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fullerite polymerized by low
quasi-hydrostatic pressure of 1.1 GPa at T = 563 K. It is established that at room temperature in freshly

We have carried out low-temperature x-ray diffraction studies on Cg

prepared samples three phases mainly coexist, viz. a compressed cubic phase with the lattice parameter
a=13.94 A, an orthorhombic O’ phase with the lattice parameters ¢ = 9. 12 A, b=9.82 A ¢ =14.60 A,
and a rhombohedral phase of symmetry R3m with the parameters ¢ = 9.20 Aand ¢ = 24.27 A. Mechanical
grinding or annealing at 573 K entails depolymerization of sintered samples and restoration of the fcc
structure of pristine Cg, . During annealing in air, intercalation of fullerite lattice by oxygen molecules
occurs as well as a substantial amount of some new phase is formed, most probably with tetragonal
symmetry, the chemical composition and structure of which have not been determined. The microhard-
ness of polymerized Cg; is higher than that of single crystal samples roughly four-fold at room
temperature and by a factor of 2.6 at liquid nitrogen temperature. Analysis shows that polymerization
and grain boundaries give contributions to the microhardness of sintered samples but we did not succeed
in separating these two contributions. The temperature dependence of the microhardness of polymerized
samples exhibits a jump in the vicinity of 260 K, where pristine C, fullerite undergoes the fcc-sc phase
transition. We think that this jump is due to a partial destruction of the polymerized state under
indentor as a result of shear straining in inhomogeneous stress fields. Annealing of polymerized C at a
temperature of 573 K, which restores the fcc phase, leads to a considerable decrease in microhardness,
the hardness «jump» near the fce-sc transition extends in temperature and shifts to lower temperatures.

PACS: 61.10.—i, 64.70.Kb, 64.70.Pf, 62.20.Fe

1. Introduction

Pure fullerite Cg, , the molecules of which are
bound by weak van der Waals forces, is orientation-
ally disordered at room temperature and normal
pressure with a face-centered (fcc) lattice of space
symmetry Fm3m. At T =260 K, a phase transition
occurs to a partially ordered phase with a cubic
lattice of lower symmetry, Pa3 [1].

Exposure of thin Cg, films to visible or ultravio-
let radiation [2,3] as well as to high pressures and
temperatures of bulk samples of Cg, [4-10] results
in polymerization of Cg, . In the polymerization

© AP
A. V. Soldatov, 1998

process the nearest neighbour molecules of Cg, con-
nect into linear chains, four- or six-member rings by
double bonds of the hexagonal faces through 2,2
cycloaddition reaction [4,8—10]. This gives rise
to one-dimensional orthorhombic, two-dimensional
tetragonal and two-dimensional rhombohedral pha-
ses, respectively. The samples can develop one or
more phases depending on external factors. Qualita-
tive analysis, which per se is not a simple problem,
is quite often even more difficult because of a
pronounced texturing of the separate phases [10].
The polymeric phases formed survive, when irradia-
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tion is turned off or external pressure is relieved.
Also, a rather short annealing (2-3 hours) at com-
paratively low temperatures (T = 523 K) leads, as a
rule, to depolymerization and restoration of the fcc
structure typical of pristine fullerite Cg, .

Despite the great number of research works on
the development of polymerization technology in
bulk polycrystal specimens, the properties of each
of the polymeric phases, and the P-T diagram of
fullerite, and many other important questions still
remain to be answered. In particular, these are the
influence of thermobaric conditions in the prepara-
tion of sintered samples on their final phase compo-
sition and phase structures, homogeneity of the
polymeric state at different stages of its formation
[especially, under low pressures (~ 1 GPa) and at
moderate temperatures up to 573 K], mechanical
and other physical properties.

In this paper we used powder x-ray diffraction
and structure-sensitive microindentation to study
Cq, fullerite samples polymerized by low pressure
and then depolymerized by mechanical destruction
or thermal treatment (low-temperature annealing).
The structure, the lattice parameters of separate
phases, the surface morphology and microhardness
are studied within the range from liquid-nitrogen to
room temperature.

