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Elastic-plastic transition at nanoindentation of (111) plane of pure Cg, fullerite single crystals was studied.
The onset of plastic deformation in the contact was noted due to the plateau formation in the initial part of loading
curve. The estimated stress of plasticity beginning was found to be on the order of the theoretical shear stress re-
quired for homogeneous dislocation nucleation in the ideal crystal lattice of Cgo. The empirical values of elastic
modulus E ~ 13.5 GPa, hardness of the ideal crystal lattice H ~ 1.4 GPa, and hardness at different indentation
loads were obtained. The hardness vs load dependence was found consistent with the model of geometrically
necessary dislocations. The loading diagrams shape and the dependencies of contact pressure vs indentation
depth were strongly affected by gaseous interstitial impurities (hydrogen, oxygen, nitrogen) in Cg crystal; transi-
tion stress was essentially less and plateaus formation was observed at elevated indentation loads and depths as
compared with pure fullerite crystal. For crystals, saturated with hydrogen, the enhanced value of elastic modu-
lus (~ 20.4 GPa) and hardness (~ 1.1 GPa) were obtained. The results acquired at room temperature for Cgy with
face-centered cubic lattice are important for the description of the physical-mechanical properties of simple cubic
lattice phase of Cgq below 260 K (S. V. Lubenets, L. S. Fomenko, V. D. Natsik, and A. V. Rusakova, Fiz. Nizk.
Temp. 45, 3 (2019) [Low Temp. Phys. 45, 1 (2019)]).
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1. Introduction

Fullerite Cg is one of a new class of molecular crystals,
structural units of which are the stable fullerenes molecules
consisting of 60 carbon atoms. The shape of the Cqy mole-
cule is a regular truncated icosahedron. The high-tem-
perature crystal phase (7'> 260 K) generated by fullerenes
of this type has the symmetry of face-centered cubic (FCC)
lattice. The low-temperature phase has a simple cubic (SC)
lattice and exists at 7 < 260 K. The molecules in these
crystal structures are predominantly interconnected by dis-
persion (van der Waals) forces with a small proportion
of covalent bonds. After discovery of fullerenes in 1985 [1]
and fullerites synthesis in 1990 [2], a lot of fundamental
investigations of structure of fullerenes molecules, mainly

Cgo and Cyy, as well as structure, phase transitions, different
physical properties of Cgo and C;q crystals were realized. It
is due to the fact that the fullerites are perspective for ap-
plication in semiconductor engineering, electronics, medi-
cine and pharmacology.

Basic information on the low temperature physical and
mechanical properties of Cgy and Cyq fullerites is presented
in the review [3]. These fullerites are the softest instances
of the molecular crystals. Cq crystals grown from the gas
phase enhance the capabilities of investigations of mechani-
cal properties: the major part of them was made by inden-
tation and only small amount of experiments was carried
out by macrodeformation methods with a constant rate of
sample compression. The etching of the (111) habit plane
of a single crystal confirmed the dislocation nature of plastic
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deformation of Cg, fullerite (the proposed etchant, toluol [4],
does not reveal the growing dislocations). Further researches
made it possible to establish the slip system in Cq crystals
(octahedral system as well as in other FCC structures) and
its invariance during FCC — SC phase transition which
based on the orientation ordering of fullerene molecules
[5, 6], the presence of cleavage along the (111) closest-
packed plane [7], the correlation between the temperature
dependence of microhardness and the structural phase trans-
formations [3].

Much attention was given to study elastic properties of
single crystals and polycrystals of Cg, in the temperature
range from room temperature to 100 K. The results of the-
se investigations and corresponding references are repre-
sented in [3]. Ultrasonic methods of measuring of elastic
properties showed that Young’s modulus of the polycrys-
talline fullerite at room temperature was about 12 GPa; it is
close to Young’s modulus of lead but it is significantly less
than for other metals. Elastic constant ¢;; of the single
crystal is about 15 GPa.

Microindentation of (111) plane and macrodeformation
with a constant rate of compression of Cg, single crystals
showed that at room temperature microhardness of the
samples varied in the range from 140 MPa to 200 MPa,
and vyield stress in the <110>{111} slip systems was in
the interval from 0.7 MPa to 2.6 MPa. Such differences
of the mechanical properties are due to the growth condi-
tions. Irradiation with light, exposure in magnetic field,
exposure in air without lighting, special saturation with gas
impurities, mechanochemical polishing, pressure treatment
of fullerite powder in gaseous medium during compacts
preparation and others essentially effect on resistance to
plastic deformation of Cgq fullerite — single crystals and
polycrystals [3].

Nanoindentation of epitaxial polycrystalline coating with
grain size about 20-30 pm and (111) orientation shown the
following results: hardness was (0.55+0.17) GPa, Young’s
modulus was (15+1) GPa [8]. The high value of hardness
is evidently due to the low load on the indenter of 0.2 mN.
In this case, it is impossible to exclude the influence of
photopolymerization and/or saturation of film surface with
atmospheric air molecules. These effects, in particular, can
be a reason for the high value of the elastic modulus.

The aim of this work is to study the mechanical proper-
ties of single crystals of pure Cq fullerite and fullerite satu-
rated with gas impurities by nanoindentation on the (111)
habit plane and on the cleavage plane of the same orien-
tation.

