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ABSTRACT: In Part I of the present article predictions of the polymer–filler gel forma-
tion theory were tested experimentally using fine-particle silica in natural rubber (NR)
and in styrene–butadiene rubber (SBR). Part II brings a more detailed experiment–
theory comparison using carbon blacks differing in specific surface area and structure,
graphitized blacks, fume silica, and surface-modified (hydrophobized) fume silica. In
the region of low and medium filler concentration c , the c -dependence of the fraction
G of polymer in polymer–filler gel, of the fraction B of total filler-bound polymer, of
the fraction wdisp of solvent-dispersed filler particles were found to be correctly predicted
by the theory. The effect of filler characteristics and of the method of its incorporation
into the polymer on the values of the adjustable parameters of the theory (filler surface
adsorptivity, D, and filler particles connectivity, f ) was determined and is discussed.
In the region of very high c increasing positive deviations of D from the low-c behavior
were observed and an explanation for this effect is proposed. q 1998 John Wiley & Sons,
Inc. J Appl Polym Sci 69: 95–107, 1998

Key words: adsorption; polymer–filler interaction; filler-induced gelation of poly-
mers; carbon black; polyfunctional crosslinks

INTRODUCTION three-dimensional gel-like structure with some (G
õ B ) or all (G Å B ) filler particles present in the
compound; wdisp , fraction of filler dispersed by thePart I1 reported experimental data on the filler-

induced insolubilization of polymer and on the for- solvent. The dependences of G, B, and wdisp , on
filler concentration c (filler-to-polymer mass ratiomation of a gel-like structure in compounds of nat-

ural rubber (NR) and styrene–butadiene rubber in the compound) were then compared with the
predictions of the polymer–filler gel formation(SBR) containing fine-particle silica (Aerosil OX-

50). The following characteristics were deter- (PFGF) theory,2 which is based on a model of
filler particles acting as a polyfunctional cross-mined: B, fraction of bound rubber, given by the

total amount of polymer adsorbed from bulk on linking agent for polymer chains:
filler particles; G, fraction of gel polymer, given by
the amount of polymer that forms a macroscopic
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96 KARÁSEK AND MEISSNER

Here, y is the number of crosslinkable structural ity and molar mass distribution (GPC) are given
in Table I.units in a primary polymer chain, w (y )dy is the

mass fraction of chains having y in the range be- Styrene–butadiene rubber (SBR) (Kralex 1502
produced by the Kauěuk factory, Kralupy n.Vl.,tween y and y / dy , qcr is the fraction of cross-

linked (filler adsorbed) structural units, S is the Czech Republic) was given a mild cold mill break-
down (5 min) before compound preparation. Re-fraction of sol (S / G Å 1), Mo is the molar mass

of the polymer structural unit, NA is the Avogadro sults of viscosity and GPC measurements are given
in Table I.constant, D is the number of reactive sites per

unit of filler surface area, and f is the number Seven types of carbon black differing in specific
surface area, structure, and surface activity andof crosslinked structural units per crosslink (the

filler particle functionality). two silica fillers were used. Their properties are
given in Table II.More detailed description of the PFGF theory

and of the experimental measurements is given
in Part 1. The measure of agreement between the

Preparation of Polymer–Filler Compoundspredicted and experimentally determined depen-
dences of B on c and between the theoretical and Method A
experimental G vs. B and wdisp vs. B correlations

Most polymer–filler compounds with varying fil-was found to be good to very good. The two adjust-
ler concentration were prepared using a proce-able parameters of the polymer–filler gel forma-
dure that is hoped to minimize the molar masstion theory (D Å 1/Ao , f ) were determined and
changes of polymer during filler incorporation.found to assume reasonable values. Ao is identical
The required amount of polymer was cut intowith the quantity defined before in the bound rub-
small pieces and dissolved in benzene. Filler wasber theory,3 and represents the filler surface area
added to the solution with stirring and the solventper one reactive site. Both D and Ao are simple
was let to evaporate slowly. The film of polymercharacteristics of the filler activity for polymer
and filler that had arisen after solvent evapora-bonding. The values of D were found1,3–5 to be of
tion was then processed on a two-roll mill, carethe order of 1016 m02 . The functionality, f , of the
being taken to ensure a good dispersion of thecrosslinking particles is a measure of their con-
filler in the elastomer.nectivity and its values were found to lie in the

10–30 range for the Aerosil OX 50–NR and SBR
Method Bsystems and also for the carbon black N765–SBR

system.5 Using simplifying assumptions, the size One of the series (SBR–N330 compounds) was
of the (hypothetical) crosslinking particle was cal- prepared as follows: compound with the highest
culated from the data and found to be smaller carbon black concentration c Å 0.5 was prepared
than that of the actual filler particles (aggre- in a laboratory internal mixer and the compounds
gates). with lower concentrations were then obtained by

This article reports further experimental data diluting it with polymer on a two-roll mill.
obtained on various polymer–filler systems. The
effect of several factors (concentration and type Method C
of filler, mixing conditions, molar mass distribu-

The NR-Aerosil OX50 compounds were preparedtion of the polymer) has been studied in an effort
using Brabender Plastograph in a manner al-to elucidate the nature of polymer–filler interac-
ready described.1tion in more detail.

