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Abstract

The microstructure of carbon blacks is investigated by X-ray diffraction peak profile analysis. Strain anisotropy is
accounted for by the dislocation model of the mean square strain in terms of average dislocation contrast factors. Crystallite
shape anisotropy is modeled by ellipsoids incorporated into the size profile function. Different grades of carbon blacks,
N990, N774 and N134, untreated, heat-treated and compressed at 2.5 GPa have been investigated. The microstructure is
characterized in terms of crystallite size-distribution, dislocation density and crystallite shape anisotropy. Heat treatment
results in increased vertical and lateral sizes of graphitic crystallites. Postproduction pressure treatment has little effect on the
average sizes of the crystallites, however, it affects the crystallite size distribution function. The average sizes of the
crystallites obtained by X-ray diffraction agree with those estimated from Raman spectra. Applied pressure affects the
magnitude of strain within the crystallites.  2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction [1–5]. The layer stacking disorder can be observed in
principle by analysing HK bands in the diffractograms.

Carbon black is generally used as a filler in rubber Rocking curves of the HK.0 type reflections would show
production to modify the mechanical properties of the tire. extra broadening due to rotations around the hexagonal c
Although the smallest indivisible unit of carbon black is axis whereas the 00.L type reflections would be broader in
the aggregate, in the TEM images aggregates appear to be the u –2u radial direction. This kind of layer stacking
formed by spherical particles, which are fused together. disorder can be handled as effective boundaries of coher-
Aggregates connect through Van der Waals forces into ently scattering domains where diffraction peak broadening
networks called agglomerates [1]. The internal structure of is a measure of the size of these objects.
aggregates is not well understood. Graphite-like, The structure of carbon black particles and their surface
quasicrystalline domains, in which basal planes are parallel properties are important for many reasons. Different sites
but angularly distorted and the spacing between the layers present on the surface determine reinforcing properties of
is different from that of pure graphite, have been detected carbon black in rubber [6]. Energy of interaction between
in carbon black particles [1]. Biscoe and Warren identified the polymer and carbon black depends on nature and
those structures as intermediate between crystalline and population of different sites. The most energetic sites,
amorphous materials [2]. Hereafter, the turbostratic quasi- which very effectively adsorb polymers, are usually iden-
crystalline domains are referred to as graphitic crystallites tified as crystallite edges. Crystallite flat surfaces and
or nanocrystallites. Due to the lack of three-dimensional amorphous carbon present on the surface are considered
ordering, this nomenclature is not rigorously correct, but less energetic sites. Thus to characterize reinforcing prop-
appears to be generally accepted in the scientific literature erties of carbon black it is necessary to determine the

fraction of the surface occupied by amorphous carbon and
estimate the size of the crystallites and their surface*Corresponding author. Fax: 136-1-372-2811.
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be evaluated from Raman measurements [3]. Energies of microstructure: (i) m and (ii) s, the median and the
adsorption of different adsorption sites and their relative variance of the log-normal crystallite size distribution
populations have recently been evaluated by gas adsorption function, (iii) the ellipticity of crystallite shape, (iv) r and
technique [7]. The sizes of graphitic crystallites have been (v) M, the density and the arrangement parameter of
estimated from X-ray diffraction [5,8], neutron scattering dislocations and (vi) q or A and B, the relevant parameters
[9], atomic force microscopy [10], and Raman spectros- describing the average dislocation contrast factors in cubic
copy measurements [3–5]. Those studies showed that the or hexagonal crystals, respectively.
average size of crystallites, L , is similar for all commer- In this paper the effect of annealing and pressure on (a)a

cial carbon black grades produced in furnace reactors and the size distribution and (b) the shape of crystallites as well
roughly equal 2.3 nm. This was a surprising result because as (c) the strain (dislocation density) in the crystallites of
different grades have completely different rubber reinforc- different grades of carbon black samples is studied by
ing properties. X-ray diffraction profile analysis. The values of the

