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ABSTRACT

To evaluate the performance of pyrolytic carbon black (pCB), we filled styrene-butadiene
rubber (SBR) with pCB and N330 industrial carbon black (CB). We used two ratios of pCB
and N330: 1/9 and 1/1. N330 was selected because its specific surface area was close to that of
pCB. The overall CB content in the mixes was 0, 30, 45 and 60 part per hundred rubber (phr).
We studied the effects of types and amounts of CB on the dispersion, cure behavior, dynamic
mechanical thermal behavior, tensile mechanical and fracture mechanical properties of the
filled rubbers. Dispersion of pCB was poorer than that of N330 CB. With respect to tensile
mechanical properties — except tear strength — N330 outperformed pCB. The tear strength and
fracture mechanics characteristics (J-integral at crack tip opening, and trouser tear strength) of
SBR were higher with pCB than with N330. This can be attributed to the broader dispersion of
pCB than N330. The combined use of N330 and pCB resulted in intermediate values reflecting
the actual N330/pCB ratio for all measured parameters. We wanted to correlate the mechanical
performance with the apparent molecular weight between crosslinks (Mc), and found reasonable
correlations for the Payne effect, tensile strength and critical J-integral. On the other hand, we
only found a tendency for tear characteristics; this was ascribed to additional effects of (p)CB
dispersion.
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1. INTRODUCTION

The disposal of waste tires is a global environmental problem and their economic recycling is
a great challenge. Retreading worn tires has severe limitations (residual profile depth) and
burning tires to generate heat is less straightforward. The recycling of used tires is hampered
by their complex structure (various rubbers and fillers and steel cord reinforcement). Ground
tire rubber (GTR), which is another option for recycling, is available from different sources (car
tires, truck tires etc.). However, the traditional application field of GTR (covers of sporting
fields and play grounds) is saturated, therefore, considerable efforts are made to convert GTR
into other value added products. Reclaimed GTR, by whatever means achieved, may be used
in fresh rubber mixes [1, 2]. The production of thermoplastic rubbers with the use of GTR 1is
strongly preferred, though this requires some “activation” (e.g.
devulcanization/polymerization) of the GTR particles [3]. Nowadays, the preferred method for
that is microwave devulcanization [4-7]. Another product that can be made from used tires is
pyrolytic carbon black (pCB), which has been attracting more and more interest lately. pCB
can be produced in relatively high yield (ca. 35 wt.%) through various pyrolysis processes of
used tires [8, 9]. Other pyrolytic products are gas and oil. The former is usually used in a closed
loop as fuel to maintain the pyrolysis process. Pyrolytic oil with and without further purification
may also have commercial value, even as extender oil for rubbers [10]. pCB itself may be
considered as a “green” (i.e. recycled CB) filler of rubbers. There are already several reports on
the applicability of pCB in rubbers, including natural rubber (NR) [11], styrene-butadiene
rubber (SBR) [12-14], and NR+SBR combinations [15]. Thus, pCB of controlled quality may
be added to tires and other rubber compounds, thereby partially or fully replacing industrial
CBs. An important finding of papers on the use of pCBs of various origins in different rubber
mixes is that their properties are close to those of industrial reinforcing and semi-reinforcing
furnace CBs in the range of N300 to N700 [13, 14].

The reinforcing effect of pCB should be examined in a “green” rubber without self-
reinforcement. This criterion is well met by SBR, which is always filled to achieve the required
performance (unfilled SBR has poor mechanical and wear properties) [16]. Moreover, SBR
and NR are the major rubber ingredients of tire recipes. Our goal was to compare the reinforcing
properties of pCB with an industrial CB whose specific surface area is close to that of pCB.
N330 CB fulfils this requirement and was therefore selected for benchmarking. N330, pCB and
their combinations in 9/1 and 1/1 ratios were added to SBR in amounts of 30, 45 and 60 part
per hundred rubber (phr). We investigated whether the specific surface area is the control
parameter of pCB classification and its performance. A further aim of this work was to check



how mechanical and fracture mechanical properties change as a function of apparent molecular
weight between crosslinks (Mc).