After filler incorporation all compounds were
sheeted-out on a two-roll mill and compression
molded at 1457C for 1 h to obtain specimens of ca.EXPERIMENTAL
1 mm thickness. The filler concentration c in the
respective compounds was checked using thermo-

Materials gravimetric measurements.
White crepe grade of natural rubber (NR) was
cold milled to obtain samples of medium (NR-A) Gel Content Determination
and high (NR-B) degree of mastication break-
down. These were then used for compound prepa- The procedure was similar to but not identical

with that used previously.1 Small samples ofration. Data characterizing their solution viscos-
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THE POLYMER–FILLER GEL FORMATION THEORY. II 97

Table I Characterstics of Polymer Samples

NR-A NR-B SBR
Medium Highly 5-Min

Rubber Sample Breakdown Masticated Cold Milled

[h] (toluene) dL/g 2.23 1.15 1.89
MU v kg/mol 294a 110a 170b

GPC
MU w kg/mol 325 140 236
MU w/MU n 2.26 1.79 3.35
MU z/MU w 1.77 1.71 2.57

a Carter, Scott, Magat6: [h] Å 5.02 1 1004 M0.667
r .

b Homma, Fujita1,7: [h] Å 5.58 1 1004 M0.675
r .

Mr Å relative molecular mass.

known mass m were placed into weighed pouches With increasing filler concentration in the com-
pound the size distribution of solvent-dispersed(bags) made of polyamide monofilament fabric

with a mesh size of several tenths of a millimeter. filler–polymer particles widenes. Apart from fine-
size particles, there are larger and larger filler–The sample mass m Å mp / mf , where mp is the

mass of polymer, mf the mass of filler; c Å mf/mp polymer structures visible, which obviously con-
sist of several filler particles (aggregates) con-is the filler concentration. The nongel part of the

sample (i.e., solvent-dispersed filler particles of nected through polymer chains and swollen by the
solvent. Their size is smaller than the mesh sizemass m f 2 with polymer chains of mass mp2 ad-

sorbed on them / soluble filler-unbound polymer of the fabric. After a sufficient time of extraction
the newly added solvent remaines clear and con-chains of mass mp1 ) was removed from the sample

by toluene extraction. This was assisted by mov- taines no black particles. This indicates ap-
proaching the end of the extraction. The part ofing the pouch slowly up and down from time to

time. The solvent was changed several times dur- the system remaining in the pouch then consists
of swollen filler–polymer particles that are largering 5 days. For carbon black compounds the sol-

vent dispersed filler is clearly visible. At low filler than the mesh size. Even in the deswollen state
the volume of such filler–polymer particles is atconcentrations (below and slightly above the gel

point) the solvent-dispersed filler–polymer parti- least several orders of magnitude larger than that
of the initial components—polymer chains and/cles are small, show no signs of interconnection,

and color the first portions of the solvent black. or carbon black particles (aggregates). From the

Table II Properties of Fillers

Filler Source Description P m2/g

Aerosil OX50 Degussa, Germany fume silica 50
HDKH2000 Wacker, Germany hydrophobized fume silica 170
Nigros I (ISAF N220) Deza, Cz. Rep. furnace black 86.3
Nigros K (HAF N330) Deza, Cz. Rep. furnace black 66.4
Nigros F (FEF N550) Deza, Cz. Rep. furnace black 45.2
Durex O Degussa, Germany lamp black 20.4
Sevacarb MT (N990) Phillips, USA thermal black 7.5
gN330 Degussa, Germany graphitized N330 black 82
Ensaco 50E MMM Carbon graphitized, very high structure 43.5

Dibutyl phthalate absorption (mL/100 g) of carbon blacks: MT 38, Ensaco 50E 293, Nigros I, K, F around 100. DBPA 24M4 of
Ensaco 50E 137 mL/100 g.

The P (CTAB), DBPA-values of Nigros I, Nigros K, Nigros F (declared as ISAF N220, HAF N330, FEF N550, respectively) and
of lamp black were supplied by the Institute of Rubber Technology and Testing, Zlin (Czech Republic). The P, DBPA-values of
the remaining blacks are those given by the producers. The furnace blacks Nigros I, Nigros K, Nigros F of the Deza Co. are now
out of production.
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98 KARÁSEK AND MEISSNER

practical point of view such a large filler–polymer Rf , but at higher filler concentrations m f 3 r mf

and the two quantites become identical.particle may be regarded as an ‘‘infinite’’ macro-
scopic three-dimensional structure, i.e., gel. The
filler–polymer particles smaller than the mesh

Molar Mass Distributionsize and removed from the pouch by the solvent
are then arbitrarily considered as belonging to the Molar mass distribution of the (masticated) sam-
sol because the order of their magnitude does not ples of NR and SBR was obtained by GPC using
differ sufficiently from that of the filler particles tetrahydrofurane as a mobile phase, polystyrene
(aggregates). The thoroughly extracted gel re- standards, and the concept of universal calibra-
maining in the pouch is dried, weighed, and after tion. The molar mass distribution curve of SBR
subtracting the mass of the dried pouch fabric (Kralex 1502 milled 5 min) is shown in Figure 11.
the mass of the polymer–filler gel (mp3 / m f 3) is
obtained (mp3 is the mass of gel polymer, m f 3 the
mass of filler in the polymer–filler gel) .