2. Experimental

The samples under consideration were prepared
from 99.98% pure pristine fullerite C,, by sublima-
tion. The sample powder was subjected to hydro-
static compression up to 1.1 GPa using the tech-
nique close to that of Ref. [11]. After that it was
kept at 563 K for five hours, then cooled down to
room temperature and the pressure was removed. As
it follows from the results in Ref. [11], such a
treatment must lead to polymerization of fullerite.
Indirect evidence that the polymerization of the
samples was fairly complete was their insolubility
in solvents (for example, in benzene), where pris-
tine Cg, dissolves.

The x-ray diffraction studies and the measure-
ments of microhardness were carried out on frag-
ments of the sintered materials. The flat surfaces of
these samples of typical size 5x5 mm served as the
reflecting surface in the x-ray studies. These were
also used to measure microhardness at room tem-
perature.

The initial macroscopic flat surface of a sample
was actually somewhat rough. Therefore, for low
temperature measurements, when there was no pos-
sibility of finding an area suitable for indenting and
the pricks were to be made blindly, the sample
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surface was polished. The polishing was repeatedly
conducted in a mechanochemical way with benzene-
wetted suede. The layer removed from the sample in
a single run of polishing was 5-15 p thick, i.e.,
several times larger than the depths of indentation
dips in the preceding experiment. The total number
of microhardness measurements performed on a
sample at different temperatures was approxi-
mately 200.

The next cycle of measurements was carried out
on samples subjected to mechanical or thermal
treatment which, as suggested in [12], should pro-
duce destruction of the polymerized state. To mea-
sure the microhardness and to perform the prelimi-
nary x-ray diffraction studies, a sinter fragment was
annealing in air at T = 573 K for three hours. For
another series of x-ray experiments some samples
were powdered and measured without any anneal-
ing or after annealing at 573 K for two hours.

The x-ray diffraction experiments were made in
CuK, radiation. The polymerized samples of Cg,
were studied at temperatures ranging from 80 to
300 K, the stabilization at every temperature point
being better than + 0.05 K. To obtain reliable data
on phase composition, phase structure, and lattice
parameters at separate reference points (80, 120,
175, 293 K), the x-ray diffraction patterns were
recorded over a wide range of reflection angles
(20 = 8-150"). At other temperatures the records
were taken within a limited angle range covering
the most intense x-ray reflections. In addition to the
reflections from the samples, the x-ray patterns
contain lines from the reference material (electro-
lytically pure copper). Use of the reference material
made it possible to reduce the error in the lattice
parameters of separate phases, which is particularly
important when studying their temperature depen-
dencies. However, because of the multiphase state
of the samples studied the error in the lattice
parameters of the phases observed was somewhat
higher (+ 0.05%) than that for pristine fullerite.

The microhardness was measured in the 80—-300 K
temperature range by the technique described in
Ref. [13]. The Vickers microhardness Hy, was cal-
culated from the expression:

H, =1.854P/(2a)* (1)

where 2a is the diagonal length of an indentation, P
is the indentor load. At room temperature the in-
dentor load was 0.01 and 0.2 N. The temperature
dependence of Hy, was studied at P = 0.1 N. The
results obtained were produced by standard statisti-
cal methods.
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3. Results and discussion

3.1. X-ray diffraction studies

Phase composition and phase structure. The
range of pressures 1 to 2 GPa and temperatures
500-650 K is an intermediate one as far as the
polymerization conditions of fullerite Cg, are con-
cerned. Usually, several phases start to form here
simultaneously (orthorhombic, tetragonal, rhombo-
hedral, and other), which can be strongly disor-
dered in polymer chain length and orientation. The
extent of polymerization and the structure of the
respective phases, in addition to temperature and
pressure, are controlled by other factors, viz., hy-
drostaticity, the rates of heating and,or compres-
sion, exposure time at the extreme conditions, grain
size, and so forth. The randomness of the forming
phases are to a large measure determined [14] by
the fact that the polymerization process takes place
in the fcc phase where, due to the almost free
molecular rotations, there are no preferable direc-
tions for establishing covalent bonds. Owing to the
joint effect of all the above-enumerated factors, the
orthorhombic phase that forms at relatively low
pressures differs in structure and lattice parameters
from that found at higher pressures (the low-pres-
sure orthorhombic phase is now conventionally cal-
led O' [14]). We shall return to this intermediate
phase when discussing our own results. According
to Agafonov et al. [15], the lattice parameters of
the O' phase are ¢ = 9.1 A, b=9.38 OA, c=14.7 A for
polycrystal samples and, according to Moret et al.
[16], @ = 9.14 A, b=9.90 A, ¢ = 14.66 A for single
crystals.