Small crystallites are not energetically favorable struc- average crystallite sizes determined by X-rays were com-
tures. One possible explanation for their presence in carbon pared with those obtained from Raman measurements.
blacks is that large strains are developed in production, i.e.
during aggregate growth at high temperatures and also
during water quenching, when the temperature of carbon 2. Evaluation of X-ray diffraction profiles
black is rapidly reduced from about 16008C to about
8008C. Strain is relieved when larger structures break to 2.1. The method of whole profile fitting by Fourier
form smaller crystallites. Characterization of strain remain- coefficients ( WPFC)
ing in the crystallites is an important problem, which so far
has not been addressed. Strain can change bond lengths Within the kinematical theory of X-ray diffraction the
and angles, and thus affect surface potential and in turn physical profile of a Bragg reflection is given by the
reinforcing properties of carbon blacks. Reinforcing prop- convolution of the size and the distortion profiles [17]:
erties of carbon black are also expected to be a function of

P S DI 5 I 3 I , (1)crystallite size distribution. Carbon black with uniform
crystallites that all have similar sizes is expected to have where the superscripts S and D stand for size and
more homogenous surface potential than carbon black distortion, respectively. It follows from Eq. (1) that the
exhibiting a wide distribution of sizes. Fourier coefficients of the physical profile are the pro-

X-ray diffraction peak profile analysis is a widely used duction of the Fourier coefficients of the size and strain
method for the determination of crystallite size and lattice profiles:
defect structure in crystalline materials. The evaluation

S Dprocedures are based on the different diffraction order A(L) 5 A (L) A (L), (2)
dependence of size and strain broadening. In the simplest

where A(L) are the absolute values of the Fourier co-case the size broadening is independent while the strain
S Defficients of the physical profiles, A and A are the sizebroadening is dependent on the diffraction order. Both

and the distortion Fourier coefficients and L is the Fourierdependencies become, however, complicated if shape or
variable.strain are anisotropic. Shape anisotropy has been modeled

In the case of spherical crystallites, size broadening isby cylindrical [11] bodies and strain anisotropy has been
diffraction order independent [18]. Raman spectroscopyaccounted for either by a phenomenological model of
has shown that the carbon black crystallites are non-anisotropic elastic constants [12] or by the anisotropic
spherical flat discs [3–5]. Since the size broadening causedstrain fields of dislocations [13,14]. The size-distribution of
by non-spherical crystallites is diffraction order dependent,spherical crystallites has been recently suggested to be
the size profiles of ellipsoids of revolution have beendetermined by whole profile fitting in the absence of strain
elaborated. A brief description of this derivation is givenby using theoretically calculated size profiles [15].
below. It is assumed that ellipticity, ´, the ratio of theIn the present work it is shown that theoretical diffrac-
diameters D and D parallel and perpendicular to the axisc a,tion profiles can be constructed in the presence of lattice
of revolution, is the same for all crystallites, and that thedistortions using the strain profile derived by Wilkens for
crystallite size distribution density function, f(x), is log-dislocated crystals [16]. A procedure is described in which
normal:the Fourier coefficients of the experimentally determined

2physical peak profiles are fitted by the Fourier transforms 1 1 [ln (x /m)]
]]] ]]]f(x) 5 exp 2 , (3)H Jof ab initio size and strain profiles. In this method the ] 2Œ x 2s2psstrain is assumed to be caused by dislocations and the

crystallites are modeled by ellipsoids with log-normal size where s is the variance and m is the median of the size
distribution. The only fitting parameters are well estab- distribution density function f(x). According to Bertaut
lished physical parameters being characteristic of the [19] and Guinier [20] the size part of the Fourier transform
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of the (hkl) diffraction peak at a given value of the Fourier where m is the median of the size distribution ofa

variable L can be calculated as the common volume to the diameters of ellipsoids perpendicular to the axis of revolu-
crystal and its ‘ghost’ obtained by a translation by L in the tion. If the relative orientations of the crystallographic
direction normal to the reflecting hkl planes. To calculate directions to the axis of revolution are known, cos a can
the Fourier transform corresponding to a crystallite, divide be expressed by the indices of reflection. The axis of
the crystal into cylindrical columns normal to the hkl revolution is taken to be perpendicular to the basal plane of
lattice planes and set ds for the cross section of the hexagonal carbon black crystals, therefore cos a can bem

column with the height m [20]. The volume common to given as:
this column and its ghost is:

l
]]]]]]]cos a 5 , (10)]]]]]]Lu u 2S ] 4 cA L 5 1 2 m ds . (4)s d S D 2 2 2mm ]]s dh 1 k 1 hk 1 l23œ a