RESULTS AND DISCUSSIONAt a still larger filler concentration in the com-
pound, c , the fraction of solvent-dispersed fine-
size filler–polymer particles decreases to zero, Determination of D, f from Rp, R f

and only the somewhat larger filler–polymer
At filler concentrations that are higher than thestructures that do not color the solvent are seen
concentration for coherent gel formation, ccoh , thein the solvent in the early stages of extraction.
experimental values of G (Å B) are obtained eas-Finally, above the filler concentration for coherent
ily from weighing data. In the concentration re-gel formation, ccoh , no visible filler–polymer parti-
gion between the gel-point concentration, cgp andcles are removed from the pouch because all filler
ccoh , they can be determined by combining the in-particles have become incorporated into the poly-
formation obtained by weighing (Rp ) and by ther-mer–filler gel (m f 3 Å mf ) . The mass of the poly-
mogravimetry (R3) :mer–filler gel can then be determined without us-

ing any fabric filter because only polymer is being
G (Å mp3 /mp ) Å RpR3 / (R3 / 1) (4)extracted from the compound and the gel is co-

herent.
The mass (mp3 /m f 3) of the polymer–filler gel We have observed, however, that this way of

data processing may contribute to the scatter ofcan be expressed relatively with respect to the
mass of polymer or with respect to the mass of calculated G-values. When R3-values are low, it

may lead to a systematic shift. Determination offiller in the sample:
mass by weighing is intrinsically more reliable
than thermogravimetric measurement of the

Rp Å
mp3 / m f 3

mp
; Rf Å

mp3 / m f 3

mf
(2) polymer–filler mass ratio in the gel and the Rp

and Rf-values obtained by weighing are subject to
less uncertainty and scatter than R3 . It is, there-
fore, advantageous to compare them with the pre-The composition of the extracted polymer–fil-

ler gel was determined using a thermogravimetric dictions of the PFGF theory directly. For this pur-
pose eq. (1) has been used to obtain the theoreti-analysis: in the stream of nitrogen at high temper-

atures the polymer is degraded and distilled off cal values of Rp and Rf . Using definitions GÅmp3 /
mp , wdisp Åm f 2 /mf , m f 3 /mf Å 1 0 wdisp the follow-while carbon black remains unchanged. This

gives the polymer–filler mass ratio in the gel, R3 ing result is obtained:
Å mp3 /m f 3 . A relative quantity R f 3 Å R3 / 1 ex-
presses the polymer–filler gel composition in a Rp Å G / (1 0 (1 0 G ) f )c ;
way more comparable to Rp, Rf :

Rf Å (G /c ) / (1 0 (1 0 G ) f ) (5)

R f 3 Å
mp3 /m f 3

m f 3
(3) where (1 0 G ) f is equal to the fraction wdisp of

solvent-dispersed filler particles [eq. (1c)] .
An example of the concentration dependences

of the ratios Rp and Rf , determined experimen-R f 3 , the ratio of mass of polymer–filler gel to
mass of filler in the gel, is generally higher than tally for the SBR–N330 series (mixing method B)
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THE POLYMER–FILLER GEL FORMATION THEORY. II 99

from 0 to cmax) were processed in the manner de-
scribed. The resulting values of the adjustable pa-
rameters D and f , are summarized in Tables III
and IV, together with the highest concentration
cmax, which was taken into account in the calcula-
tion (for SBR–N330 method B and for the NR-A
and NR-B series, cmax was the highest concentra-
tion that was available). The filler concentrations
cgp in the gel point are also given in Tables III and
IV. They were determined from the intersection
of the theoretical curves with the concentration
axis.

In Figure 1 the results of thermogravimetry,
R f 3 , are also plotted and compared with the theo-
retical values of R f 3 :

Figure 1 Dependence of Rp (curve 1), Rf (curve 2),
Rf3 Å

G
(1 0 (1 0 G ) f )c

/ 1 (6)R f 3 (curve 3) on filler-to-polymer ratio c in the SBR–
HAF black compound (mixing method B). Points: ex-
perimental (Rp, Rf from weighing data, R f 3 from ther-

