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Abstract 

We explore the uses of small-angle neutron scattering to dissect component form, structure 
and distribution in carbon black-reinforced rubber by varying the contrast of the system relative to 
some fluid by changing the fluid scattering-length density. This is the method of contrast 
variation. Contrast variation allows us to separate scattering contributions from the different 
components. 

Here, we extend our studies on high surface area (HSA) carbon black suspended in 
cyclohexanddeuterocyclohexane to HSA mixed with polyisoprene as a gel of "boundt rubber 
swollen with the same solvent mixtures. Contrast variation of swollen composite gels shows that 
there are two length scales in the gel structure. Above 1 nm fluctuations in the carbon black 
predominate. Interactions with elastomer hold the HSA aggregates appart. Below 1 nm the 
scattering is largely from the elastomer. The smooth surface structure of the carbon black is 
unaltered by the intepctions with elastomer and appears smooth over length scales above about 1 
nm. These results show that contrast variation can provide information on composite structure that 
is not available by other means. This information relates to the reinforcement mechanism of 
elastomers by carbon blacks. 

Introduction 

An understanding of the molecular arrangement of composite materials and its relationship 
to mechanical properties of the materials is important to an appreciation of the mechanism of 
composite reinforcement and to the rational design of new materials with greatly enhanced 
properties. Scattering techniques such as electron microscopy [ 11 and wide angle x-ray scattering 
have played an important role in elucidating nanoscale structure. Until recently [2-61, small-angle 
scattering techniques, small-angle x-ray scattering (SAXS) and small-angle neutron scattering 
(SANS)  have played a less important role. However, these techniques have the capability of 
probing structure on length scales that are intermediate between wide-angle x-ray methods and 
those usually accessed by most electron microscopy. SANS in particular is beneficial in this 
regard, as studies on bulk samples are possible due to the penetrability of the. Further, SANS 
affords good contrast between light elements, and this can be enhanced considerably if protons can 
be replaced with deuterium. Thus in avoiding the limitation of sample preparation and the need for 
strong electron density, SANS provides an important complement to other structural probes. 
However, scattering intensity measured by SANS does not have the unambiguous spatial 
information that is readily available from electron microscopy. 
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The loss of information in the scattering experiment is a result of the loss phase information 
in the measured scattering intensity. In electron microscopy the phase of the scattering is retained 
by the use of a lens. There is no such lens for neutrons; thus we must devise other methods of 
regaining at least some of the phase information if we are to determine the distribution of structural 
components. In x-ray diffraction the phase information can be recovered by isomorphous 
replacement experiments in which comparisons are made between the scattering from “native” 
crystals and those in which another scatterer, usually a heavy metal, has been introduced. There is 
an analogous technique with SANS in which the scattering differences are introduced by deuterium 
labeling. In particular, if the label is introduced incrementally, so that the scattering changes 
progressively, then we can obtain information about the positions of the different components. 

We have outlined the use of one method of recovering spatial distributions of composite 
material components using the method of contrast variation [2,3] . This method was originally 
developed for the study of biological macromolecules and assemblies in solution [7-91. Here we 
mix protonated and deuterated solvent to produce incremental changes in deuteration. This 
approach is particularly easy to implement in the study of carbon black-elastomer composites if we 
limit ourselves to “bound” rubber [2,3]. This is what remains of carbon black-elastomer 
composites after extensive extraction at high temperature with good solvents. The material can 
then be dried and swelled into a gel with differently deuterated solvents. 

We have used this method to determine the shape and distribution of components in a 
suspension of carbon black aggregates in deuterated fluid. The Scattering obtained from such a 
system follows a well defined behavior given by 

I<Q> = Ap2IQ(Q) + A&&Q) + I&Q> (I), 

where, Ap = 

contrast match point. The functions I,(Q), I ,@),  and I,(Q) are scattering functions form the 

solvent-excluding parts of the structure, n(r), the scattering from the internal scattering length 

density fluctuations, {(r), and a cross term.--The latter is the scattering intensity from the 

correlations of the two structural functions. In this representation the structure is defined 

mathematically as the sum of the shape and internal structure terms; thus for the entire sample, p(r> 

- p, , is the contrast of the aggregates against the solvent. When Ap = 0 this is the 

We have discussed the implications of equation (1) and have applied it to solving carbon 
black aggregate and particle morphology in another publication [3]. Our major conclusions for the 



structure of an experimental high surface area carbon black, HSA, which are given in schematic 
form in Fig. 1, were: 

1) The aggregates have an elongated shape. Thus the aggregates are quasilinear arrays of particles 
that can be described as approximately rodlike with little branching. 