2. EXPERIMENTAL
2.1.Materials

We chose SBR 1502 (styrene content: 23.5%, Mooney viscosity ML (1+4) at 100 °C: 48 MU)
of Sterlitamak JSC, Russia, as rubber. The characteristics of the pelletized pyrolytic carbon
black (pCB) are as follows: carbon content =80 wt%, silica content =13 wt% and specific
surface area (nitrogen, BET): =75 m?/g [14]. The corresponding properties of the industrial
N330 CB (provided by Tauril Co., Hungary) are: carbon content = 99.5 %, specific surface area
~ 80 m?/g. Sulfuric curable SBR mixes with different amounts of carbon black were prepared
(see Table 1).

Table 1: The designation codes and compositions of the SBR mixes studied. MBTS: 2’-
dibenzothiazole disulfide

Composition [phr]

Designation -

SBR | YCB | N330 | pCB | ZnO S;ec?gc MBTS | S
SBR ref. 100 - - - 3 2 1.5 2
30N330 100 30 30 - 3 2 1.5 2
30(N330/pCB=9/1) 100 30 27 3 3 2 1.5 2
30(N330/pCB=1/1) 100 30 15 15 3 2 1.5 2
30pCB 100 30 - 30 3 2 1.5 2
45N330 100 45 45 - 3 2 1.5 2
45(N330/pCB=9/1) 100 45 40.5 4.5 3 2 1.5 2
45(N330/pCB=1/1) 100 45 22.5 22.5 3 2 1.5 2
45pCB 100 45 - 45 3 2 1.5 2
60N330 100 60 60 - 3 2 1.5 2
60(N330/pCB=9/1) 100 60 54 6 3 2 1.5 2
60(N330/pCB=1/1) 100 60 30 30 3 2 1.5 2
60pCB 100 60 - 60 3 2 1.5 2

2.2.Compounding and curing

The rubber was mixed on a laboratory two-roll mill (LRM-SC-110, Labtech Engineering Co.,
Ltd., Thailand). Friction was set to 1.3 and the temperatures of the front and back rotors were
70°C and 50°C, respectively. The additives were introduced from the 5th to the 20th min after
mixing was started. Total mixing time was 25 min. The samples were cured in a Teach-Line
Platen Press 200E laboratory press (Dr. Collin GmbH, Germany) at 160°C for too (the time
needed to reach 90% of curing — see later) of the compounds with 5 MPa pressure, producing
sheets with a thickness of 2 mm.




2.3.Testing
Curing

The curing of the samples was examined with a Monsanto R100S rheometer, (MonTech
Werkstoffpriifmaschinen GmbH, Germany) in isothermal time sweep mode (1,667 Hz, 1°
angle) at T=160°C for 45 minutes.

CB dispersion

Specimens were cut, embedded in polyester resin and polished in five steps (coarse SiC, P320,
P1000; fine SiC, P2000, P4000 and 1 pm diamond suspension). Macrodispersion was assessed
with an Olympus BX51M light microscope, equipped with a DP26 digital camera (Olympus
GmbH, Germany) at a magnification of 105x in reflected light. The captured images (about ten
per sample) were evaluated with the Olympus Stream software. In the macrodispersion
examination the software was set to perceive particles with a diameter of >1 um as particles.
The dispersion coefficient was calculated by dividing the total cross-sectional area of the
macroparticles with the view field area at this magnification, multiplying it by 100 and
subtracting it from 100%.

(p)CB dispersion was also assessed with atomic force microscopy (AFM) — NanoSurf
FlexAFM 5 (Nanosurf AG, Switzerland). The phase contrast images (25 pm x 25 pum) were
prepared in tapping mode with the use of a TAP190 AL-G type cantilever.

Dynamic-mechanical thermal analysis (DMTA)

DMTA spectra were registered on rectangular specimens in tensile mode at a static preload of
0.1 N with a superimposed sinusoidal 0.1% strain. The frequency was 10 Hz and the spectra
were taken in a temperature range of -100 to 70°C using a Q800 device of TA Instruments Co.
(USA). The temperature ramp was 3°C/minute. DMTA was used to assess the Payne effect. It
was also investigated in tensile mode, at a static preload of 0.01N at 30 °C with a frequency of
10 Hz and a strain sweep from 0.01 to 10% (denoted as M0.01 and M10, respectively).