The theoretical curve 3 was calculated usingmogravimetry). Curves 1, 2, and 3, respectively, are
eqs. (1a) and (6) and the D and f-values obtaineddrawn using eqs. (1a), (5), and (6); parameter values
above. The deviations of the experimental pointsgiven in Table III and molar mass distribution of poly-
from the theoretical curve may be regarded asmer determined by GPC.
small to insignificant in this case. The R f 3-values
that are plotted in Figure 2 for the modified sil-is shown in Figure 1. The Rp vs. c dependence is
ica–SBR system were determined from the massalmost linear, whereas the Rf vs. c dependence has
of the residue after burning the extracted samplea hyperbolic-type shape. The Rf-values increase
in a laboratory furnace (see Part I) . The scatterrapidly above the gel point while assuming an

almost constant value at higher filler concentra-
tions. The theoretical curves were calculated from
the eqs. (1a) and (5). The experimentally deter-
mined molar mass distribution w ( logM ) d log M
was inserted and the integration (summation)
was done numerically for suitably chosen values
of the adjustable parameters D and f . The theoret-
ical curves were fitted to the data in such a way
as to satisfy the Rp vs. c and Rf vs. c dependences
simultaneously. This adds to the reliability of the
D and f estimates. For the given system the fol-
lowing parameter values were determined: D
Å 2.16 1 1016 m02 , f Å 18. The point belonging
to the highest filler concentration was given a
somewhat smaller statistical weight because the
preparation of the compound in question differed
slightly from that of the other ones (there was no
diluting step with unfilled polymer in this case).

Figure 2 Dependence of Rp (curve 1), Rf (curve 2),One more example of Rp vs. c and Rf vs. c depen-
R f 3 (curve 3) on filler-to-polymer ratio c in the SBR–dences and their comparison with theoretical HDK H2000 compound (mixing method A). Points: ex-

curves is shown in Figure 2 for the SBR–HDK perimental (Rp , Rf from weighing data, R f 3 from the
H2000 system. ash residue). Curves 1, 2 and 3, respectively, are drawn

All our experimental concentration depen- using eqs. (1a), (5), and (6); parameter values given
dences of Rp and Rf obtained for the individual in Table III and molar mass distribution of polymer

determined by GPC.polymer–filler series (in the concentration range
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100 KARÁSEK AND MEISSNER

Table III Values of cgp , D, f, A0 Obtained from Rp vs. c, Rf vs. c Dependences

SBR

Filler Mixing Method cmax 1 102 cgp 1 102 D (m02) 1 10016 f A0 nm2

N220 A 90 5.4 1.60 35 62.5
N330 A 90 7.2 1.48 37 67.6
N330 B 40 (50) 10.5 2.16 18 46.3
N550 A 90 (110) 8.4 1.98 35 50.5
La A 80 18.6 1.57 44 63.8
MT A 180 57.0 1.53 40 65.1
gN330 A 120 6.9 0.41 110 243
Ensaco 50E A 80 9.0 0.66 100 152
HDK H2000 A 105 12.9 0.38 32 265

of the data is somewhat higher than in Figure 1, be derived from the latter experimental informa-
tion if one combines it with the knowledge of thebut the expected trend is visible.

Bound rubber or polymer–filler gel measure- parameter f . As shown above, f can be obtained
from the comparison of the experimental Rp vs. cments described in the literature are sometimes

done under conditions that are not sufficient for and Rf vs. c dependences with theory. Once f is
known, the required G-values can be calculateda thorough extraction of the filler-unbound poly-

mer. An experiment was undertaken here to ex- from each experimental Rp-value by solving eq. (5).
In this way the G-values in the range of c be-plore such effects. The solvent was not replaced

by a fresh one during the 5 days of extraction, and tween cgp and ccoh were obtained for all polymer–
filler series. In Figure 4 the dependences of Gthe sample was kept static, without any move-

ment. The result is shown in Figure 3. The filler on filler concentration are plotted for the three
furnace blacks, lamp black, and MT black in SBR.concentration in the gel point, cgp , decreased from

ca. 0.1 to ca. 0.05 and, as a result, the estimated The G vs. c dependences are shown for the two
graphitized blacks in Figure 5.value of f increased substantially (from 18 to 38).

Results of thermogravimetric measurements were Description of data by theoretical curves may
be characterized as satisfactory or even convinc-seriously affected and the R3 values at low c were

significantly higher than those in the previous ex- ing. Most polymer–filler systems conform to the
theoretical predictions up to concentrations c ofperiment. This demonstrates that incomplete re-

moval of filler-unbound polymer (and/or of sol- 0.9–1.2, the SBR–MT black system up to 2.
In Figure 6 the G-values of NR-A and NR-Bvent-dispersible filler particles) may lead to erro-

neous results and incorrect conclusions. compounds containing Aerosil OX 50 are A:index
plotted vs. the crosslinking index g Å cPDMS w /NA

(NA is the Avogadro constant). The two polymers
Calculation of G, wdisp , and B, and Comparison NR-A and NR-B, have slightly different molar
with Theory mass distributions and, therefore, the theoretical

curves are not identical and diverge slightly atAlthough in the concentration range between cgp

and ccoh the G-values cannot be calculated from higher c . The concentration of filler in the gel
point, cgp , increases with decreasing molar massweighing data alone (i.e., from Rp or Rf ) , they can