2. Experimental procedure

In these investigations reasonable large single crystals
of fullerite with (111) habit plane were used. Growing
technique of such crystals is described in work [7]. Proce-
dure of saturation of crystals with hydrogen at temperature
250 K and pressure 30 atm is given in works [9, 10].
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Measurement of micro- and nanomechanical properties
were carried out not only on the (100) and (111) habit
planes of the grown crystal but on the (111) plane obtained
by cleavage of the crystal. Before nanoindentation, the hyd-
rogen-saturated samples exposed in air at room tempera-
ture during about two month, hence they contained not
only residual hydrogen but also another gas impurities ab-
sorbed from air. For simplicity, we marked these samples
as Cgo(H,), since desorption of hydrogen before measure-
ments was far from complete [9]. Also the fullerite sam-
ples after long-term (about 10 years) preservation in eva-
cuated and sealed ampoules were tested; the (111) habit
plane and the cleavage planes were indented. The measure-
ments on the cleavage plane were performed in ~ 30 h and
in 10 days after sample cleavage.

Microhardness was measured in the load range of
10-100 mN using a standard hardness tester PMT-3 with
Vickers pyramid. Tests on nanoindentation of crystals
of pure and hydrogen-saturated fullerite were carried out
with a three-sided Berkovich indenter on a Nano Indenter-I1
nanohardness tester (Nano Instrument Inc., Knoxville, TN,
USA) at the several specified loads <10 mN and the load
increase rates <0.2 mN/s in a load control mode. The in-
denter tip radius is ~ 407 nm according to measurements
using atomic force microscope. To determine hardness H
and elastic modulus E, the unloading curve of indenter was
analyzed according to the generally accepted method of
Oliver—Pharr [11]. As a result of such analyze, the contact
stiffness S at peak load was found. Knowledge of stiffness
makes it possible to define a projection contact area under
peak load and consequently hardness and elastic modulus of
the sample without measuring of indentation size. The tech-
nique proposed in [12-14] was used to obtain the depen-
dence of the average contact pressure pmean (ACP which
corresponds to Meyer hardness Hy;) vs displacement h.

Nanoindentation of the samples aged in sealed ampoules
during about 10 years was performed using Nano Indenter
G200 (MTS Systems, Oak Ridge, TN, USA). Tests with
this instrument were carried out in the Continuous Stiff-
ness Measurement (CSM) mode [15, 16]. In such mode of
nanoindentation, load applied by the loading device is
modulated by low frequency and low amplitude signal. As
a result, during indenter penetration the portions of short-
term load decreasing appears; that makes it possible to
obtain the dependences of contact stiffness S and ACP on
the displacement at the indenter penetration piece. Load on
the Berkovich indenter was increased until indenter dis-
placement reached 225 nm (experiment in the displace-
ment control mode). The tests were performed at the con-
stant strain rate of 0.05 s '. The CSM signal frequency was
45 Hz, the amplitude oscillation was 2 nm.

Special attention was paid to the initial loading curve
piece and the features of elastic-plastic transition in the na-
nocontact.
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3. Experimental results

3.1. Pure fullerite Cg: elastic-plastic transition, hardness,
elastic modulus

Vickers microhardness Hy, in measurements on the (111)
habit plane of lamellar single crystals with thickness up to
1 mm and bulk single crystals with sizes 3x4x6 mm in
ashort time after growing was ~ (0.175+0.03) GPa (for
such crystal(s) we will use the term “fresh crystal(s)” too).
The same microhardness was obtained when indenting the
(111) cleavage plane. Microhardness of (100) plane was as
a rule in 1.25-1.5 times less. Scatter of Hy values not only
on different samples but in various places of a sample is
evidently determined by a defect structure formed during
the crystal growth.

More complete information on the mechanical proper-
ties of the small-sized samples is provided by experiments
on nanoindentation. Typical diagram of Berkovich indenter
penetration P(h) (P is a load, h is a penetration depth) for
(111) plane of Cg, fullerite single crystal (shown in the Fig. 1).
The diagram was recorded up to the maximum predeter-
mined load of 0.2 mN. The main detail is a plateau (pop-in)
in the indenter penetration curve; the plateau corresponds
to the stepwise increase in the contact depth. The plateau
appeared at the critical load P = 0.02 mN and the depth
about 10 nm as a result of sharp increase in indentation
depth by 9 nm in a time < 0.17 s (the device measures the
load and displacement every 0.17 s). Such pop-ins are well
known for high-purity metals single crystals and semicon-
ductors with a specially prepared surface. The surface should
be the growth face of the crystal, the fresh cleavage plane or
the surface of the sample after electropolishing (i. e., there
should be no surface defects). It was established that in
plastic materials the pop-in corresponded to an elastic-
plastic transition caused by homogeneous nucleation of dis-
locations in a contact provided that there is no phase trans-
formation initiated by a mechanical load. Until the pop-in
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Fig. 1. The typical load-indenter penetration depth P-h diagram
and the dependence of the average contact pressure on the in-
denter penetration depth ppean(h) for the (111) plane of Cqg Single
crystal.
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is formed, the contact is pure elastic. If the surface of
the single crystal is mechanically polished with an abra-
sive, the pop-in disappears due to the presence of high den-
sity of dislocations in the surface layer. In the Cg, fullerite
crystal such pop-in was observed at nanoindentation of
a grain of a 20 um thick film deposited on mica. The grain
surface was parallel to the (111) crystallographic plane [8].