The common volume to the irradiated crystallites and to
where c /a is the ratio of the lattice constants of thetheir ‘ghosts’ shifted by L can be obtained by summing for
hexagonal crystal.all columns existing in the crystallites. Let us set a as the

The diffraction profiles can be broadened due to theangle between the axis of revolution and the diffraction
strain field of the lattice defects in the crystal. The pointvector with the indices hkl. Summing up the common
defects have diffraction effects far from the fundamentalvolumes of the columns parallel to the diffraction vector
Bragg reflections, often called Huang scattering, becausefor one crystallite the following formula is obtained for the
of their short-range strain field [21]. The strain fields ofnormalized size Fourier transform:
dislocations are of long-range character, therefore their

33 L Lu u u u diffraction effects cluster around the fundamental Bragg
]] ]]1 2 1 if L # Du uS hkl32D reflections. This diffraction effect is called the diffractionA L 5 (5)s d 2Dhkl hkl5 peak broadening. The strain fields of planar defects are0 if L $ Du u hkl

space independent thus, in the first approximation, they
where D is the diameter of the ellipsoid in the hkl cause lattice parameter changes and shift Bragg reflections.hkl

direction which can be given in terms of a : In reality lattice defects are more complex and their effects
on peak shape can be a mixture of three well-separated

Da cases: (i) Huang scattering, (ii) peak broadening and (iii)]]]]]D 5 (6)]]]]hkl 2cos a peak shifts. Stacking faults, for example, can cause peak2 ]]sin a 1 2 shifts and peak broadening simultaneously since they areœ ´
usually bounded by partial dislocations. Despite this

where D is the diameter of the ellipsoid perpendicular toa complex behaviour, dislocations play a special and unique
the axis of revolution. Making the summation for all the role: they are always present (1) either as the major
crystallites having the log-normal size distribution the component in complex lattice defects or (2) as the only
following formula is obtained for the normalised size lattice defects which distort the crystal lattice to such an
Fourier transform: extent that it becomes visible as profile (or line) broaden-

ing in a diffraction experiment. For this reason, in theln L /mu u1 s d ]hklS Œ] ]]]A (L) 5 erfc 2 1.5 2sF G] present account we consider the effect of dislocations onŒ2 2s
strain broadening.

ln L /mu u3 s d ]hkl Œ Assuming that in the crystal the lattice distortions are]]]]] ]]]2 L erfc 2 2su u F G]2 Œs d4m exp 8.125s 2s caused by dislocations, the Fourier coefficients of thehkl

strain profile can be given as [16,22]ln L /mu u3 s dhkl3]]]]]] ]]]1 L erfc (7)u u F G]3 2 Œs d4m exp 10.125s 2s D 2 2hkl ¯A (L) 5 exp[2rBL f(h) g C ], (11)g

where erfc is the complementary error function defined as:
2where g is the length of the diffraction vector, B 5 pb /2,

`

where b is the length of the Burgers vector, h | L /R ,2 e2] s derfc(x) 5 E exp 2 t dt, (8)] where R is the outer cut off radius of dislocations, r andŒ ep
x C are the density and the contrast factors of dislocations

and f(h) is the L dependence part of the mean square strainand m is the median of the distribution of diameters inhkl
in a dislocated crystal. In the following f(h) will be calledthe hkl direction given as:
the Wilkens function. This function starts with a logarith-

ma mic term and continues as a hyperbola for large L values:]]]]]]m 5 (9)]]]]]]hkl 1 2]1 1 2 1 cos a 7S D2 ]œ ´ f(h) | 2 ln h 1S 2 ln 2D1 ? ? ? for h # 1 (12)
4
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the diffraction profiles has been observed. The overlapping512 1
]]f(h) | 2 1 ? ? ? for h $ 1. (13) peaks have to be separated since the present evaluation
90p h

method is worked out for individual profiles. Background
subtraction and the separation of overlapping peaks areThe detailed expressions for f(h) are given in Eqs. A.6

to A.8 in Ref. [16] and have been cited in Eqs. (22) and carried out in one step. Two or more analytical functions,
(23) in Ref. [18]. In the procedure developed here the full usually of PearsonVII or Pseudo-Voigt type plus a linear or
expressions in A.6 to A.8 in Ref. [16] were used. It is second order polynomial background are fitted to the
physically more appropriate to use the dimensionless overlapping peaks. Background correction was carried out