Table IV Values of cgp , D, f, A0 Obtained from Rp , Rf vs. c Dependences

NR

Mixing
Polymer Filler method cmax 1 102 cgp 1 102 D (m02) 1 10016 f A0 nm2

NR-A Aerosil OX50 C 25 3.9 5.0 20 20.0
NR-B Aerosil OX50 C 28 9.5 4.8 20 20.8
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Figure 3 Dependence of Rp (curve 1), Rf (curve 2),
Figure 5 Dependence of the gel fraction G on filler-R f 3 (curve 3) on filler-to-polymer ratio c in the SBR–
to-polymer ratio c in SBR-graphitized carbon blackHAF black compound (mixing method B). Extraction
compounds. Experimental points calculated fromwithout changing the solvent. Points: experimental
weighing data using eq. (5). Theoretical curves drawn(Rp , Rf from weighing data, R f 3 from thermogravime-
using eq. (1a); parameter values given in Table III andtry). Curves 1, 2, and 3, respectively, are drawn using
the GPC molar mass distribution data. Dependences:eqs. (1a), (5), and (6); parameter values D Å 2.08
1—graphitized N330, 2—Ensaco E50.1 1016 m02 , f Å 38 and the GPC molar mass distribu-

tion data of polymer.

the quantity B /ccohP (denoted as specific bound
rubber for coherent gel formation by Wolff, Wang,of the polymer (Table IV), and the same holds
and Tan8) is highly dependent on the molar masstrue for the concentration of filler for coherent
of polymer. This should be taken into accountgel formation, ccoh . On the other hand, the bound
when trying to use B /ccohP as a measure of therubber fraction at ccoh is practically independent
specific surface activity of filler.8of the molar mass of the polymer. Consequently,

The experimental values of wdisp were calcu-

Figure 6 Dependence of the gel fraction G on theFigure 4 Dependence of the gel fraction G on filler-
to-polymer ratio c in SBR–carbon black compounds. crosslinking index g Å cPDMS w/NA in NR–Aerosil

OX50 compounds. Variables: c , MS w , polydispersity. Ex-Experimental points calculated from weighing data us-
ing eq. (5). Theoretical curves drawn using eq. (1a); perimental points calculated from weighing data using

eq. (5). Theoretical curves drawn using eq. (1a), GPCparameter values given in Table III and the GPC molar
mass distribution data. Dependences: 1—ISAF, 2— molar mass distribution data and parameter values

given in Table IV. Squares: NR-A, circles: NR-B.HAF, 3—FEF, 4—lamp black, 5—MT black.
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102 KARÁSEK AND MEISSNER

One of the results is shown in Figure 8. It is appar-
ent that just above gel point the quantity B /c
[Å (mp2 /mp3) / (m f 2 /m f 3)] does not differ very
much from R3 (Å mp3 /m f 3) , and with increasing
c the difference disappears. It is interesting to see
that the difference [(B /c ) - R3] may be positive or
negative, depending on the shape of the molar
mass distribution of the polymer. The latter dif-
ference, however, is small and a satisfactory esti-
mate of B can be calculated using a simple rela-
tion

B É cR3

where R3 Å mp3 /m f 3 may be obtained either from
Figure 7 Dependence of the fraction wdisp of solvent- thermogravimetry or by combining weighing data
dispersed filler particles on the logarithm of filler-to- with information on f (see above). In the latter
polymer ratio c in SBR–carbon black compounds. Ex- case, i.e., after f has been obtained by curve fitting
perimental points calculated from weighing and ther-

and the experimental G-values have been calcu-mogravimetric data using eq. (7). Curves are drawn
lated from Rp using eq.(5), an estimate of theusing eqs. (1a) and (1c), and parameter values given

in Table III. Dependences: 1—graphitized N330, 2—
HAF, 3—lamp black, 4—MT black; 1, 3, 4—mixing
method A, 2—mixing method B.

lated by combining the weighing and thermograv-
imetric data:

wdisp Å 1 0 Rf

R3 / 1
(7)

In Figure 7, wdisp is plotted vs. log c for four
polymer–filler series. The location of the theoreti-
cal curves (which were calculated using the D and
f-values given in Table III) in the log c axis is
determined by cgp , which in turn is inversely pro-
portional to the product ( f 0 1)PDMS w [eq. (10)
in Part I] . The scatter of wdisp values is rather
high but the general agreement with the predic-
tions of the theory is good.

Above ccoh the fraction of total filler-bound poly-
mer B is obtained easily from weighing measure-
ments. Below ccoh the experimental determination
of total mass of polymer (mp2 / mp3) adsorbed
on all filler particles (m f 2 / m f 3) is not without
difficulties. It requires thorough extraction of all
components of the system, including solvent-dis-

Figure 8 Theoretical dependences of R on c calcu-persed filler particles. Repeated washing and cen- lated using eqs. (1a) and (1b), and parameter values
trifugation is necessary. In an attempt to obtain D Å 2.16 1 1016 m02 , f Å 18, MS w Å 236 kg/mol. Curves:
estimates of B in a less complicated way we have 1— R Å B /c Å (mp2 /mp3) / (m f 2 /m f 3) , 2— R Åmp3 /
done a theoretical analysis of the predictions of m f 3 , 3— R Å mp2 /m f 2 . Top: most probable distribu-
the PFGF theory regarding the polymer–filler ra- tion. Bottom: logarithmic normal distribution (MS w /MS n

Å 3.35).tio in the gel (mp3 /m f 3) and in the sol (mp2 /m f 2) .
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16 commercial rubber-grade blacks.5 The effect
was ascribed to the filler aggregates breakdown
on mixing of higher structure blacks, which leads
to a new active surface formation for polymer-to-
filler bonding.9