Mechanical and fracture mechanical tests

Hardness was determined on the prepared sheets with ten measurements on each material
according to the DIN 53505 standard. A Zwick H04.3150 hardness tester (Zwick GmbH & Co.
KG, Germany) was used with a Shore A measuring head and a load of 12.5 N.

DIN 53504 Type 1 specimens for tensile and ASTM D624 Type C specimens for tear tests were
punched from the vulcanized sheets. Tensile and tear tests were performed on a Zwick Z250
universal testing machine equipped with a 20 kN load cell with a crosshead speed of 500
mm/min at room temperature. Each of above tests was repeated on five specimens and the
average of the results was calculated.

Fracture mechanical tests were performed on single edge-notched tensile loaded (SEN-T) and
trouser tear specimens. SEN-T specimens with dimensions of 100 mm x 25 mm x 2 mm (length
x width x thickness) with an initial notch length of 10 mm were loaded at a crosshead speed of
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10 mm/min on the above-mentioned Zwick testing machine. Nowadays researchers pay more
attention to the investigation of crack propagation and the failure process in addition to fracture
mechanical properties. We applied crack tip opening displacement (CTOD) to study crack
propagation. It was followed by visual inspection with a digital microscope (Dino-Lite Premier
AMA4113ZT (R4), New Taipei City, Taiwan). The camera was positioned in front of the crack
in order to focus on the internal surface generated by the blunting and/or growth of the crack.
Prior to this test, the crack surfaces were coated with talc (in the case of the unfilled SBR coating
was done with pCB) for contrast. By analyzing the sequence of images, we were able to detect
the point where fracture started to propagate, and calculated the corresponding J-integral [17,
18]:

n-u

0w W

where 1 i1s a geometry factor (0.9 in this case), U is the input energy (area under the load-
displacement curve up to the point considered), t is the thickness (=2 mm), while W is the
width (25 mm) of the specimen, and a is initial crack length (10 mm). The J-integral was
displayed as a function of crack tip opening displacement (CTOD). The critical value of the J-
integral, assigned to crack initiation, was read at a CTOD of 0.1 mm. This threshold criterion
is widely used [19, 20]. Since Mullins-softening may have an influence on the fracture
mechanical response [14], J-CTOD curves were also obtained from testing cyclically preloaded
specimens. Cyclic preloading up to 100% deformation in five consecutive cycles was
performed prior to notching the SEN-T specimens. Further details of this test can be seen in
Refs. [14, 19].

The fracture energy of the trouser tear test (Juouser) was determined on 100 x 30 x 6mm (length
x width x thickness) waisted specimens (i.e. the thickness of the specimen in the anticipated
crack growth was 1 mm, whereas the legs were 6 mm thick) with an initial notch length of 40
mm at a deformation rate of 100 mm/min via Eq. 2 [21]:

2-F
J — tear (2)
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t

where Feear 1s the mean force during stable tearing, and t is the thickness of the specimen. All
fracture mechanics tests were also run on five specimens and the averages were calculated.

3. RESULTS AND DISCUSSION
3.1.Cure behavior

Characteristic vulcanizations curves (e.g. as torque vs. time) are displayed in Fig. 1. Table 2
shows the following data: lowest and highest torque data (M; and My, respectively), times to
reach 10, 50 and 90% crosslinking (to.1, to.s and to9, respectively) and times to reach 1 and 2
dNm torque above the M torque value (ts1 and ts2, scorch times). Based on Fig. 1, and the related
tabulated data (Table 2) the following tendencies can be observed:



- pCB slightly delays curing compared to N330 at the same CB content

- M is lower, while My is higher for N330 than pCB at the same CB content. This suggests that
N330 is a more active filler than pCB, even though their specific surface area are almost the
same.