]parameter M 5 R r defined by Wilkens as the disloca- after the diffractograms have been rescaled to 2 sin u /lœe

tion arrangement parameter [23]. The value of M gives the instead of 2u. This procedure enables the correct back-
strength of the dipole character of dislocations: the higher ground subtraction even in the presence of non-negligible
the value of M, the weaker the dipole character and the small angle scattering contributions. In the next step the
screening of the displacement field of dislocations. unwanted fitted peaks together with the linear background

The average dislocation contrast factors are the weighted are subtracted leaving the targeted peak free of overlap and
average of the individual C factors either over the disloca- background. The procedure is then repeated for other
tion population or over the permutations of the hkl indices targeted peaks. The separated profiles are taken as in-
[22–24]. Based on the theory of line broadening caused by dividual diffraction profiles in the evaluation procedures.
dislocations it can be shown that in an untextured hexagon- Due to very large strains and nanometer size crystallites,]
al polycrystalline specimen the values of C are simple peak broadening of the carbon black specimens is about
functions of the invariants of the fourth order polynomials two orders of magnitude larger than the instrumental
of hkl [25]: effects. For this reason no instrumental corrections were

2 2 2 2 carried out.2[A(h 1 k 1 h 1 k ) 1 Bl ]ls d] ]
]]]]]]]]]C 5C 1 1hk0 223 a2 2 223 4] ]Fh 1 k 1 h 1 k 1 l Gs d S D2 c

3. Experimental
(14)

] 3.1. Sample preparationwhere C is the average dislocation contrast factor for thehk0

hk0 reflections, A and B are parameters depending on the
Three different grades of carbon blacks were selectedelastic constants and on the character of dislocations (e.g.

for this study, N990, N774 and N134. They differ inedge or screw type) in the crystal and c /a is the ratio of the
average aggregate diameters ranging from 285 nm (N990)two lattice constants of the hexagonal crystal.

2to 18 nm (N134), surface area ranging from 8.5 m /gA numerical procedure has been worked out for fitting
2(N990) to 145 m /g (N134), and their reinforcing prop-the Fourier transform of the experimental profiles by the

erties (N134 is mainly used in tread applications whileproduct of the theoretical functions of size and strain
N774 is used in tire carcasses, for example). N134 andFourier transforms given in Eqs. (7)–(10) and (11)–(14),
N774 are obtained in furnace reactors using similarrespectively [26,27]. The method has the following steps:

(i) the Fourier coefficients of the measured physical processes. N990 is a thermal black and is produced by
profiles have been calculated by a non-equidistant sam- thermal decomposition of hydrocarbon gases in the ab-
pling Fourier transformation, (ii) the Fourier coefficients of sence of a flame.
the size and strain profiles were calculated using Eqs. Carbon blacks were heat-treated for 20 min at 27008C
(7)–(10) and (11)–(14), respectively, (iii) the experimen- and those samples are labeled as G (graphitized). To avoid
tal and the calculated Fourier coefficients were compared oxidation the chamber of the induction furnace was purged
by the least squares method. The procedure has seven and filled with gaseous nitrogen. After the heat-treatment
fitting parameters for the hexagonal carbon black materi- the samples were allowed to cool down slowly to room
als: (i) the median, m, and (ii) the variance, s, of the temperature. High pressure experiments were conducted at
log-normal crystallite size distribution function, (iii) the room temperature inside a piston cylinder cell at the
ellipticity of the crystallite shape, ´, (iv) the density, r, and pressure of 2.5 GPa (25,000 bar). The samples were
(v) the arrangement parameter, M, of dislocations and allowed to remain compressed for about 20 min. The raw
(vi–vii) the parameters A and B for the average dislocation carbon blacks exposed to high pressure are denoted as P,
contrast factors. Further details of the fitting procedure are those which first underwent heat treatment are called PG.
given elsewhere [26,27]. The specimen N134 was not subjected to high pressure

experiments therefore P134 is absent from the series.
2.2. Corrections for instrumental effects, background
and overlapping peaks 3.2. X-ray diffraction technique