The values of D and f recently obtained for
the BR-ISAF black system10 are similar to those
found above for the SBR–ISAF black system. This
suggests that the polymer–filler interaction lead-
ing to gelation and bound rubber formation is not
significantly altered by the presence of 25% of sty-
rene in the butadiene–styrene copolymer. (2)
Graphitization of the high surface area, medium
structure N330 black leads to a reduction of D by a
factor of approximately 3.5. The graphitized very
high structure lower surface area carbon blackFigure 9 Dependence of the bound rubber fraction B
Ensaco 50E has a higher D than the graphitizedon filler-to-polymer ratio c in SBR–carbon black com-
N330. Obviously, the carbon black structure af-pounds. Experimental points calculated from weighing
fects D in a similar way both in the group of un-data using eq. (8). Theoretical curves drawn using eq.
graphitized and graphitized blacks. (3) The D-(1b); parameter values given in Table III and the GPC

molar mass distribution data. Dependences: 1—ISAF, value of surface-modified (hydrophobized) fume
2—HAF, 3—FEF, 4—lamp black, 5—MT black. silica in SBR (mixing method A) is similar to that

of graphitized N330. It is smaller than that of
unmodified fume silica (Aerosil OX50) by a factor

bound rubber fraction is obtained from eq. (8) of approx. 8. However, the latter filler was in-
with an error of less than ca. 5%: corporated into SBR using a different mixing

method.1 (4) Mixing method B includes a hot step
in the mixer and leads to a higher D-value and aB É G

1 0 (1 0 G ) f (8)
lower f-value for N330 in SBR than the ‘‘cold’’
mixing method A. (5) Use of the ‘‘cold’’ mixing
method A for the five ungraphitized carbon blacksThe concentration dependence of the bound

rubber fraction for the five ungraphitized carbon leads to similar values of functionality f (É 35 to
45), while the ‘‘hot’’ mixing method B used for theblacks is shown in Figure 9.
N330–SBR system gives a lower f (Å18). Graph-
itization of carbon blacks leads to a decreased sur-

Effect of Type of Filler and of Mixing Conditions face activity D but to a significantly increased par-
on D and f ticle connectivity f (ca. three times).

These observations may be tentatively ex-The following conclusions can be drawn from the
D and f-values obtained and given in Tables III plained using the concept of multiple segment ad-

sorption of the same polymer chain on the sameand IV: (1) the filler surface activity for bound
rubber formation, D , is surprisingly little sensi- filler particle (aggregate).1 Such an effect repre-

sents a deviation from the theory of random cross-tive to the specific surface area of ungraphitized
carbon blacks when the mixing method A is used linking. The latter assumes that crosslinking is

exclusively intermolecular, i.e., a polymer chain(D ca. 1.5–1.6 (1016 m02) , the only exception be-
ing the somewhat higher value of D found for after having reacted through one of its segments

(structural units) at a crosslinking site belongingNigros K (N550 black). This finding is in agree-
ment with our recent analysis5 of published data8 to one filler particle will react next time through

another of its segments at a crosslinking site be-where the D-parameter obtained for the SBR–
N550 system was also higher than that for the longing to a different filler particle (aggregate).

The chain is not allowed to form closed loops suchSBR–N220 and SBR–N330 systems. A signifi-
cant increasing correlation of D with the differ- as those resulting from multiple adsorption of a

given polymer chain on the same filler particleence between the dibutylphtalate absorption
DBPA and the crushed dibutylphtalate absorp- (aggregate).

With no loops formation the functionality of ation DBP 24M4 was found to exist for a group of
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filler particle (aggregate) having total surface
area Vp and surface area per adsorption point Ao

would be simply given by f Å Vp /Ao . For instance,
theoretical functionality of a primary particle of
graphitized N330 with a diameter of d É 30 nm
and Ao Å 243 nm2 (Table III) would be p d2 /Ao

Å 11.6. Theoretical functionality of an aggregate
(which typically consists of 40–50 primary parti-
cles) would be ca. 500. The latter value is four to
five times larger than the experimental function-
ality 110 obtained from the Rp vs. c dependence.
This result may be perhaps regarded as a satisfac-
tory order-of-magnitude agreement. For ungraph-
itized blacks, however, the ratio of theoretical and
experimental f would be much larger.

If only a certain fraction b of adsorbed polymer Figure 10 Dependence of the bound rubber fraction
segments (structural units) conforms to the theo- B on filler-to-polymer ratio c in SBR–carbon black com-
retical requirement of no loop formation, then the pounds including the region of very high filler concen-
filler functionality will be decreased to trations. Experimental points calculated from weighing

data using eq. (8). Theoretical curves drawn using eq.
(1b); parameter values given in Table III and the GPC

f Å bVp /A0 Å bVpD . molar mass distribution data. Dependences: 1—FEF,
2—lamp black, 3—MT black.