- a combined use of N330 and pCB results in intermediate values, which are in harmony with
the respective N330/pCB ratio
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Figure 1: Vulcanization curves of the SBR mixes with N330 and pCB (a) and with
N330+pCB (b) at different CB contents

Table 2: Vulcanization results

. . M M 1, 1, 1 ts ts
Designation [dNi‘n] [dNIln] [ni)iil] [nfi;] [n;)i;] [miln] [mizn]
SBR ref. 23.1 4.0 5.6 9.1 20.6 48 5.7
30N330 38.4 7.0 47 7.2 24.6 3.7 43
30(N330/pCB=9/1) | 36.9 6.8 40 6.2 211 3.1 3.6
30(N330/pCB=1/1) | 347 53 42 7.0 232 33 3.8
30pCB 33.1 5.8 52 7.6 257 42 49
45N330 437 8.2 3.7 5.7 232 2.9 33
45(N330/pCB=9/1) | 42.6 7.6 3.7 6.1 2.1 2.8 33
45(N330/pCB=1/1) | 39.6 7.1 3.8 6.5 27.6 2.9 3.4
45pCB 37.0 73 5.1 7.6 245 3.9 47
60N330 526 | 113 3.4 52 202 2.5 2.9
60(N330/pCB=9/1) | 493 | 105 33 55 22.9 2.5 2.9
60(N330/pCB=1/1) | 474 | 111 3.7 5.7 20.8 27 3.1
60pCB 27 9.4 5.1 7.6 23.7 41 45

3.2. CB dispersion



Fig. 2 displays characteristic optical microscope images of CB dispersions in the mixes studied.
The dispersion coefficients, and average and maximum sizes of the macroparticles are listed in
Table 3. The dispersion coefficients of the SBR mixes with N330 are higher than 95%, and the
value slightly increases as N330 content increases. The dispersion coefficient values with pCB
are markedly lower and they do not depend on pCB content. Therefore, the dispersibility of
pCB is poorer than that of industrial N330 CB. The combined use of N330 and pCB yields
intermediate dispersion coefficient values, as expected. A similar tendency is true for the mean
size of the macroparticles, although particle size has a wider distribution. The maximum size
of the macroparticles was usually higher for pCB and N330/pCB than for N330.
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Figure 2: Characteristic light microscopy images of the polished surfaces of the SBR mixes

Table 3: Dispersion characteristics of the SBR mixes. Note: it was assumed that the particles
have a spherical shape

. . Dispersion coefficient Maximum particle Mean particle diameter

Designation .

[%] diameter [pum] [pm]
SBR ref. - - -
30N330 95 14.3 3.2
30(N330/pCB=9/1) 90 14.1 4.0
30(N330/pCB=1/1) 89 24.5 7.6
30pCB 86 17.2 7.9
45N330 97 23.8 2.9
45(N330/pCB=9/1) 97 27.4 2.2
45(N330/pCB=1/1) 95 18.5 2.7
45pCB 88 17.4 4.9
60N330 99 26.3 2.1
60(N330/pCB=9/1) 97 20.9 3.6
60(N330/pCB=1/1) 86 27.5 4.8
60pCB 82 27.8 7.0

AFM scans were expected to confirm the above light microscopy results. Figure 3 compares
the structure of mixes with 30, 45 and 60 phr overall (p)CB loading. The size of visible particles
is roughly the same as mean particle sizes shown in Table 3.
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Figure 3: Characteristic AFM phase images taken from the polished surfaces of the SBR
mixes

3.3. DMTA behavior

Curves of the storage modulus (E’) and mechanical loss factor (tan d) as a function of
temperature are shown for the SBR mixes with the parent and mixed CBs in Figure 4 a) and b).
Both glassy and rubbery E” moduli increased with increasing CB content. The increment was
always higher for N330 than for pCB (cf. Fig. 4a), which supports the statement that industrial
CB is a more active filler than pyrolytic CB. The glass transition temperature (Tg), taken as the
temperature of the maximum of the tan 6 curve, did not change noticeably as a function of filler



type and amount. The peak value of tan 6 was, however, prominently reduced with increasing
(p)CB content (cf. Fig. 4). In order to get a deeper insight into structural changes, we further
analyzed the DMTA curves. Tg, the rubbery E’ moduli (Erbery read at Tg+30 °C), and the glassy
E’ moduli (Egassy read at Tg-30°C) values of tan & were tabulated in Table 4. Erubbery Was used
to calculate the apparent crosslink density, or more exactly the apparent mean molecular weight
between crosslinks, via:

MC=3p-R-T
E

rubbery

3)

where Erupbery 1 the modulus at T=Tg + 30K, p is the density (determined in a pycnometer with
methanol), R is the universal gas constant (8.314 J/(K.mol), and T is absolute temperature. Mc
is an apparent value because in the filled rubbers it is affected by not only their crosslinking but
the rubber—filler and filler—filler interactions.
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Figure 4: E’ and tan 9§ as a function of temperature and CB content for the SBR mixes with
the parent fillers (a) and their combinations (b)

One can see that the value of M. prominently decreases with increasing CB content, and its
value is always lower for mixes with N330 than for pCB. Again, the combined use of N330 and
pCB yields intermediate M. values. This is in line with the former finding that N330 is a more
active reinforcement than pCB. The more active CB is and the higher its concentration is, the
lower tan 6 is. Tg 1s linked with the segmental motion of the rubber chains in a filler network —
this motion is inhibited by increasing CB loading (cf. data in Table 4).

The more developed the filler network is, the stronger the Payne effect is [22]. CB aggregates
form agglomerates owing to van der Waals interactions between them. Thus, the Payne effect
reflects the agglomeration tendency, or more explicitly the reinforcing activity of a given CB.
Figure 5 shows the Payne effect in the investigated strain range for the SBR mixes. The Payne
effect is quantified by the difference in the E’ moduli measured at 0.01 and 10% tensile strains
(denoted as M0.01-M10). As expected, this difference was negligible for the unfilled SBR and
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most pronounced for the SBR with N330, especially at 60 phr loading — cf. Figure 5. Again,
the combined use of N330/pCB reduced the Payne effect compared to N330. The secondary
structure of pCB, controlling the formation of bound rubber, is different from that of industrial
CB irrespective of the fact that the specific surface areas of pCB and N330 are comparable (cf.
section 2.1).

More can be learnt about the reinforcing efficiency of the fillers when the ratio of the maximum
in the loss modulus (E’’) to the measured Payne effect (i.e. M0.01-M10) is considered — cf.
Table 4. The higher this value is, the more active the actual filler is [13]. These data in Table
4 show that N330 has higher activity than pCB.
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Figure 5: E’ as a function of strain (Payne effect) for the SBR mixes with N330 and pCB (a)
and N330+pCB (b)

Table 4: Density and DMTA-related properties of the carbon black filled SBR systems

Payne ,
Designation Yl @23°c) | & | atT 30°C) (Tg:30°C) | M0.O1- | 7° max - /(M0.01-
[g/em’] [°C] ¢ ¢ (M0.01) | [MPa]
[g/mol] [1] [MPa] [MPal] M10 [MPa] M10) [1]
[MPa] 2
SBR ref. 0.973 3445 287 | 1.86 1655 25 0.34 23 0.32 N/A
30N330 1.087 1092 257 | 122 3003 8.8 2.61 6.76 0.84 0.32
30(N330/pCB=9/1) | 1.085 1133 274 | 129 3104 8.9 2.2 6.3 0.89 0.40
30(N330/pCB=1/1) | 1.079 1256 26.1 | 1.29 3308 8.0 23 5.88 0.82 0.36
30pCB 1.069 1435 275 | 157 2989 6.8 1.2 4.67 0.65 0.54
45N330 1.132 614 277 | 096 3805 17.7 7.95 13.63 1.81 0.23
45(N330/pCB=9/1) | 1.125 673 264 | 098 3967 17.1 6.25 12.2 1.89 0.30
45(N330/pCB=1/1) | 1.120 791 27 | 1.08 3726 14.0 4.62 9.76 1.44 0.31
45pCB 1.113 1051 272 | 136 3398 10.4 231 6.54 0.98 0.42
60N330 1.178 268 264 | 0.7 4534 50.5 19.93 29.92 4.97 0.25
60(N330/pCB=9/1) | 1.174 347 259 | 0.74 4247 37.7 13.47 2127 3.61 0.27
60(N330/pCB=1/1) | 1.170 442 276 | 0.87 4272 28.7 9.83 18.09 2.92 0.30
60pCB 1.165 800 269 | 1.12 4258 17.3 4.92 11.79 1.69 0.34
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3.4. Mechanical behavior