2) The aggregates consist of 5 to 6 particles on average. The number of particles making up the 
particles has an average around 5 to 6. The overall size in about 29 nm by 150 nm. These results 
are consistent with stereo transmission electron microscopy studies [ 101. 

3) The particles have a shell-core structure as that determined from electron microscopy [ 11 and 
scanning tunneling microscopy (STM) [ 11,121, with an outer shell with density like that of 
graphite. The core of the particle has much lower density, more like that expected for amorphous 
carbon, but with voids. 

4) The particles are fused together by the amorphous cores to form the aggregate. . Thus the 
aggregate is described as a short, quasilinear object with a continuous amorphous carbon core 
surrounded by a continuous graphitic shell. This structure is likely to be very rigid. 

5 )  The particles have smooth surfaces on length scales greater than 1 to 2 nm. This places an 
upper limit on the fractal surface roughness determined by gas adsorption studies [13]. 

These conclusions have important implications on the mechanism of reinforcement of this carbon 
black. Ideas about aggregate networking and the relationship to composite properties must be 
based on the presence of short, rigid rodlike reinforcement. Further, the mechanism of polymer 
binding must take into account the upper limit of surface roughness determined from the S A N S  

studies 

Here we describe the results of analogous scattering measurements and the initial analysis 
of bound rubber composites of HSA carbon black with monodispersed polyisoprene swollen in 
cyclohexane, containing different fiactions of deutero-cyclohexane, 

- Met hods: 

Bound rubber was prepared by extensive extraction of composited HSA and polyisoprene 
with toluene and cyclohexane, as described previously [2]. The material was then dried. The solid 
pellets were swelled by the addition of cyclohexane with different weight fraction of 
deuterocyclohexane, fc,D,. SANS measurements were done on the low-Q diffractometer at the Los 
Alamos Neutron Scattering Center, Los Alamos National Laboratory. The instrument, the details 



of the measurements and the other methods associated with data acquisition and reduction may be 
found in our earlier work [2,3] and the references therein. 

Results and Discussion: 

It is readily apparent that there are substantial changes in the neutron scattering of HSA- 
polyisoprene (HSA-PI) gels when the fraction of deuterocyclohexane, fC6D6, present in the solvent 

is changed from 0 to 1.0 (Fig. 2). When Q is less than approximately 1 nm-', the scattering 
decreases monotonically with C6D6 content. An increase in scattering intensity is noted with 
increasing C6D6 content when Q is greater than 1 nm". This is seen in Figs.3 and 4 where the 
intensity at the given values of Q are plotted as a function of the contrast of the bound rubber 
relative to the solvent. The contrast is computed from the chemical-LanaljGis. In Fig. 3, where 

lower-Q values are plotted, the scattering intensity increases monotonically with Ap. However, as 
- .  

Q passes through 0.8 m-' (Fig. 4) the contrast at which the intensity is a minimum moves to larger 

values of Ap, near the contrast match point of polyisoprene. The carbon black has a contrast 

match point at about fc6D6 = 0.86 131. Thus the monotonic increase at low Q implies that at length 

scales larger than 1 nm the scattering fluctuations from the carbon black dominate the scattering. 
At length scales smaller than 1 nm the elastomer dominates the scattering. This finding is in 
agreement with the results of our previous studies on the composites of N121 and N762 with 
polyisoprene and SBR [2]. It might be argued that the increased scattering for Q > 1 nm-' is a 
consequence of an increased background with increased fc6D,. For neutrons scattering, however, 

the main source of background is incoherent scattering, which should decrease as fC6D6 is 

increased. Thus the increase in scattering that occurs at hrgh Q with fc6D6 must be from the greater 

contrast of the polyisoprene component in the presence of deuterated solvent. 

Comparison of the contrast-dependent scattering from the HSA-PI composite with those 
from HSA alone at the same fC6., provide some insight into the composite structure. This is 

shown in Fig. 5. 