Let us analyze possible factors that might af-
fect b. Adsorption of polymer segments on the fil-

where D1 is the number of reacted sites per unitler surface takes place (a) during mixing, i.e., un-
of filler surface area during the first step, and Dder dynamic conditions that may differ in temper-
is the total number of reacted sites per unit ofature and level of shear stress; or (b) after mixing,
filler surface area in the finished compound. If b1in the finished compound under static conditions,
is much smaller than b2 , then Dr (ÅD1 /D ) shouldat different temperatures. The first step is a cer-
be small for a given D if one wants to have a hightain sort of dynamic vulcanization where the rate
particle connectivity f . This could be an explana-and extent of segment adsorption (measured as
tion for the behavior of graphitized carbon blacks:B ) will increase with temperature while polymer–
slow adsorption during the first step (i.e., smallfiller gel-like structures of a larger size may be
or zero Dr ) leads to increased (1 0 Dr ) and to aexpected to be destroyed by mechanical shearing.
high f , in spite of the fact that graphitization re-One can imagine an extreme case where a sub-
sults in a decreased value of D .stantial amount of polymer has been adsorbed on

Surface modification of fume silica leads to aa fine-particle filler (say, B Å 0.3) without having
large decrease of D without significantly affectingformed any gel at all: due to the shearing action
the f-value. In this case the decrease of D wasa given chain did not succeed to adsorb on two
probably just compensated by the effect of in-(or more) different filler particles (aggregates), it
creased (1 0 Dr ) .formed two (or more) connections with the same

Hot mixing probably leads to a rapid adsorptionparticle (aggregate). In such a case b of the first
during the first step (high Dr ) and the resultingstep, i.e., b1 , would be zero. The second step pro-
f tends to be smaller than the f-value of the coldceeds under static conditions and is more favor-
mixed compounds.able for the formation of three-dimensional struc-

tures. At the extreme, b corresponding to the sec-
ond step (i.e., b2) could approach 1, but more B in the Region of Very High Filler Concentration
probably it is smaller then 1. The expression for f
can be formally written as composed of two parts: Figure 10 shows the B vs. c dependence for three

SBR–carbon black systems prepared using the
mixing method A. In the region of very high fillerf Å b1D1Vp / b2(D 0 D1)Vp concentration (c ú 1 for FEF and lamp black, c
ú 2 for MT black) the experimental values of BÅ DVp[b1Dr / b2(1 0 Dr ) ]
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ú ccrit , where the critical concentration ccrit should
be related to the reciprocal of DBPA or crushed
DBPA (DBP 24M4). For MT black (DBPA õ 40)
the ccrit value can be expected to be high (neglect-
ing the density difference between dibutyl phthal-
ate and the polymer, ccrit É 100/40 Å 2.5 Å 250
mass parts of filler per hundred mass parts of
polymer, phr), for carbon blacks with DBPA or
DBP 24M4 around 100 the ccrit value would be ca.
1, i.e., about 100 phr.

Molar Mass Distribution of Filler-Unbound
Polymer

Predictions of the statistical theory of bound rub-
ber regarding the preferential adsorption of
longer polymer chains were tested experimentally
in our previous articles3,4 using published data.
Figure 11 (top) shows our own molar mass distri-
bution curves of the filler-unbound polymer that
was extracted from the compounds of SBR con-
taining different concentrations of lamp black.
Curve 1 is the normalized GPC molar mass distri-
bution of SBR (5 min cold milled). Curves 2, 3,
and 4 give the products of the respective normal-Figure 11 Top: curve 1—experimental molar mass
ized experimental molar mass distributions anddistribution of SBR (5 min cold milled, c Å 0). Curves
of the respective experimental U-values. U Å 12, 3, and 4—experimental molar mass distributions of
0 B is the fraction of free (filler-unbound) poly-free (filler unbound) polymer multiplied by the respec-
mer. The values of c and U are given in Tabletive U-values in the SBR–lamp black system; filler con-

centrations 1.2, 1.4, and 1.8, respectively. Bottom: V, together with the D-values that were obtained
curve 1—experimental molar mass distribution of SBR from the experimental values of B and from the
(5 min cold milled, GPC). Curves 2, 3, and 4—molar experimental molar mass distribution of SBR us-
mass distributions (multiplied with U ) calculated from ing eq. (7) of Part I. In Figure 11 at the bottom
curve 1 using eq. (12), ref. 4, and values of U and D the experimental molar mass distribution of SBR
given in Table V. (curve 1) is given once more while curves 2, 3,

and 4 were calculated from it using eq. (12) of ref.
tend to increase more rapidly than would corre- 4. There are some small inconsistencies in the
spond to extrapolation from the region of low and experimental distributions: the content of low-mo-
medium values of c . A similar behavior can be lar mass chains in free rubber extracted from
seen for the SBR–ENSACO E50 system in Figure filled compounds seems to be slightly smaller than
5 (for high c , BÅG ) . The observed effect is proba- that in the original polymer. Apart from this, the
bly due to the mechanism proposed by Gessler.9 general agreement of the measured and calcu-
Large shear stresses evolved during mixing may
result in a breakdown of filler aggregates and/or

Table V Dependence of U, D, on c in theformation of macroradicals through chain scis-
SBR-Lamp Black Systemsion. Increased adsorptivity of freshly built filler

surface and stabilization of polymeric macroradi-
c U D (m02) 1 10016

cals by grafting onto the carbon black surface
would both lead to increased bound rubber forma-