Shore A hardness increased with increasing CB content, as expected. N330 outperformed pCB
in this parameter, whereas N330/pCB yielded intermediate hardness values. Tensile strength
showed the same tendency — cf. Figure 6a. Tensile strain as a function of the overall CB content
went through a maximum. Beyond 30 phr CB content ultimate tensile strain was markedly
reduced — cf. Figure 6b. Reduction measured with the same parameters was somewhat larger
with N330 (cf. Figure 6b) than with pCB, suggesting that pCB is a less active filler than N330.

The tensile properties including the moduli (i.e. strength data at 50, 100, 200 and 300% strain
termed as moduli M50, M100, M200 and M300, respectively) are listed in Table 5. Note that
M300/M100 represents the reinforcing efficiency of the actual filler. Data in Table 5 clearly
show that the moduli increase with increasing CB content. Again, SBR with N330 exhibited
higher values than with pCB and the combined use of N330/pCB delivered data in between the
parent fillers. Tear strength showed an adverse trend: pCB yielded higher values than N330,
and its positive effect also appeared when N330 and pCB were incorporated together (cf. Table
5). This feature, which was also observed in the case of N330/pCB combinations, can be
attributed to the fact that pCB particles were larger and better dispersed than N330 particles (cf.
section 3.2.)
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Figure 6: Tensile strength (a) and tensile strain (b) as a function of CB content for the SBR
systems studied
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Table 5. Hardness, tensile mechanical parameters, and tear strength for the filled SBR

samples

M300/ Tensile Tensile Tear

Designation Sh([)gf A [1;\44_1;50 l\l/{/—&)OO l\l/{/—é)OO I\I/{/_I%OO M100 strength strain strength
al | [MPa] | [MPa] | [MPa] | ", [MPa] (%] | [kN/m]

SBR ref. 40+1 0.6+0.0 0.8£0.0 | 1.2+0.0 | 1.7£0.1 | 2.1£0.1 1.78+0.3 321434 | 5.36+0.1
30N330 57+1 0.9+0.2 2.0£0.1 | 4.6£0.2 | 8.9+0.2 | 4.5£04 | 17.91+1.8 | 483434 | 12.00+£2.0
30(N330/pCB=9/1) 56+1 1.2+0.1 1.9+0.1 | 2.7+0.1 | 7.8+0.1 | 4.0+0.4 | 16.29+1.7 | 498423 | 11.5£1.8
30(N330/pCB=1/1) 52+1 0.9£0.2 | 2.8+0.0 | 2.940.6 | 5.3+1.0 | 1.940.3 | 12.75+2.1 | 531+35 | 13.39+1.0
30pCB 50+1 1.0+0.0 1.4+0.0 | 2.6+0.1 | 4.5+0.2 | 3.3£0.2 | 10.98+1.7 | 5554+32 | 16.80+1.1
45N330 65+1 1.6+0.0 2.7£0.1 | 5.3£0.2 | 9.1£0.2 | 3.4+0.7 | 20.47+1.7 | 378435 | 13.65+0.6
45(N330/pCB=9/1) 63+1 2.3+0.2 | 2.740.3 | 4.540.2 | 8.6+0.4 | 3.2+0.7 | 19.02+1.2 | 405+19 | 15.06+0.8
45(N330/pCB=1/1) 60+1 1.2+0.0 1.9+0.1 | 3.7%0.1 | 6.2+0.1 | 3.3+£0.5 | 16.17+0.6 | 459435 | 17.81%1.7
45pCB 57+1 1.0+0.0 1.5£0.1 | 2.740.2 | 4.3+0.3 | 2.8+0.4 | 12.88+1.0 | 487+36 | 20.05+1.8
60N330 74+1 1.740.1 | 3.1+0.2 | 8.0£0.4 | 14.6+0.6 | 4.8+0.5 | 21.98+1.1 | 275426 | 17.27£1.0
60(N330/pCB=9/1) 71+1 1.6+0.1 3.0£0.2 | 7.6£0,3 | 13.840.3 | 4.7+1.1 | 20.82+1.2 | 299+14 | 17.73+0.9
60(N330/pCB=1/1) 69+1 1.1£0.1 1.9+0.2 | 4.5£0.5 | 8.2+09 | 4.3+0.3 | 18.31+1.6 | 361429 | 25.26+2.0
60pCB 65+1 1.24.0.0 | 1.940.1 | 4.140.2 | 7.240.2 | 3.8+0.3 | 13.92+1.5 | 409+25 | 27.80+1.0