Another feature of the penetration curve of the indenter
is that at the penetration depths of (100+£20) nm periodically
repeating numerous smaller pop-ins appear. They are pro-
bably caused by the formation of slip lines at the sides of
the impression. The pop-ins at the very low indenter loads
and accordingly the small indenter penetration depths are
essentially the precursors of the unstable deformation ob-
served in many crystalline materials during tension/com-
pression [17]. However it should be noted that the total
deformation (elastic + plastic) g; in the micro- and nano-
volume underneath the impression of pyramidal indenter is
several percent (total deformation is determined according
to the expression g = —In (sin y), where v is the angle be-
tween the face and the axis of the pyramid [18]; then for
Vickers indenter, regardless of the depth of indenter penetra-
tion or on the indenter load & = 7.6 %, and for Berkovich
indenter g~ 9.8 %), i. e., corresponds to the developed plas-
tic flow.

After complete unloading of the indenter, the residual
imprint with a depth of ~ 120 nm is recorded (Fig. 1), indi-
cating that plastic deformation of the crystal occurred in
the contact area at a load of 0.2 mN. The unloading curve
shows very weakly defined signs of viscoelasticity, alt-
hough the viscoelastic behavior is characteristic for mate-
rials with significant fraction of van der Waals bonds be-
tween molecules and atoms (organic polymers, amorphous
selenium [19], single crystals of HOPG (highly oriented
pyrolytic graphite) [20], two-dimensional polymers Cg
obtained at high pressures and temperatures [21]). It can be
concluded that Cgqg single crystals are elastic-plastic materi-
als with sufficiently low viscosity.

Information about the change in the resistance to the pe-
netration of the indenter into the material at the loading
stage is given by the record of the average contact pressure
(ACP) throughout the experiment. The dependence of
the ACP on the penetration depth is shown in Fig. 1. In
the elastic penetration piece, the ACP increases until the
moment of elastic-plastic transition (pop-in formation). Then
the ACP sharply decreases from a maximum value of
~ 1.4 GPa to a value of ~ 0.5 GPa and gradually decreases
at further load increasing, reaching a value of ~ 0.27 GPa at
the indentation depth of ~ 140 nm. The value of 0.27 GPa
corresponds to the nanohardness of pure fullerite in this
experiment at an indenter load of 0.2 mN.

Tables 1 and 2 show the mechanical characteristics of
single crystals of pure and hydrogen-saturated Cgo(Hy)x
fullerite at maximum predeterminated loads (for a discus-
sion on the latter see Sec.3.2). Load-penetration depth
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diagrams were recorded up to fixed loads of 0.2, 1, and
10 mN which are indicated in the upper rows of the Tables.

Table 1. Mean values of hardness (GPa) at loads of 0.2, 1, and

10 mN
Sample 0.2mN 1mN 10 mN
Cso 0.27 £0.03 0.22 £0.00 0.17 £0.00
Ceo(Ha)x 1.31+0.04 1.13 £0.08 0.87 £0.01

Table 2. Mean values of elastic modulus (GPa) at loads of 0.2,

1, and 10 mN
Sample 0.2 mN 1 mN 10 mN
Ceo 13.0+£0.0 141+1.1 13.3+0.1
Coo(Ha)y 207+1.1 218+1.8 18.8+0.1

Let us pay attention to the dependence of the nanohard-
ness value on the indenter load; the nanohardness is higher,
the load is less. The elastic modulus does not depend on
the load; the average value of the modulus for pure fullerite
crystal is ~ 13.5 GPa which is close to the value obtained
in ultrasonic measurements, and for fullerite Cgo(H,)y, ONe
and a half times higher (~ 20.4 GPa). These issues and the
effect of hydrogen and other gas impurities on the mechan-
ical characteristics of the fullerite are considered in the
next Section.

3.2. The effect of interstitial gas impurities
on the mechanical properties of fullerite

Fullerite readily and reversibly absorbs atoms and mole-
cules of small sizes. The enhanced absorption properties of
fullerite are due to weak van der Waals bonds between mo-
lecules and the presence of sufficiently large octahedral
and tetrahedral voids in the FCC crystal lattice [22]. As a re-
sult, interstitial solid solutions are formed with physical
and mechanical properties that differ from those of pure
fullerite.

It was shown in [9] that the absorption of hydrogen by
a single crystal of fullerite led to an increase in the lattice
parameter by about 0.2 %; in highly saturated samples,
a fourfold increase in microhardness was recorded. Optical
microscopy of the Cgo(H,)x showed that in the process of
hydrogen saturation, the microstructure of the hydrogen-
saturated crystal also changed: an intensive evolution of
slipping in the surface layer and the appearance of cracks
were revealed; saturation over a long period of time caused
destroying the samples [9].

Nanoindentation of Cgo(H,), crystals was carried out on
samples held for a long time under natural conditions in an
air atmosphere. In this case, two processes took place: de-
sorption of hydrogen, which caused a drop in microhard-
ness, and counter absorption of gas molecules from the am-
bient air, which was accompanied by strengthening. Thus, a
sample that was saturated with hydrogen at a temperature of
250 °C and a pressure of 30 atm for 900 h had a microhard-
ness of ~ 0.57 GPa, and after holding at room temperature

in an air atmosphere for 170 h its hardness decreased to
~ 0.4 GPa; then subsequent exposure for about 2 months led
to an increase in hardness up to ~ 0.54 GPa. The kinetics of
these processes has been studied in detail and described in
[3,9, 10]. The data in Tables 1 and 2 refer to the test of a
similar specimen that has passed all of the above proce-
dures. They show the total effect of interstitial gas impurities
on the mechanical properties of fullerite and indicate not
only a significant increase in hardness (by a factor of 5
when the indenter load is 10 mN), but, as expected [9], a
significant change in the elastic modulus. As seen in the
Table 2, the modulus of elasticity changed from 13.3 GPa
in pure fullerite to 18.8 GPa in a Cgy(Hy), crystal, i. e., in-
creased by 1.4 times.