For the carbon black powder samples strong overlap of Two different X-ray diffractometers were used for the
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analysis of peak profiles. (i) A conventional u –2u diffrac- 4. Results and discussion
tometer was used to obtain an overview of the diffractog-
rams, (ii) the individual peak profiles were measured in a 4.1. Average size, size distribution and shape of
special double crystal high resolution diffractometer with crystallites
negligible instrumental broadening. The first (i) diffrac-
tometer was a Philips X’pert diffractometer using Cu The typical powder patterns for the initial N774 and the
anode and pyrolitic graphite secondary monochromator. graphitized G774 samples are shown in Fig. 1a and b,
The second (ii) diffractometer (Nonius FR 591) enables a respectively. It can be seen that after heat treatment at
better separation of the overlapping peaks due to the 27008C the peak profiles become rather narrow. Note that
absence of the K alpha doublet. In this diffractometer a in Fig. 1b the intensity is scaled logarithmically in order to
fine focus rotating cobalt anode was operated as a line show the details of the peaks at lower intensities. The
focus at 36 kV and 50 mA (l50.1789 nm). The symmetri- diffractograms show strong overlap of the peaks for both
cal 220 reflection of a Ge monochromator was used in samples. The overlapping peaks were measured by the
order to have wavelength compensation at the position of double crystal diffractometer and were separated by the
the detector. The K component of the Co radiation was method described in Section 2.2. The Fourier coefficientsa2

of the measured profiles for N774 sample and the fitted abeliminated by a 0.16 mm slit between the source and the
initio functions normalized to unity are shown in Fig. 2.Ge crystal. The profiles were registered by a linear position
There is a good agreement between the two sets of data.sensitive gas flow detector, OED 50 Braun, Munich. In
The measured and separated profiles and the inverseorder to avoid air scattering and absorption the distance
Fourier transform of the fitted Fourier coefficients normal-between the specimen and the detector was overbridged by
ized to unity for N774 are shown in Fig. 3. Again a goodan evacuated tube closed by mylar windows. Seven

diffraction peaks indexed as 0002, 1010, 1011, 0004, 1120,
] ] ]

1122 and 0006 were recorded. 1010 and 1011 as well as
] ] ]

1120, 1122 and 0006 overlap and were separated by fitting
] ]

procedures. The most intense five profiles 0002, 1010,
]

1011, 0004 and 1120 were used in the evaluation method.
] ]

3.3. Raman spectroscopy

Complementary data on average sizes of graphitic
crystallites were obtained from Raman scattering measure-
ments. In addition, Raman studies allowed us to estimate
the relative concentration of amorphous carbon on the
surface of carbon black aggregates. Raman spectra were
obtained using a home-made spectrometer equipped with a
confocal microscope. To avoid laser heating carbon blacks
were placed inside a groove in a steel disk spinning at a
speed of 3000 rev. /min. The average size of nanocrystal-
lites can be determined in terms of changes in position,
width and intensity ratio of two Raman peaks observed at

21 211345 cm (the disordered, or d peak) and 1575 cm (the
graphite, or g peak). The shape of those peaks depends on
the crystallite sizes. When the crystallites become larger,
the peaks become narrower, their maxima move to higher
frequencies and the intensity of the g peak systematically
increases in comparison with the d peak. Using the
empirical formula found by Tuinstra and Koenig [28]

L 5 4.35 I /I (nm) (16)a g d

it is possible to evaluate L , the lateral size of thea

crystallites. Amorphous carbon is observed as a broad peak
21centered at about 1530 cm . Its intensity relative to that Fig. 1. The powder diffractograms for the N774 carbon black