Below we analyze our x-ray powder diffraction
results taking into account the above facts. A gene-
ral view of the most typical diffraction patterns
obtained at room temperatures, is shown in Fig. 1.
The sample contains several crystal phases and a
minor amount of highly dispersed or amorphous
phase (~ 10% of the total sample volume), as evi-
denced by the broad halo at reflection angles
20 = 14-26", (which corresponds to sin ©@/A =
= (7-13)072). No detailed analysis of the dispersed
phase has been made. It should be noted that the
amount of this phase remained almost unchanged in
all the experiments.

The coherent reflections of the diffraction pat-
tern is formed by the scattering from at least three
phases, viz. , orthorhombic (O'), rhombohedral
(R), and cubic (C). At the same time we do not
rule out the tetragonal (T) phase, whose reflections
in angular positions coincide partially with those
from the O' and R phases. Such a composition of
the samples polymerized as indicated above corre-
sponds to a «mix» region in the (P, T) space where
all the phases involved can coexist, as suggested by
Sundqvist [14], on the basis of all the currently
available experimental data. It is rather difficult to
separate and analyze reliably every individual pha-
se, with the exception perhaps of the cubic one, in
view of the fact that a very large number of broad
reflections from these phases are superimposed one
on another. Among the whole set of reflections,
only a few weak ones can be readily assigned as
pertaining to the cubic and no other phase. Estima-
tion of lattice parameter of this phase yields a low
value, @ = 13.94 A, which corresponds to a lattice
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Fig. 1. Experimental powder x-ray diffraction pattern of polymerized Cg, sample under study and calculated x-ray pattern (the peak

positions) for the simple cubic (C), simple orthorhombic (O'), tetragonal (T) and rhombohedral (R) of space group symmetries

Immm and R3m, respectively, phases. The lattice parameters for C, O’, R, T phases are taken from Refs. [4,8,14].
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strongly compressed as compared to pristine ful-
lerite. A possibility for such a phase was previously
discussed in the literature for samples subjected to
high-pressure treatment [4,5,11,14]; this phase is
presumably a partially polymerization state with
randomly distributed dimers, short chains, etc. Par-
tial polymerization leads to enhanced interaction
and smaller lattice parameters; we estimate the
corresponding effective interval pressure to be
about 0.1 MPa.

Separation of other phases was carried out by
comparing the room-temperature patterns with the
line-spectra calculated for all the phases known for
polymerized fullerite. The relevant line spectra are
given in Fig. 1. As the source data we took calcu-
lated lattice parameters for the R and T phases from
[8], for the O’ phase from [14], and for the cubic
phase from [4]. Then the lattice parameters were
refined, using the whole set of experimental reflec-
tions. The calculated line diagrams for the R and T
phases were constructed using the specific models
[8] for the structures of space group symmetries
R3m and I'mmm, respectively, which are commonly
accepted for the «high-pressures polymeric phases.
Since the space groups for both C and O’ phases
have not been clearly established, the line diagrams
for these phase in Fig. 1 are plotted without any
absence rules. The line spectra in Fig. 1 correspond
to the refined lattice parameter values, which at
room temperature are: ¢ = 9.12 A, b= 9.8 A, ¢ =
= 14.600}; for the orthorhombic O' phase, and a =
=9.20 A, ¢ =24.27 A for the rhombohedral phase
(in hexagonal setting). These values are in reaso-
nable agreement with the available data known in
the literature for partially or completely polymeri-
zed phases. An additional indication that the po-
lymerization of the samples was sufficiently comp-
lete was the lack of any peculiar features in the
temperature dependencies of the x-ray diffraction
reflection angles or the interplane separations with-
in the 80-293 K range that could be signatures of
the phase transition observed in pristine Cg .