Figure 2 shows the P(h) diagrams within the peak loads
of 0.2 and 10 mN during the indentation of the Cgo(Hy),
sample and, for comparison, a sample of pure Cg, fullerite.
After unloading of the indenter, a residual imprint with
a depth of > 30 nm was observed in the Cgy(Hy), crystal at a
maximum load of 0.2 mN [Figs. 2(a) and 2(b)] and ~ 600 nm
at a maximum load of 10 mN [Fig. 2(c)], as evidence of the
plastic deformation that took place in the contact. The
curves of the indenter penetration do not contain pop-ins,
which are clearly fixed during the indentation of pure ful-
lerite, in which they are associated with homogeneous nu-
cleation of dislocations in a perfect lattice. The whole de-
pendence P(h) in the case of intercalated fullerite [Fig. 2(a)],
has the form of a curve describing the elastic-plastic de-
formation of the crystal at the contact area during the entire
loading period, starting from the moment when the indenter
touched the sample. In the P(h) diagram, one can see fuzzy
displacement discontinuities [Fig. 2(b)], which correlate with
stress drops < 0.1 GPa in the ppean(h) diagram [Fig. 2(b)].
An abrupt instability of plastic deformation is also observed
during indentation up to a load of 10 mN [Fig. 2(c)]. This
character of elastic-plastic deformation was also observed
at indentation of pure fullerite, but only after pop-ins cor-
responding to the transition from a purely elastic contact
of the indenter with a crystal to an elastic-plastic flow of
the material under the indenter. In Figs. 2(a) and 2(b) the
corresponding drops and pop-ins are marked with arrows.

The strengthening of fullerite as a result of absorption
of hydrogen, as noted above, led to the embrittlement of
the crystal. During nanoindentation of the Cgo(H,), sSample,
even under conditions of moderate concentrated mechanical
impacts, radial cracks appeared along the (111) cleavage
planes, which propagated from the indentation to sample
edges.

The character of deformation during nanoindentation of
fullerite is influenced not only by the temperature and pres-
sure enhanced absorption of gas impurities (in our case, hyd-
rogen), but also by other factors. The P(h) diagram
of a sample of pure fullerite Cgy, which was stored in
an evacuated sealed ampoule for 10 years, significantly
differs from the nanoindentation diagram of a sample that
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Fig. 2. (a) The load-indenter penetration depth P-h diagrams for
the (111) plane of Cgo and Cgo(H,), Single crystals. The predeter-
mined load is 0.20 mN. The arrows point to the pop-ins in the
P(h) curves. (b) The load-indenter penetration depth P-h diagram
and the dependence of the average contact pressure on the indenter
penetration depth ppean(h) for the (111) plane of Cgo(H,), Single
crystal. The predetermined load is 0.20 mN. Thick arrow points
to the end of the elastic piece. (c) The load-indenter penetration
depth diagrams for the (111) plane of Cg and Cgo(Ha), Single
crystals. The predetermined load is 10 mN.

was stored in the ampoule for a much shorter time (about
2 months — Fig. 1). One of the typical P(h) diagrams for an
aged (10-year-old) crystal is shown in Fig. 3. The depend-
ence of the ACP on the penetration depth (Fig. 3) clearly
shows the initial elastic deformation piece to a depth of
~ 30 nm at a small value of the ACP of ~ 0.2 GPa. Note that
for a fresh sample of pure fullerite at the end of the elastic
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Fig. 3. The load-indenter penetration depth P-h diagram and
the dependence of the average contact pressure on the indenter
penetration depth ppyean(h) for the (111) plane of Cgq single crystal
that was in vacuum sealed ampoule during 10 years.

piece before pop-in formation ACP was equal to ~ 1.4 GPa
(Fig. 1). After a sharp decrease, the ACP gradually in-
creased to a value of ~0.27 GPa (Fig. 3). This is the hard-
ness of aged fullerite, which was determined by indenta-
tion to a maximum specified load of 0.3 mN. The elastic-
to-plastic transition in the nanocontact is smooth and pop-
in is not recorded in the indenter penetration diagram P(h).
The average value of the elastic modulus of this sample is
E ~13.61 GPa. As can be seen, the elastic modulus and
hardness of the crystal retained their values during long-
term storage in the ampoule, but the indentation diagrams
P(h) and pean(h) changed significantly.

This behavior (the absence of pop-in indicating an elas-
tic-plastic transition) was observed, as noted above, during
the indentation of a hydrogen-saturated Cgo(Hy), Sample.
During the long-term storage of fullerite in the ampoule,
a change in the properties of the crystal, at least of its sur-
face layer, occurred apparently due to the absorption of
residual gas molecules.

The environment is a source of gaseous impurities, main-
ly nitrogen and oxygen molecules, which fullerite can ab-
sorb and change its physical and mechanical properties [22].
The absorption process is quite fast even at room tempera-
ture; after holding for several hours, especially under illu-
mination, the hardness of the crystal can increase signifi-
cantly [3].