of the d and g peaks is an estimate of the relative specimen in the initial state (a) and for the specimen G774 after
concentration of amorphous carbon on the surface of annealing at 27008C (b). The intensity in logarithmic scale in (b)
carbon black aggregates [3]. shows details of low intensity peaks.
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N134, N774, and N990. The agreement between the data
from X-ray diffraction and Raman measurements is usually
better than 25%. The discrepancies for the samples N990
can be explained as follows. X-rays easily penetrate
through carbon blacks and the line profiles are determined
by scattering on graphitic layers present throughout the
material. On the other hand, Raman intensity is strongly
attenuated by carboneous materials and 30% of the Raman
intensity originates from layers lying less than 10 nm
below the surface, and 90% from the outer layer of
thickness less than 40 nm [29]. It is possible that for the
samples N990 with average aggregate diameter of about
285 nm, large crystallites are present under the skin layer
and thus are not detected by Raman. For other grades of
small aggregate diameters it is safe to assume that theFig. 2. The Fourier coefficients of the measured (open circles) and
Raman signal originates from groups distributed through-the fitted theoretical functions (solid lines), normalized to unity for

the specimen N774. The differences between fitted and measured out the sample.
data and the indices of reflections are indicated. Crystallites were approximated by ellipsoids and m isc

the median of the diameters of the crystallites perpen-
dicular to the hexagonal basal plane, i.e. it measures thecorrelation between the measured and the fitted data can be
stacking heights of graphitic nanocrystallites. In goodobserved. The median, m , and the variance, s, of the sizea

agreement with previous studies the value of ´ 5 m /m isdistribution of the crystallite diameter parallel to the c a

between 0.5 and 1.0, i.e. the heights of the crystallites varyhexagonal basal plane, the ellipticity of the crystallite
between 50 and 100% of their corresponding lateral sizes.shape, ´, and the density, r, of dislocations are determined

The shape and the size of crystallites vary significantlyfrom the fitting procedure and listed in Table 1.
in different grades of carbon black as well within the sameRaman spectra of carbon blacks were resolved into two
specimen due to pressure and heat-treatment. The calcu-components by a fitting procedure as shown in Fig. 4 for
lated size distributions for different grades are compared inthe sample N134. The ratio of these two components gives
Fig. 5. For N990 the average size of the crystallites is onlythe average lateral sizes of the crystallites parallel to the
5.6 nm, but Fig. 5 indicates that for this carbon it ishexagonal basal plane. The precision of the fitting routine
possible to find crystallites as large as 16 nm across.was better than 10% and reproducibility was better than
Different shapes for the size distribution function obtained5%. The calculated L values are listed in Table 1.a

for different grades are probably associated with differentComparing these values to the median diameter data, m ,a

production conditions, such as temperature, speed of theobtained from X-ray analysis it is seen that both techniques
reaction, composition of the feedstock, the residence timegive similar results. As expected, m values increase witha

in the flame zone, and the position of quenching zone.increasing diameters of the aggregates in the order —
Heat treatment increases the average sizes of graphitic

crystallites. This effect has been observed before by
Raman, TEM, AFM, and also by X-ray diffraction using
the Scherrer method. These techniques proved that at
elevated temperatures crystallites grow both in the lateral
and vertical directions. This study confirmed this result. In
the untreated samples the lateral sizes of crystallites (L ora

m ) are usually twice the size of the stacking height of thea

layers, m . But after heat treatment the lateral and verticalc

dimensions become similar, compare Table 1. These
effects are accompanied by modifications of the shapes of
the distribution functions, which for graphitized carbons
become more asymmetric. Concentration of amorphous
carbon is reduced after heat treatment. Practically no
significant contribution can be detected in samples heated
to 27008C.

Hydrostatic pressure did not change the average sizes ofFig. 3. The measured intensity profiles (open circles) and the
graphitic crystallites (both in the initial and the graphitizedinverse Fourier transforms of the fitted Fourier coefficients (solid
states), with the exception of the P990 where the crys-lines), normalized to unity. The differences between fitted and

measured data and the indices of reflections are indicated. tallites became significantly smaller. The crystallite size
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Table 1
Lateral crystallite size, L , and relative content of amorphous carbon, I /I , obtained from Raman spectroscopy; the median, m , and thea a total a

variance, s, of the distribution of the crystallite-diameters parallel to the hexagonal basal plane, the ellipticity of the crystallite shape and the
dislocation density, r, (strain) determined by X-ray diffraction for carbon blacks of different grades and various histories of temperature and
pressure treatments