A major part of the structure results presented
here has previously been reported at the 1997 Joint
International Meeting in Paris [17]. When indexing
the diffraction pattern there we used the assum-
ption that, in addition to the rhombohedral phase,
our samples contain a tetragonal component. One of
the arguments for that conclusion was the fact that
the formal statistic of the r.m.s. procedure for the T
phase was noticeably better than for the orthorhom-

bic (O) one. And moreover, according to accepted
notions, the T phase is situated much <«closer> to
the sample preparation conditions than the com-
plete O phase. However, we must admit that our
samples correspond to a certain intermediate poly-
merized state with far from complete phases (or
phase), which are clearly understood «limit» phases
with complete polymerization within planes (111)
or (100), or along directions [110]. To all appear-
ance, the «path» from the fcc phase to the tetrago-
nal one inevitably «passes» the orthorhombic stage,
the gradual crossover from the O to T phase being
implied as the appearance of «closing jumpers»
across the polymeric chains within plane (100)".
The polymeric «jumpers» will be randomly distri-
buted so that the phase will remain orthorhombic
on the average, approaching the tetragonal one as
the number of crossing jumpers increases.

The relative content of the polymerized phases
was evaluated from the intensity ratios and the
angular positions of the observed set of reflections
and under the assumption of no texture in the
samples under study. To within 5% the relative
amount of the O’ and R phases are 0.55:0.45.

Temperature effect. The lattice parameters of the
O' phase obtained at room temperature allow us to
conclude that polymerization entails a considerable
shrinking within the basal plane, the lattice pa-
rameter on the average diminishing by 8.9% as
compared to the pristine fcc phase. Polymerization
makes change the volume per molecule Cg approxi-
mately by the same quantity (8.6%). In such hard
crystals with stronger intermolecular interactions,
one could expect a rather weak temperature depen-
dence of the lattice parameters. We do not give the
lattice parameters of the O' phase as a function of
temperature since, as mentioned before, this phase
is an intermediate one exhibiting instabilities upon
thermocycling. Nevertheless, it is necessary to note
that the smoothed lattice parameter a increases over
the range 80-293 K as a monotonic very weak
function, the net relative increment not exceeding
0.03%. The lattice parameters along axes b and ¢
change by 0.1% and 0.09%, respectively. The ele-
mentary volume of the orthorhombic polymer O’
changes insignificantly with temperature: within
the same temperature range the overall change is
about 0.23%.

The temperature dependence of the lattice pa-
rameters of the rhombohedral phase is shown in
Fig. 2. The effect of temperature on the lattice

* This, in particular, can be inferred from optical measurements [18,19], which give evidence that the average direction of these
chains in those intermediate phases that could be termed as orthorhombic differs strongly from [110].
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Fig. 2. Temperature dependence of the lattice parameters @ and
¢ (plots @ and b, respectively) of the rhombohedral phase of
polymerized Cg . The values of parameters are given in hexago-
nal setting.

parameter ¢ (and the thermal expansion in basal
plane of the polymerized state) is vertually unob-
servable below T ~ 150 K and shows a very weak
tendency of expansion at higher temperatures. The
overall increment of the parameter ¢ from 80 to 293 K
does not exceed 0.2%. The lattice parameter ¢ varies
noticeably over the whole temperature range, espe-
cially near room temperature. Figure 3 shows rela-
tive variations of the elementary cell volumes with
temperature for the rhombohedral and pristine ful-
lerites, both normalized against the values at 80 K.
The data for the latter phase are taken from our
measurements [20,21]. As seen in Fig. 3, in contrast
to pristine fullerite, for which distinct discontinui-
ties are present at the phase transition point (260 K)
and during the orientational glassification (7" < 100 K),
the volume of the R phase exhibits a weak unevent-
ful increase with temperature. The overall R-phase
volume change from 80 to 300 K, 0.98%, although
being smaller then for pristine fullerite (5.75%
[21]), nevertheless exceeds the volume increment
for the O' phase. This means that the thermal
expansion of the R phase is noticeably larger than
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temperature for the rhombohedral phase and pristine fullerite