It is noteworthy that a bimodal dispersion of fillers or a combination of fillers with different
aspect ratios often resulted in improved tear strength [14, 23]. This is generally attributed to
crack bifurcation phenomena associated with higher energy dissipation.

3.5. Fracture mechanics results

SBR with pCB showed slightly higher critical J-integral (Jeritical) Values compared to SBR with
N330 — cf. Table 6. This suggests that the dispersion state of CB (mean particle size, particle
distribution) affects crack onset, just like tear strength. If CB particle sizes are in a wide range,
larger particle agglomerates can effectively hinder crack propagation. Jeriticat Was reduced by
max. 20% after cylic preloading (i.e. Mullins softening) when SBR contained 60 phr CB. The
lower the overall filler content in the SBR was, the less the reduction in Jeritical Was.

The tearing modulus (T;) is the slope of the J vs. CTOD function in the range of CTOD=0.1 to
0.8 mm. It increased up to 60 phr CB content. No advantage of pCB compared to N330 was
noticeable considering T; values. Cyclic preloading had a marginal effect on T; values — cf.
Table 6. By contrast, the beneficial effect of pCB is visible in the Juouser data — cf. Table 6. there
is good correlation between tensile tear and Juouser values — cf. Figure 7. Similar results were
published recently by Berki et. al. [14].
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Figure 7: Correlation between tear strength and Juouser values of the SBR mixes

Table 6: Fracture mechanical parameters of the SBR mixes tested. Property degradation
owing to preloading (Mullins effect) is indicated in percentage.

Jeritical. Jetitical. CTOD*=0.1mm Tearlng Tearing modulus, T

Designation lically preloaded | ™O9UUS: | ¢y lically preloaded | Jwows
gnatio CTOD Oémm cyclica ypze oade T, cyclically p c}eoa e [kJ/m?]

[kJ/m?] [kJ/m?] [MJ/m] [MJ/m’]
SBR ref. 0.48+0.03 0.46+0.04/ -4.17% 1.10 0.93/-15.9% 4.240.2
30N330 2.60+0.10 2.46+0.45/-5.38% 8.42 8.10/ -3.81% 14.9+0.7
30(N330/pCB=9/1) | 2.63+0.24 | 2.46+0.03/-6.46% 10.71 9.60/ -10.35% 16.8+0.6
30(N330/pCB=1/1) | 2.71+0.10 | 2.52+0,05/-7.01% 6.08 5.88/-3.35% 15.9+1.4
30pCB 2.71+£0.41 2.60+0,44/ -4.06% 4.45 4.22/-5.22% 17.2+1.4
45N330 3.64+0.12 | 3.23+0,12/-11.26% 10.17 9.86/ -3.03% 18.3+0.6
45(N330/pCB=9/1) | 3.77+0.12 | 3.18+0,16/-15.65% | 1137 10.29/ -9.57% 18.7+0.3
45(N330/pCB=1/1) | 3.71+0.14 | 3.40+0,05/-8.36% 10.41 9.79/ -5.96% 20.7+0.5
45pCB 3.98+0.60 | 3.70+0,58/-7.04% 6.54 6.22/ -4.83% 24.5+1.8
60N330 4.07+0.28 | 3.35+0,14/-17.69% 12.04 11.24/ -6.66% 19.2+1.4
60(N330/pCB=9/1) | 3.92+0.18 | 3.26+0,17/-16.84% 12.35 11.14/-9.86% 19.9+0.4
60(N330/pCB=1/1) | 4.32+0.05 | 3.58+0,12/-17.13% 16.02 14.22/-11.24% 30.4+1.4
60pCB 4.65+0.12 | 4.07+0,34/-12.47% 8.93 8.39/-6.12% 33.3£1.7

The agreement between tear strength (mode I-type loading) and Jiouser (mode I1I-type loading)
in Figure 7 suggests that even in the case of trouser tear mode I-type loading dominates at least
in the crack tip.