The diagrams of nanoindentation of the cleavage plane
of a sample stored for 10 years in an ampoule, and then
after cleavage for about 30 h in natural conditions in the
dark, are shown in Fig. 4. As can be seen, there are no
signs of transition from elastic deformation to elastic-
plastic flow in the form of a pop-in in the diagram P(h) (in
this respect, Figs. 3 and 4 are similar). In this case, the
Pmean(N) diagram nevertheless shows an elastic piece up to an
indentation depth of ~ 35 nm, after which a penetration re-
gion of ~ 20 nm was observed at a constant average contact
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Fig. 4. The load-indenter penetration depth P-h diagram and
the dependence of the average contact pressure on the indenter
penetration depth ppean(h) for the cleavage (111) plane of Cgp
single crystal, that was in vacuum sealed ampoule during 10 years
and after cleavage was in darkness under natural conditions dur-
ing about 30 h.

pressure of ~ 0.25 GPa, followed by a transition to elastic-
plastic deformation with hardening. In Fig. 3, the elastic
piece was followed by a sharp decrease in Ppean. At the
maximum load of ~0.43 mN, the average values of the
elastic modulus E = 15.6 GPa and hardness H = 0.4 GPa
were obtained, which show that when a fresh cleavage is
kept in air, there was a noticeable hardening of the surface
layer of the crystal, as well as a change in the character of
the indentation diagrams.

The mechanical behavior of a sample at indentation of
the cleavage plane after exposure to air for several days
(the samples were tested after 7 and 10 days of exposure)
is qualitatively different from that described in the previous
paragraph. One of the main differences is the appearance
of pop-ins in the P(h) diagram. However, the pop-ins were
fixed at large depths 100-150 nm at critical loads from
0.12 mN to 0.25 mN; penetration depth jumps in the con-
tact reached 50 nm. The nature of these jumps and jumps
observed during the indentation of a fresh crystal is obvi-
ously different. The main features of the indentation dia-
grams of the sample after 10 days of exposure are illustrated
in Fig. 5. In the P(h) diagram, one can see a weakly pro-
nounced pop-in, indicated by an arrow, similar to that
clearly observed in Fig. 1 for a fresh sample, with the same
load on the indenter ~ 0.02 mN, but at a larger indenter
penetration depth of ~ 25 nm. The ppean(h) diagram shows
an elastic contact piece to a depth of ~ 25 nm. In this case,
the ACP reached a maximum value of ~ 0.6 GPa, which is
2.3 times less than in a similar situation in a fresh fullerite
crystal (1.4 GPa). Then, the ACP decreased to ~ 0.35 GPa,
after which it began to rise with the exit to the inhomoge-
neous elastic-plastic deformation of the material under the
indenter. The plateau in the pmean(h) diagram corresponds
to the nonmonotonic deformation piece in the P(h) curve,
marked with an arrow. A large penetration depth jump in
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Fig. 5. The load-indenter penetration depth P-h diagram and
the dependence of the average contact pressure on the indenter
penetration depth ppean(h) for the (111) cleavage plane of Cg
single crystal, that after cleavage was in darkness under natural
conditions during 10 days. The arrows point to the diagram piece
where the pop-ins are fixed.

the contact at a depth of ~ 120 nm is associated with a de-
crease in the ACP from ~ 0.85 GPa to ~ 0.4 GPa. In this
case, the modulus of elasticity changed from ~ 20 GPa to
~ 15 GPa. The latter values correspond to the hardness and
elastic modulus, measured on the cleavage plane of the
crystal after 10 days of exposure in natural conditions (in
air, and in the dark). The maximum specified load on the
indenter was ~ 0.4 mN.

The indentation of the cleavage plane after 7-day expo-
sure revealed the following features in the indentation dia-
grams: the elastic deformation piece was observed to a
depth of ~50 nm, after which the deformation under the
indenter had an inhomogeneous elastic-plastic character
with an increase in the ACP value. The loading diagram
P(h) did not reveal any signs of a penetration depth jump at
a low load, which could be compared with the ppean(h)
dependence and taken as an elastic-to-plastic transition. The
elastic modulus and hardness, on average, had the following
values, indicating the hardening of the surface layer:
E =15.9 GPa and H,, = 0.48 GPa. These values differ little
from those measured on the cleavage plane after a 30-hour
exposure of the cleavage in air.

Experiments on microindentation of all the samples list-
ed above showed that the hardening revealed at nanoinden-
tation of the cleavage plane of samples exposed to air refers
only to changes in the mechanical properties of the surface
layer. The average value of microhardness at a load on the
indenter of 100 mN, which corresponds to the depth of pene-
tration of the indenter h = 17 pm, was within 0.13-0.15 GPa,
did not depend on the exposure time in air or on the me-
chanochemical polishing of the sample surface, and did not
differ from the measured value on the habit plane of a fresh
crystal. Only at low loads < 0.02 N the microhardness of
samples exposed to air or mechanochemical polished was
higher than that of a fresh crystal.
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4, Discussion

4.1. On the nucleation of slip in a pure fullerite crystal
during nanoindentation

In Sec. 2, it was noted that the Berkovich indenter tip
was becoming blunt as a result of prolonged operation,
its shape became close to spherical with a radius of
R = 407 nm. The initial elastic section of the loading curve
can be analyzed therefore using the analytical Hertz solu-
tion to the problem of the contact between a rigid sphere
and a flat surface. For this case, Hertz’s theory gives the
following expression for the dependence of the average
contact pressure pp,.., on the indenter load P, the indenter
radius of sphere R, and the elastic properties of the contact-
ing materials [23, 24]:

16pe2 "
Pmean = {gng—R;] : 1)

The quantity E, combines the modulus of the indenter
and the specimen:

1 1-vZ 1-v2
—= +
E; E

==

r S

E, is the reduced modulus of the system, v is the Poisson’s
ratio, the indexes i and s point to the quantities applied
to the indenter and specimen. The shear stresses reach the
maximum value T, under the contact center at a distance
0.48a from the specimen surface (a is the radius of the
contact region). They are connected with the maximum
pressure pmax by the relation [23]:

Tmax = [0.61 = 0.23(1 + V)] Prmax, (2

where the Poisson’s ratio for fullerite v = 0.306 [3, 25]. In
turn, the maximum pressure is one and a half times the
average contact pressure Pra = % Prean- 1hen for fullerite
we have Ty = 0.464 Ppean -

For a pure fullerite crystal (Fig. 1 — the (111) indenta-
tion plane) at an indenter load of about 0.02 mN a plateau
corresponding to an elastic-plastic transition is recorded on
the P(h) curve. At the onset of the transition the average
contact pressure reached its maximum value px = 1.4 GPa
(Fig. 1), which, according to Eqg. (2), corresponds to the max-
imum shear stress T = 0.65 GPa. Young’s modulus deter-
mined in the nanoindentation experiment is 13.5 GPa and the
shear modulus is G = 5.17 GPa at v = 0.306. Knowing the
value of the shear modulus, we obtain an estimate of the
theoretical shear strength according to Frenkel [26]
Teor = G/ (2) = 0.82 GPa. For a number of reasons, this
value is considered as overestimated, and the more accepta-
ble value of the stress required for the onset of plastic flow
is }{SG [27] or for fullerite T, = 0.34 GPa. It can be seen
that the maximum shear stress in the contact at the onset of
the plastic flow is close to the average estimated value of the
theoretical shear strength of the crystal. It can be argued that
the elastic-plastic transition (the formation of a pop-in on

the penetration curve of the indenter P(h)) is caused by the
homogeneous nucleation of dislocations in the contact in
the perfect region of crystal, and not by triggering of dislo-
cation sources such as Frank—Read sources. The average
contact pressure pmean = 1.4 GPa at the moment of pop-in
formation corresponds to the maximum hardness of the
(111) plane for a given single crystal. This is the hardness
of the ideal crystal lattice of fullerite in the [111] direction.

It is seen in Table 1 that the nanohardness of fresh
fullerite depends on the indenter load. This can be consid-
ered as a manifestation of the well-known indentation size
effect (ISE) [27]. To describe the dependence of the hard-
ness of crystalline materials on the depth of indenter pene-
tration, a simple model proposed earlier [28, 29] was used
and developed in [30], which made it possible to describe
the formation of an imprint using geometrically necessary
dislocations. Within the framework of this model, it is as-
sumed that the resistance to plastic deformation is deter-
mined by the total density of statistically accumulated dis-
locations (SADs) and geometrically necessary dislocations
(GNDs) p; =p, +pg- In this case, the relationship between
the hardness and the penetration depth of the indenter is
described by the following expression [30]:

Hy h*
LI VI (L 3
o T @)

where Hyy is the hardness in the absence of GNDs, pg =0,
i.e., at h > h", when the deformation gradient under the
indenter does not affect the value of the hardness, h” is the
characteristic length which depends on the shape of the
indenter, shear modulus, and SADs density p and charac-
terizes the dependence of hardness on a depth of the in-
denter penetration.

Figure 6 shows the dependence of the hardness of a pure
fullerite crystal on the penetration depth of the indenter in
the coordinates HZ —1/h. The data have been obtained by
measuring microhardness on the fresh cleavage plane and
nanohardness on the habit plane of a fresh sample (two
points marked with arrows). Good agreement between the
experimental data and Eq. (3) is seen. The parameters of the
dependence are as follows: Hyo = 0.143 GPa, h* = 0.61 um.
The value of Hyg is within the measured values of hardness
H, at the maximum load on the indenter, and the parame-
ter h*, according to the model [30], corresponds to the av-
erage density of statistically accumulated dislocations
ps = 3:10" em™.

Thus, experiments on nanoindentation made it possible
to obtain the following important mechanical characteris-
tics of pure Cg fullerite: the average value of the elastic
modulus is 13.5 GPa, the average value of the hardness is
0.17 GPa at a load of 10 mN, the hardness of the ideal crys-
tal lattice is 1.4 GPa, and the shear strength is 0.65 GPa —
the stress required for homogeneous initiation of slip in
a defect-free lattice, which is comparable to the theoretical
strength of an ideal lattice. The dependence of the hardness
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1/h, umfl

Fig. 6. The dependence of hardness on the indenter penetration
depth according to the Eq. (3). The (111) indentation plane is ob-
tained by cleavage of pure fullerite single crystal. Nanoindentation
data at loads of 1 and 10 mN are indicated with arrows.

of a pure fullerite single crystal on the indenter load can be
described within the framework of the model of geometri-
cally necessary dislocations [30]. The average values of na-
nohardness (the depth of indenter penetration 1.4 um) and
microhardness (the depth of indenter penetration 17 um) as
the mechanical characteristics of the surface layer and
the volume of the crystal are close in magnitude.

4.2. Hardening of fullerite with gas impurities

An increase in the hardness and elastic modulus of ful-
lerite as a result of the absorption of gaseous impurities can
be caused by a number of factors, namely, a change in
the forces of intermolecular interaction, the formation of
a wide range of potential barriers to the motion of disloca-
tions, an increase in the density of dislocations due to re-
laxation of stresses in regions with high values of the con-
centration gradient of absorbed molecules, blocking of
dislocations as a result of the formation of Cottrell atmos-
pheres. Chemical interaction of impurities with Cgy mole-
cules is also possible, including the formation of polymer
bonds.