Cgqo » both normalized against their own values V' at tempera-

ture 80 K. The data for pure Cso are taken from [21].

that of O'. As polymerization progresses, the anhar-
monisms of lattice vibrations and, hence, the ther-
mal expansion are expected [12] to decrease. The
«inverses» effect obtained here for the temperature-
related variation of the volumes of the R and O’
phases might reflect the fact that our samples were
not equilibrium states, possibly owing to the pecu-
liarities of the polymerization procedure (pressure
nonhydrostaticity and relatively low temperatures).
Temperature can initiate relaxation processes in
such samples that provide an extra contribution to
the volume increase.

Depolymerization. Mechanical grinding of a part
of the initial polymerized sintered sample led to
recovery of the fcc structure of pristine Cg, . This
can be inferred from the diffraction patterns taken
on powder samples. Of interest are the appreciable
broadening and the low intensity of the reflections,
which are typical of strongly strained samples.
Subsequent annealing at T 0473 K relieved the
stresses caused by the grinding.

The structure studies on large-size sintered sam-
ples show that annealing at 573 K in air leads to
depolymerization and formation of the equilibrium
fcc phase. We present in Fig. 4 part of a diffraction
pattern from an annealed sample. Note that the
reflections of all the phases become appreciably
narrower than in the source polymerized sample and
the characteristic halo disappeared (cf. Fig. 1). We
attribute these changes to the relieving of a part of
inter-phase stresses and crystallization of the amor-
phous (or fine-grain) component. The indexing re-
fers in Fig. 4 to the planes of the cubic (fcc) phase
that re-emerges upon annealing. The respective lat-
tice parameter, ¢ = 14.21 A, turns out to be some-
what larger then in pristine fullerite. Such an ex-
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Fig. 4. X-ray diffraction pattern of depolymerized Cg, after an-
nealing at 573 K in air. The indices of the reflections (A&[) cor-
respond to the fcc phase of the initial Cg, sample. The asterisks
indicate reflections from the new tetragonal phase.

pansion can be due to air components penetrated
into the sample during annealing, which in turn
must decrease the orientational phase transition
(fee-P @3) temperature. Intercalating oxygen mole-
cules O, are known [22] to occupy octahedral
voids, whereas the transition point can vary within
3 to 20 K, depending on the O, concentration. As
inferred from microhardness data, the orientational
phase transition in annealed samples decreases by
roughly 15 K.

However, under our annealing conditions, part
of the sample can interact with the air components
thereby helping a new phase to form (Fig. 4). The
reflections of this phase (marked with asterisks) are
seen in the diffraction pattern. The nature of this
new phase or compound was not determined in
these experiments. Attempts to index reflections of
the new phase within cubic, hexagonal, or rhombo-
hedral lattices were unsuccessful. The best fit was
attained for a tetragonal lattice with parameters
a=9.08 A, ¢c=24.69 A, which however does not
add much to our understanding of the nature of the
new phase.

Examination of annealed fragments of sintered
samples as well as the measured microhardness give
evidence of phase inhomogeneity which develops
during annealing.

3.2. Microhardness

Histograms. Since the studied polymerized Cg,
samples are multiphase ones, we might expect a
polymodal distribution of impressions in size (and
microhardness). The histograms of impressions of
various diagonals and microhardness based on 57
measurements at P = 0.1 N and T =263-295 K
(where temperature variations of microhardness are
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Fig. 5. Histograms for impression diagonal (@) and microhard-
ness (b) on the basis of 57 impressions on the polymerized Ceo
surface under a load of P = 0.1 N at 263275 K (the tempera-
ture effect on H, is negligible in this range).

typically very slight) are shown in Fig. 5. It is seen
that the distribution is actually single-modal. This
may be because the impressions produced by the
indentor were larger in size than the single phase
regions. It is also seen that the relative scatter of
the impression diagonal goes far beyond the measu-
rement error (~ 0.15 p). The scatter may be due to
the inhomogeneous structure of the sample. The
relative scatter (coefficient of variation), which is
the ratio of the standard deviation sd to the average
value, amounts to 6.3% for impression diagonals
(sdy,) =0.96 |, (22') = 15.2 p and 11.8% for micro-
hardness (sdj; =90.2 MPa, H,, = 764.7 MPa).