3.6.Correlations
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We tried to correlate tensile and fracture mechanical parameters with structure-related
parameters. We selected mean molecular weight between crosslinks (M) as a structural
parameter, which was deduced from the DMTA curves based on the rubber elasticity theory.
The curve of the Payne effect and the storage modulus at the lowest measured strain (M0.01)
as a function of M. is a hyperbola — cf. Figure 8a and 8b.
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Figure 8: Plots of the Payne effect (M0.01-M10) (a) and M0.01 (b) as a function of M. for the
SBR mixes

By contrast, tensile stress changes linearly when plotted against Mc (cf. Figure 9). The Jritica as
a function of M. (cf. Figure 10a) and even as a function of M.'"? (cf. Figure 10b) show a
decreasing linear trend, though with some scatter. The tearing moduli as a function of M. and
M2, follow a decreasing trend - cf. Figure 11. Tear data vs M. and M. plots behave
similarly, where hardly any correlation can be found, only a decreasing tendency can be
observed — cf. Figure 12. According to Lake and Thomas [24], the critical strain energy release
rate changes linearly with Mc"? . The reason for the large scatter in the fracture mechanical
parameters (Jeritical, 17, Jwouser and tensile tear) is obviously linked with the dispersion state of
(p)CB. Accordingly, it is important to quantify the dispersion characteristics of the filler and
consider them along with the apparent network parameters in order to establish a more adequate
description of the observed changes. There is still one open question: why did the dispersion
state of the (p)CB not play a role in tensile strength? Unlike fracture parameters, which are
linked to the materials’ performance in a confined zone (fracture zone, path), tensile strength is
a “bulk property”. During tensile tests a much larger volume of the specimen is under load in
which filler-caused stress concentration effects are effectively reduced via. stress
homogenization in the neighborhood.
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4. CONCLUSIONS

We set out to check the potential of pyrolytic carbon black (pCB) as reinforcing filler in SBR
up to 60 phr. As a benchmark industrial N330 type CB was selected, whose specific surface
area is similar to that of pCB. In order to examine the possibility of replacing N330 by pCB in
more detail, we investigated N330/pCB ratios of 9/1 and 1/1. Based on the results obtained, the

following conclusions can be drawn:

1
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- adding pCB to SBR slightly affects curing compared to N330. pCB is less dispersible
than N330. DMTA results showed that the industrial N330 CB is a far more active filler
than pCB, suggesting that the secondary structure of CB is more important than the
overall specific surface area

- N330 yielded higher tensile strength and lower elongation at break than pCB,
confirming its higher reinforcing activity. Tear strength with pCB, even when combined
with N330, was higher than with N330 alone. This was ascribed to pCB dispersion. Tear
strength was roughly the same as trouser tear strength, suggesting that even under mode
II1-type loading, mode I loading dominates in the crack tip.

- pCB outperformed N330 with respect to crack initiation (J¢) and this beneficial effect
also appeared when pCB and N330 were used together. It was attributed to the effect of
filler dispersion, which supported efficient stress transfer/relieve locally. An opposite
effect was observed for the tearing modulus (Tj), conforming that this property is
influenced by CB activity

- the mechanical and fracture mechanical parameters were plotted as a function of the
apparent mean molecular weight between crosslinks (M) and its square root (M.!?).

The Payne effect followed a hyperbola, whereas tensile strength and Jeriticat changed

linearly as a function of M. Scatter in the linear regression of Jesitica as a function of M.

and M.!? was attributed to filler dispersion effects. Tear parameters as a function of M

and M.!"? showed a decreasing tendency.
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