Sample ´ 5 D /D L (nm) m (nm) s r I /Ic a a a a total
15 22Raman (10 m ) Raman

N134 0.5 1.8 1.9 0.37 560 0.16
G134 0.9 6.6 6.4 0.2 11 0.00
PG134 0.8 6.7 8.3 0.09 53 0.02

N774 0.5 2.3 2.7 0.31 130 0.24
P774 0.6 2.8 3.6 0.16 300 0.20
G774 1.2 11.5 11.3 0.02 14 0.02
PG774 1.0 11.6 11.4 0.025 153 0.01

N990 0.6 3.6 5.6 0.45 54 0.10
P990 0.5 3.8 2.6 0.45 137 0.09
G990 1.1 18.1 11.0 0.49 5.5 0.01
PG990 1.0 13.0 6.1 0.18 26 0.00

distributions for the specimen N990 in the initial state as previous neutron scattering and Raman in situ high-pres-
well after heat-treatment and pressure-treatment are shown sure studies on carbon blacks indicated that under pressure
in Fig. 6. In the case of this particular carbon black, before the turbostratic structures become organized and carbon–
heat-treatment the largest crystallites approach 16 nm. carbon bonds approach values typical for a graphite crystal
External pressure might break those large crystallites into [4]. The current study was conducted after the pressure
smaller units and as a result the distribution function treatment and since we did not observe any significant
becomes less asymmetric and its maximum is shifted changes in the crystallite sizes we concluded that the
toward lower L values. This effect is also clearly seen for system returned to its original configuration.a

other carbon blacks. The distribution functions become Pressure was also applied to previously graphitized
narrower and more symmetric indicating that in those carbon blacks. No significant changes in the sizes have
samples larger crystallites are reduced to smaller ones. Our been observed. However, the distribution functions all

Fig. 4. Raman spectrum of the specimen N134. Solid line, the best fit to a sum of three components. Disordered, d, amorphous, a, and
graphitic, g, components are shown as broken lines.
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used in this study did not break crystallites into smaller
units but was sufficient to induce strain. Pressure treatment
of previously graphitized samples also resulted in in-
creased values of r.

5. Conclusions

A procedure has been developed to evaluate X-ray
diffraction peak profiles using the Fourier coefficients of
ab initio theoretical size and strain profiles. The crystallites
are modeled by ellipsoids with log-normal size distribution
and the strain is assumed to be caused by dislocations. The
procedure enables the determination of the median and the
variance of the crystallite size distribution, the ellipticity ofFig. 5. Crystallite size distribution for N134; N774 and N990.
the crystallite shape and the dislocation density. This
method was applied to different grades of carbon black
powders before and after heat- and pressure-treatments.

became very narrow. It indicates that larger crystallites are The average crystallite size is found to be in the
reduced to smaller units but in a way that leaves the nanometer scale for all carbon black powders. Different
average value unchanged. After pressure treatment con- average sizes and size distributions of crystallites have
centration of amorphous carbon either slightly decreased or been identified in different grades of furnace carbon
remained unchanged. blacks, which is explained by the difference in the

production conditions. It was found that for carbon blacks
4.2. Dislocation density (strain) of large aggregates, the chance of finding large crystallites

is increased. The average crystallite sizes determined by
The magnitude of strain is characterized by the disloca- X-rays agree well with Raman results except for the

tion density, r. In the untreated samples its values are very samples N990. For these specimens Raman measurements
16 22large, of the order of 10 m (see Table 1). Population indicate smaller crystallites than those measured by X-rays

of dislocations or the magnitude of strain dramatically because the Raman spectra are mainly due to the outer skin
decreases with graphitization but increases after pressure of the aggregates while X-ray diffraction detects crys-
treatment. This is an expected result. High temperature tallites throughout the volume. In the untreated samples the
treatment followed by slow cooling anneals the samples lateral sizes of crystallites are usually twice the size of the
and decreases the magnitude of strain. Hydrostatic pressure stacking height of the layers.

Heat-treatment increases the average sizes of graphitic
crystallites and the lateral and vertical dimensions of the
crystallites become similar. The dislocation density is
increased during annealing. Concentration of amorphous
carbon is decreased upon heat treatment. We interpret this
observation as a result of amorphous carbon being gradual-
ly incorporated into graphitic layers.

The pressure-treatment has no significant effect on the
size and the shape of the crystallites and the population of
amorphous carbon while the dislocation density (or strain)
in the crystallites has been increased.
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