The change in the mechanical properties of fullerite
crystals was especially pronounced at the hydrogen satura-
tion under conditions of elevated temperature and pressure.
Such crystals had high values of micro- and nanohardness
and elastic modulus. The long-time saturation of crystals in
such conditions led to their destruction without the applica-
tion of external efforts. This is evidently associated with
the formation of a significant gradient of hydrogen concen-
tration and, accordingly, with an increase in the lattice pa-
rameter in the surface layer which resulted in the formation
of internal tensile stresses, the initiation and development
of cracks. Nanoindentation of samples that retained their
integrity upon hydrogen saturation led to the formation of
cracks along cleavage planes near the indentation even at
low loads.

High values of the microhardness of the Cgo(H,), solid so-
lution persisted in the low temperature range of 77-300 K [9].
Hydrogen saturation led to a significant change in the tem-
perature dependences of the microhardness and the crystal
lattice parameter, especially in the region of the FCC — SC
phase transition. The transition temperature decreased by
about 30 K, and the transition became strongly extended
in temperature. The data on the value of the hardness and
the dependence Hy(T) indicate a significant change in the
intermolecular binding forces and the nature of the disloca-
tion-orientation interaction in the Cgo(Hy)y crystal in com-
parison with the pure Cg, fullerite crystal.

The hardening of fullerite crystals is an important but
not the only effect that was observed during intercalation
of gas impurities. As shown in Sec. 3, the nanoindentation
diagrams of a crystal saturated with hydrogen or environ-
mental molecules (mainly O, and N,) and a pure fullerite
crystal differ significantly. The indenter penetration curves
P(h) do not show signs of slip initiation at low loads in the
form of pop-in, as that is in case of indentation of a pure
fullerite crystal (Fig. 1).

Let us consider the diagrams P(h) and ppean(h) recorded
during nanoindentation of the Cgo(Hy), crystal. As seen in
[Fig. 2(a)] the diagrams of the initial deformation piece of
pure and hydrogen-saturated fullerite crystals coincide up
to a load of ~ 0.02 mN and to an indenter displacement of
~ 15 nm. In a pure fullerite crystal after these values of P;
and h a pop-in appeared on the P(h) diagram and the de-
formation under the indenter assumed an elastic-plastic
character. The first noticeable abrupt increase in the pene-
tration depth and a decrease in the ACP [Fig. 2(b)] during
nanoindentation of the Cgo(Hy), crystal was observed at
higher values of the load and the penetration depth. In this
case, the average contact pressure reached the maximum
value pmax=1.35 GPa [Fig. 2(b)], which according to
Eq. (2) corresponds to the maximum shear stress
Tmax =~ 0.63 GPa provided that the Poisson’s ratio has the
same value v = 0.306. However, the initial elastic piece as
can be seen in the Fig. 2(b) ended before the onset of de-
veloped plastic deformation in the contact, and the corre-
sponding value of the ACP is equal to ~ 1 GPa = 0.8 Prax
(see the thick arrow) . Then we have the value of the max-
imum shear stress t.x = 0.46 GPa. Based on the average
value of the elastic modulus E ~ 20.4 GPa (Table 2), we
obtain the value of the shear modulus G = 7.81 GPa and,
accordingly, the theoretical shear stress Two = G/21 =
=1.24 GPa [26] Or Teor = %5G = 0.52 GPa [27]. Although
the value of 1., at transition to an elastic-plastic flow dif-
fers little from the estimate of 1y [27], it can hardly be
unambiguously asserted that it corresponds to the stress of
nucleation of dislocations in the ideal lattice of a Cgo(Hy)x
crystal which has many structural defects of impurity (hyd-
rogen and its complexes) and dislocation nature.

The distinctive features of the indenter penetration dia-
grams for crystals that have absorbed gas impurities from
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the environment are described in detail in Sec. 3. The tran-
sition between the initial elastic piece of deformation and
subsequent plastic flow was carried out smoothly, without
pop-in appearing in the loading curve. The onset of the
plastic flow of the material under the indenter could be
revealed only from the sharp change in the pmean(h) depen-
dence; in this case, pmean reached a value of 0.2-0.6 GPa
which is significantly less than in a pure fullerite crystal.
Such pmean Values do not correspond to the onset of slip in
an ideal lattice. An increase in the zone of constrained plas-
tic deformation of the crystal surrounded by an elastically
deformed material with a further increase in the load on the
indenter occurred with hardening. The average values of
hardness and elastic modulus both in the Cgo(H,), crystal
and in the samples intercalated with the molecules of the
environment were higher than in the pure fullerite crystal.

The absence of pop-in in the loading curves was noted
by the authors of [31] at nanoindentation of a n-ng cBN
polycrystal (near-nanograined cubic boron nitride the struc-
ture of which is close to nanocrystalline). Additional expe-
riments showed that, in this case, in the initial loading
piece in the contact zone elastic penetration of the indenter
occurred, and then a gradual transition from elastic defor-
mation to the stage of developed plasticity occurred.

A detailed study of the features of the elastic-plastic tran-
sition during nanoindentation of a pure iron polycrystal [32]
made it possible to establish that the pop-in phenomenon is
influenced by the density of dislocations, grain boundaries,
interstitial atoms, and surface defects.