We start with Fig. 5b, fc6D, = 0.25 sample near the polyisoprene contrast match point. For 

Q > 0.3 nm-' the scattering of HSA and the HSA-PI composite are identical and fall off as I - Q-4, 
indicating the smooth boundary for the HSA aggregate embedded in the solvent-impregnated 
polyisoprene. At smaller values of Q the scattering intensity is considerably less than that for the 
carbon black alone (Fig. 5b). We have shown previously [3] that the scattering from HSA atfC6., 



= 0.25 is due to the shape of the carbon black aggregate and is approximated by a Guassian at the 
lowest Q-values. This indicates that the aggregates are not interacting strongly in suspension. The 
smaller scattering values from the HSA-polyisoprene composites at , fc 
there are strong correlations among the aggregates. 

= 0.25 suggest that 
6 6  

On the assumption that the scattering in the composite at fC6D6 = 0.25 has negligible 

contributions from the polyisoprene we then further assume that the scattering has the form 

where lF(4)\2 is the aggregate form factor or the scattering intensity resulting from a single 
randomly oriented particle and S(Q) is the scattering structure factor due to interaggregate 
correlations. If there are no interaggregate correlations then over a range of distances, r - Q-', then 
S(Q) = 1. If the presence of an aggregate excludes another from being near by then S(Q) e 1 over 
Q values corresponding to distances were a neighbors tend to be excluded. Values of S(Q) > 1 
imply attractive interactions between neighbors. We can compute S(Q, by dividing the intensity 
by IF(Q)12, which according to our previous analysis is just the scattering from HSA at fc6D6 = 

0.25. The results of this is shown in Fig. 6. Equation (2) is an approximation that applies exactly 
only in the case of a spheroid. Because the HSA particles are elongated the result must be 
considered as an approximation. We see from Fig. 6 that there is strong exclusion of carbon black 
particle neighbors in the HSA-PI composite over length scales 42 c r e 3 nm. This suggests that 
during the formulation of the reinforced rubber the carbon black aggregates do not form 
agglomerates, but are separated by substantial amounts of elastomer. 

With this result in mind the remainder of the curves are understandable in terms of HSA 
carbon black completely embedded in material consisting of polyisoprene plus solvent. Thus when 

= 0 (Fig. 5a) the scattering is understandable as being from carbon black with the 
fc6 O6 

polyisoprene contributing to the higher scattering intensity at larger Q. This same interpretation is 
true for the other fCeD6 (Figs. 5C-e) as well. The case of fc6D6 = 0.75 (Fig. 5d) is interesting in 

this regard. The scattering from the HSA a& Q values greater than 0.2 nm-' are due to the shell-like 
structure of the aggregate. The scattering of the composite, on the other hand, can be interpreted as 
being from the carbon black shape contrasted against the polyisoprene-solvent environment with a 
strong component from the conformation of the elastomer extending into the solvent. This same 
interpretation can be made for the scattering of HSA-PI at fc6D6 = 1 (Fig. 5e). 

Acknowledgments 



This work was supported by a grant from the Office of Basic Energy Sciences of the Department 
of Energy. This work benefited from the use of the Low-Q Diffractometer at the Los Alamos 
Neutron Scattering Center of the LAX Alamos National Laboratory which is supported by the Office 
of Basic Energy Sciences of the United States Department of Energy under contract W-7405-ENG- 
36 to the University of California. 

References 

1. 

2. 

3.  

4. 

5.  

6. 

7. 

8. 

9. 

10. 

Hess, W.M. and Hurd, C.R., "Microstructure, Morphology and General Physical 
Properties" in Carbon Black, J.-B. Donnet, R.C. Bansal, and M.-J. Wang, eds., Dekker, 
New York, pp 91-106 (1993), and references there in. 
Hjelm, R.P., Wampler, W., and Seeger, P.A. "Microstructure of Composite Materials 
Using Small-angle Neutron Scattering and Contrast Variation: Approaches Toward 
Understanditig the Structure of Carbon Black Elastomer Mixtures", Polymers & Polymer 
Composites, 1,53A-70A, (1 993). 
Hjelm, R.P., Wampler, W., Seeger, P.A., and Gerspamher, M., "The Microstructure and 
Morphology of Carbon Black A Study using Small-angle Neutron Scattering and Contrast 
Variation", J. Materials Res., (in press). 