0 1tion. Very high shear stresses may be expected
1.2 0.805 2.65to develop during mixing in systems where the 1.4 0.724 3.49

content of polymer does not suffice to fill the 1.8 0.527 6.83
empty space between the filler particles (aggre-

For c õ 0.9, D Å 1.57 1 1016 m02.gates) . This occurs at filler concentrations c
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lated distribution curves is good. It should be mixing conditions, higher mixing temperature,
and higher shear stress having a tendency to givenoted that the compounds contain very high con-

centrations of lamp black, and the adsorption lower f-values. A qualitative explanation was pro-
posed for the observed effects. With simplifyingmechanism of the polymer on the filler, which is

characteristic for the low and medium-c region, is assumptions a theoretical value of f was esti-
mated for a graphitized N330 carbon black aggre-obviously combined here with other mechanisms,

probably with chemisorptive interactions of the gate and found to be several times larger than the
measured f . Multiple segment adsorption of theGessler type. The latter are expected to lead to

a higher than normal yield of adsorbed polymer same polymer chain on the same filler particle
(i.e., closed loop formation) is proposed to be re-(higher D ) . Nevertheless, the changes of molar

mass distribution of the free polymer with in- sponsible for this behavior.
Molar mass distribution of filler-unbound poly-creasing bound rubber fraction still conform to

the predictions of the PFGF theory (or, statistical mer changes with the fraction of bound rubber in
the manner predicted by the statistical theory oftheory of bound rubber). This suggests that even

in the region of very high filler concentration the bound rubber even in the region of very high con-
centration of lamp black. Thus, polymer–filler in-bound ruber formation still proceeds as a statisti-

cally random process. teractions leading to bound rubber formation
seem to proceed in a statistically random manner
even in the presence of the Gessler mechanism.

CONCLUSIONS
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work within the project No. 203/94/0915. Thanks aremer–filler gel formation theory was able to de-
also expressed to Dr. Freund (Degussa AG) for provid-scribe, with a good success, experimental data ob-
ing us with a sample of graphitized carbon black N330tained on compounds of NR and SBR containing
and to Mr.Smets (M.M.M. Carbon, Willebroek, Bel-fume silica. Results of Part II now show that the
gium) for providing us with a sample of ENSACO 50 E.PFGF theory offers an equally good description of

data obtained on compounds of SBR containing
surface-modified (hydrophobized) fume silica and

LIST OF SYMBOLSa number of carbon blacks differing in specific sur-
face area and structure, both ungraphitized and

c concentration of filler, filler-to-poly-graphitized. The values of the adjustable parame-
ters D (filler surface adsorptivity) and f ( func- mer mass ratio

f filler functionalitytionality of crosslinks, measure of particles con-
nectivity) were determined mostly by fitting theo- m mass (kg); mp mass of polymer, mf

mass of filler, mp1 mass of filler-retical curves to the experimental concentration
dependences of the amount of polymer–filler gel. unbound polymer, mp2 mass of

polymer adsorbed on solvent-dis-D appears to be a good measure of specific filler
surface activity for bound rubber formation, and persed filler particles, mp3 mass of

polymer in the polymer–filler gel,unlike the quantity B /ccohP , it does not depend
on polymer molar mass. D is surprisingly insensi- m f 1 mass of solvent-dispersed filler

particles, m f 3 mass of filler in thetive to the specific surface area of carbon black,
tends to be higher for high-structure blacks, is polymer–filler gel

q fraction of adsorbed polymer seg-significantly reduced by graphitization of carbon
blacks, by hydrophobization of fume silica, and ments, qcr fraction of crosslinked

polymer segmentsdepends on mixing conditions, higher D being ob-
tained at higher temperatures. In the region of Vp surface area of a filler particle (ag-

gregate) (m2)very high concentration of carbon blacks, D was
observed to increase significantly. This behavior w(y)dy mass fraction of polymer chains hav-

ing y in the range between y andwas ascribed to the Gessler mechanism.
Most f-values lie in the range between 20 and y/dy

w ( log M ) mass fraction of polymer having molar45; only graphitized blacks had larger values of f
around 100. Again, f is rather insensitive to spe- d log M mass in the range between log M

and log M / d log Mcific surface area of carbon black and depends on
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wdisp mass fraction of solvent-dispersed mass ratio in the gel, R f 3 mass of
polymer–filler gel per unit mass offiller

y number of structural units (seg- filler in the gel
b fraction of those adsorbed polymerments) in a polymer chain

Ao filler surface area per one active site segments that conform to the re-
quirement of no loop formation(m2)

B fraction of polymer adsorbed on filler, g crosslinking index, number of cross-
linked units per mass-averagefiller-bound polymer, bound rubber

CTAB cetyltrimethyl ammonium bromide macromolecule
[h] limiting viscosity number (dL/g)D number of active sites per unit of

filler surface area (m02)
DBPA dibutyl phthalate absorption (mL/g)
DBPA dibutyl phtalate absorption mea- REFERENCES
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