For smgle crystal Cqo [20] the coefficient of
microhardness variation is lower (9%), which sug-
gests a higher degree of inhomogeneity of our po-
lymerized samples.

The error can be reduced appreciably (which is
very important to estimation of the temperature
dependence of microhardness) if we used micro-
hardness averaged over n impressions rather than its
individual values. For the averaged microhardness
the standard deviation decreases inversely with the
number of measurements runs as sdz ", = =sdy / n'/2,
In Fig. 5,0, sdH = 11.9 MPa and the relative error
of the average value drops to 1.6%.
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Fig. 6. Typical correlation between the squared impression di-

agonal and the load on indentor. The microhardness is inversely
proportional to tga (a is the angle between the straight line
and the abscissa), ﬁv = 766 MPa (room temperature).

The temperature dependence of microhardness
was studied on the surface with no fewer than 5 to
10 impressions at each temperature. The values
averaged over these impressions were used to plot
temperature dependencies of microhardness. At low
temperatures the error of the average microhardness
was two to three times higher, ~ 3—5% (because of
the smaller number of measurement runs) than it is
in Fig. 5,b.

Loading effect. The typical correlation between
the load applied to the indentor and the squared
diagonal of the polymerized Cg is shown in Fig. 6.
It is seen that in the range of load studied (0-0.2 N)
microhardness was constant. Microhardness was in-
dependent of load both on the initial (non-polished)
and on the polished surfaces. The average values of
microhardness varied slightly after polishing the
sample, i.e. the sample studied was quite homogene-
ous in its micromechanical properties over its depth.
This helped us to derived the temperature depend-
ence of microhardness on one sample.

Temperature effect. The temperature dependence
of microhardness of polymerized Cg, is shown in
Fig. 7,b. For comparison, Fig. 7,a shows the de-
pendence H,(T) obtained earlier on single-crystal-
line fullerite Cq, [20,21]. Both the dependencies are
shown in the relative coordinates in Fig. 7,c. Of
interest are the following basic features.

(). In the whole temperature range studied the
microhardness of polycrystalline polymerized Cg,
was higher than that of nonpolymerized single crystals
Cgp : 3.8-4.5 times higher at room temperature and
2.6 times higher at liquid nitrogen temperature. A
two-fold increase in microhardness at room tempera-
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ture was observed by the authors [16] on Cg,
samples under high (P =2 GPa) pressure at T’ = 623 K.

(ii). The temperature dependencies of micro-
hardness taken on non-polymerized crystals and on
polymerized samples of Cg, display a sharp increase
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Fig. 7. Temperature dependence of the average microhardness
for pure single crystal C,; (indentation in the (100) plane)
[20,21] (@), and polymerized (@) and annealed (O0) polyerys-
talline Cg, (b). The error bars are r.m.s. deviations for ﬁv.
The results for polymerized Cg (m) and single crystal Cq) (O)
in relative units of H(T)/H,, (295 K) is shown in figure (c).
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in microhardness at 240—260 K, i.e. in the tempera-
ture region of the fcc-sc phase transition in pure
Cgq - The fact seems to be surprising. According to
x-ray diffraction data, there is no phase transition
in polymerized samples at this temperatures. The
studies of acoustic and dissipative properties of the
polymeric Cg, phase did not detect any visible
anomalies at these temperatures either [23]. This
behaviour of microhardness may be attributed to
destruction of the polymerized state in the region of
the indentor impressions due to high stresses. This
conforms with the above discussed depolymerization
caused by grinding of polymerized fullerite. As
shown in [24], for Si crystals under high pressures
phase transitions are possible in a narrow layer of the
material beneath the indentor. In the case of ful-
lerite, depolymerization beneath the indentor might
be due to non-uniform shear strains.