Wignall, G.D., Farrar, N.R., and Morris, S., "Characterization of Carbon-filled Polymers 
by Small-angle Scattering Techniques", J.  Mater. S c t ,  25,69-75 (1990). 
Wu, W.-l., "Small-angle X-ray Study of Particulate Reinforced Composites", Polymer, 23, 

Young, R.J., Al-Khudhairy, D.H.A., and Thomas, A.G., "Characterization of Filled 
Rubber Using Small-angle X-ray Scattering", J.  Mater. Sci., 21,1211-1218 (1986). 
Stuhrmann, H.B. and Duee, E.D., "The Determination of the Scattering Density 
Distribution of Polydispersed Solutions by Contrast Variation: a Neutron Scattering Study 

1907-1912 (1982). 

of Ferritin", J. Appl. Ciyst., 8,538-542 (1975). 
Stuhrmann, H.B., Haas,'J., Bel, K., Koch, M.H.J., and Crichton, R.R., "Low Angle 
Neutron Scattering of Ferritin Studied by Contrast Variation", J.  Mol. Biol., 100,399-413 
(1976). 
Ibel, IC, and Stuhrmann, H.B., "Comparison of Neutron and X-ray Scattering of Dilute 
Myoglobin Solutions", J.  Mol. Biol., 93,255-265 (1975). 
Gruber, T.C., Zerda, T.W., and Gerspacher, "Three Dimensional Morphology of Carbon 
Black Aggregates", Carbon, 31,1209-1210. 



1 1. Donnet, J.-B. and Custod6ro, E., "Carbon Black Surface Studied by Scanning Tunneling 
Microscopy", in Carbon Bla~k, J.-B. Donnet, R.C. Bansal, and M.-J. Wang, eds., Dekker, 
New York, pp 221-227 (1993). 
Donnet, J.B., and Custodkro, E., "Ordered Structures Observed by Scanning Tunneling 
Microscopy at Atomic Scale on Carbon Black Surfaces", Carbon, 30,8 13-8 15 (1992) 
Zerda, T.W., Yang, H., and Gerspacher, M., "The Fractal Dimension of Carbon Black 
Particles", Rubber Chem. & Tech., 65,130-138 (1992). 

12. 

13. 



Figure Legends: 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Schematic of HSA Carbon Black Aggregate Structure: A representative 
structure derived from SANS and high resolution microscopy of a typical HSA 
carbon black aggregate consisting of a linear array of spheroids. The average 
aggregation number is 5 to 6 with particle sizes being in the range of 24 to 29 nm. 
The outer shell of the structure (black) consists of graphitic carbon crystallites, with 
a core (gray) of less dense void-filled (white) carbon. The less dense core is 
contiguous throughout the aggregate. 

SANS of HSA-polyisoprene Composite Gels with difSerent Fractions of 
Deuterocyclohexune ~ a t a :  A, fC6D6 = 0; 0, fC-0, = 0.25; +, fc6D6 = 0.30; 0, 

f c6D6 .=  0.75; O, fc6D6 = '*Os 

Variation of Scattering Intensio with Contrast: 
equation (1). 

Symbols: data, Lines: fits to 

Variation of Scattering Intensity with Contrast: 
equation (1). 

Comparison of Scattering from HSA suspensions and Gels of Bound Rubber: 
Data: 0, HSA; 0, HSA-PI (sample 1); 0, HSA-PI (sample 2). 

Structure factorfrom the scattering of HSA in the Composite Gel of Bound Rubber: 
Calculated values: 0, sample 1; 0, sample 2. 

Symbols: data, Lines: fits to 





h 

\ 
M 

e4 a 
W 

10 

0.1 

0.001 

io- 
0.1 1 



1 

0.1 

0.01 

0.001 

I ' " ' I " "  I " "  I " "  I " "  I " " I " "  , I ,  

Ap (lo2 P'~) 



1 



Y 

i o  

0.1 

0.001 

10 

0.1 

0.001 

10 

1 

0.001 

10'. 
0.1 1 

Q (nm-1) 

A 

CD 

Y 

0.1 

0.001 

10 

0.1 

0.001 

10" 
0.1 1 

Q (nm ) 



1 

h 

0.5 
cn 

m m 

1 


