-mobility macromolecules inside
the filler nodes (shaded area, Fig. 4), the so called
«dead rubber» [25].

Fig. 4. Filler aggregates flocculation during vulcanization
Puc. 4. ®dnoxynanus arperaToB HaOJIHUTENS IPU BYJIKaHU3ALMH

It can be assumed that, on the one hand, the
long curved CNT's (Fig. 1) threading the CB aggre-
gates facilitate the low-mobility rubber areas. The ex-
istence of such areas results in the increase of the ma-
terial's rigidity and tear strength (sample IV, table 1).
On the other hand, CNT presence reduces the number
of filler-polymer interactions, which leads to more un-
occupied volume in the vulcanizate, thus increasing the
rubber macromolecules' mobility. This mobility can be
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the reason for the detected low-temperature a-transi-
tions (the DSC data), as well as the TanD peak broad-
ening on the vitrification side of the TanD = f (T) de-
pendency (the DMA data).

In general, mechanical behavior of the vulcan-
izates containing sample I1 (0.5 phr, 10:1) and sample
I11 (0.1 phr, 50:1) correlates with the behavior of sam-
ple IV and I correspondingly. This fact demonstrates
that the CNT amount is paramount in the formation of
uninterrupted filler network, and as such, in the for-
mation the vulcanizates' properties, rather than the
CBJ/CNT ratio in the masterbatch formula.

CONCLUSION

The study has looked into the effect of
CBJ/CNT hybrid filler upon molecular mobility of rub-
ber chains, as well as the chain mobility's connection
with the vulcanizates' viscoelastic properties. It has
been demonstrated that filler particles in combination
with CB change the vulcanizates' final structure by cre-
ating areas with less densely packed macromolecules,
exhibiting increased segmental mobility at lower tem-
peratures. This opens up possibilities for manufactur-
ing rubber with higher fatigue endurance and frost re-
sistance properties.
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