The slope of the microhardness versus tempera-
ture curve for polymerized samples within the 77—
175 K range was only one half of that observed for
Cy, single crystals (cf. Fig. 7,c). This is in agree-
ment with the data [23] on the temperature depen-
dence of the elastic modulus of polymerized Cg, and
cubic fullerite in the low temperature region.

Annealing effect. Measurements at room tem-
perature on a non-polished surface of annealed sam-
ples show that the average value of microhardness
decreased from 765 to 440 MPa. When a thin
surface layer was polished off, the value of micro-
hardness was even lower, H,, = 337 MPa.

Optic microscopic observation of a polished sur-
face of an annealed sample revealed regions of
different reflectivity — light and dark. This sug-
gests phase inhomogeneity of the sample caused by
annealing. The light and dark regions differ in
microhardness and have opposite Hy, — load de-
pendencies (see Fig. 8). The latter is accounted for
by the fact that under high loading onto the inden-
tor, the impressions become comparable in size with
the single-phase regions. In this case the formation
of the impression is influenced by the neighboring
phase.

One of the phases (the light regions) was close
in microhardness to single crystalline Cg, . Accord-
ing to x-ray diffraction data, this is the ordinary fcc
phase. The other phase (the dark regions), still not
identified, was harder. The temperature dependence
of the average microhardness of sample also chan-
ged after annealing: the region of growing H\,
shifted towards low temperatures (Fig. 7,b). It
should be noted that securing data for each of the
two phases over all the temperature interval is very

difficult.
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Fig. 8. The effect of load on the microhardness of two different
phases formed after three hour annealing of a polymerized sample
in air at 573 K: undentified phase (a), fcc phase of Cg; (b).

The higher microhardness of polymerized poly-
crystalline Cg can be attributed to two factors —
the fine-grained structure and polymerization. It is
known that the correlation between the yield point
o, of a polycrystal and the grain size d is well
described by the Hall-Petch relation [25]:

a,=0,+K, d0-> (2)
where g, is the yield stress of a single crystal, and
K is the material constant. According to Friedel
[26], K, =0.2 pb%-> for brittle materials (U is the
shear modules, b is the Burgers vector). Friedel's
estimate agrees well with experimental results
taken on polycrystals of some fcc metals [27]. Hall
assumes [28] that the dependence of microhardness
on the grain size d can be described with a similar
relation:

- -0.5
Hy =Hy +Kyd™, (3)

where H v, is the microhardness of a single crystal,
Ky, is the material constant. The measurement
shows [29] that the dependence (3) holds for Al,
Cu and their alloys. The constant K is three to
five times higher than K [29].

Using the above relations and the values of
microhardness measured on poly- and single crystals
of Cg, , we can estimate the grain size ensuring the
difference postulated in the assumption: the higher
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hardness of the polycrystal Cg, is only due to the
hardening effect of the grain structure. For Cg,
crystals only Young's modulus and the bulk mo-
dulus were found experimentally: E =20 GPa [30],
B =12-14 GPa [31,32].

Hereafter, the estimation is based on the value
B = 12 GPa. The shear modulus can be calculated
from u = E /(3 - E/3B) = 8.2 GPa. Estimation from
Friedel's results gives K ~ 0.5 MPaldm?> and
Ky=4K =2 MPaldm®. To obtain the experimen-
tally observed difference in microhardness (AH,, =
= 600 MPa) of poly- and single crystals, the grain
size should be d = (KH/AHV)2 =107 cm. This cor-
responds to the lower limit of grain sizes in x-ray
diffraction studies on polycrystal samples.

Note that K was calculated by the formula for
brittle materials. For plastic Cg, the K value may
prove overestimated. Then, the grains ensuring the
above difference in microhardness of poly- and sin-
gle crystals should be even smaller.

The above analysis shows that fine-grained struc-
ture and polymerization contribute to hardening of
fullerite subjected to thermobaric treatment. So far,
it is hardly possible to separate the effect of these
two factors. It is pertinent to note that possible
depolymerization beneath the indentor makes a non-
controllable contribution to hardness.
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