The data on nanoindentation of a fullerite crystal have
shown that even a small number of interstitial molecules
absorbed from the environment can lead not only to the
hardening of the surface layer and the absence of pop-in at
low loads, but also to the appearance of significant plat-
eaus of ~50 nm in the loading diagrams at a higher load
and a greater depth of penetration of the indenter (Fig. 5)
than in a pure crystal (Fig. 1).

5. Conclusion

In this work, the mechanical properties of single crys-
tals of fullerite Cgo have been studied by the nanoinden-
tation. The following results were obtained. For a pure crys-
tal, the average value of the elastic modulus is 13.5 GPa,
the average value of the hardness is 0.17 GPa, the hardness
of the ideal crystal lattice is 1.4 GPa, and the shear stress is
0.65 GPa — the stress comparable to the theoretical strength
of the ideal lattice (G /(2m) > tmax > %5G), i. €., necessary
for the homogeneous nucleation of slip in a defect-free crys-
tal. The dependence of the hardness on the indenter load can
be described within the framework of the model of geomet-
rically necessary dislocations. The average values of nano-
hardness at an indenter penetration depth of 1.4 um and
microhardness at an indenter penetration depth of 17 um, as
the mechanical characteristics of the surface layer and the
crystal volume, are similar in magnitude. The absorption of
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the gas impurities led to the hardening of the crystal which
resulted in increase of elastic modulus and hardness.

In the case of a high hydrogen concentration, the crystal
exhibited brittle behavior: even at low loads, cracks ap-
peared along the cleavage planes. The noted absence of
pop-in in the P(h) curves at low loads is associated with
a high density of dislocations (notably in a Cgo(H,), crystal)
and with presence of interstitial impurities. The transition
from the initial elastic deformation to the subsequent plastic
flow occurred smoothly, without an abrupt increase in the
penetration depth of the indenter. During nanoindentation
of crystals that had contact with the air atmosphere, signifi-
cant plateaus were observed at increased loads and large
indentation depths. These facts indicate a high sensitivity
of the mechanical behavior of Cg, fullerite single crystals
to presence of structural defects — dislocations and inter-
stitial gas impurities. Long-term storage of the grown crys-
tals in evacuated and sealed ampoules led to a change in
their physical-mechanical properties.
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HaHoiHAEHTYBaHHA YNCTUX Ta HaCUYEHUX ra30BUMHU
JAoMiwkamu kpuctanis coyneputy Cep:
NPY>KHO-NNAacTUYHUA Nepexia, TBepAiCTb,
MOZYMb NPYXHOCTI

C. M. Oy6, I'. M. Tonmayosa, C. B. JlybeHeup,
J1. C. ®domeHko, I'. B. PycakoBa

BuBYCHO MpPYyXXHO-IUIACTUYHHUIT HepeXi y pa3i HAHOIHACHTY-
BanHs wiomuHK (111) kpucrana uncroro ¢ynepury Cgo. [louaTox
miactuaHoi nedopmarii Marepianmy mif iHEeHTOpoM (ikcyBamm
3a MOSIBOIO IUIATO HA MOYATKOBIM CTajii KPHBOI HaBaHTAXKCHHS.
BcTaHOBIIEHO, 1[0 HANPYKEHHS MMOYaTKy IUIACTHYHOCTI BiIIOBI-
JIa€ BEIUYMHI TEOPETUYHOrO HAINPYKEHHS 3CYBY, HEOOXiHOTO
JUIsL TOMOT€HHOT'O 3apOJUKCHHs AUCIIOKAliil B ifeanbHiil Kpucra-
miuniii rpatui Cgp. OZiepikaHO eMImipu4Hi 3HAUYCHHS MOAYJIS IpY-
sxkHocti E =~ 13,5 I'Tla, TBeprocTi ineanbHOi KPUCTANIIYHOT IPATKH
H=~1,4'Tla Ta TBepAOCTi NPHU Pi3HMX HABAHTAXKCHHSIX HA IHICH-
TOp. 3aJICKHICTh TBEPJOCTI BiJ HABAHTAXKCHHS BIIIOBiIAE MOJEINI
TeOMETPHYHO HeoOXinuux auciokaniid. Ha dopmy miarpam HaBaH-
TaXXEHHS 1 3aJIeXHICTh KOHTAKTHOTO TUCKY BiJ{ TJIMOWHH IHICHTY-
BaHHS CWJIbHO BIUIMBAE HASBHICTh y KPHCTANi ra30BUX JOMIIIOK
MIPOHHUKHEHHS (BOJHIO, KHCHIO, a30TY); HAIIPY)XCHHS IIEPEX0.y 110
IUIACTHYHOCT] 3HAYHO MeHIle, (GOPMyBaHHS CXOIMHOK CIIOCTEpi-
rajoch IpU MiJBHUINECHUX HANPYKEHHSIX 1 OUIBIIMX TIIMOMHAX
NPOHUKHEHHS 1HICHTOpA Y MOPIiBHSHHI 3 YUCTUM KpHcTaitoM Cgy.
Jli1st KpucTaiiB, HACHYCHUX BOJHEM, OJICpPIKaHO MiJBUILCHI BEJH-
yuHE Moayis mpyxHocti ~ 20,4 I'Tla ta tBepmocti ~ 1,1 I'Tla.
JlocTipkeHHS. TIPOBECHO MIPU KIMHATHIM TeMIepaTypi Ha KpHC-
tanax Cgp 3 TPAHELEHTPOBAHOIO KPUCTAIIYHOIO IPATKOIO (BHCO-
KoTemIieparypHa (asa), ane Horo pesyJabTaTH MarTh BaKJIUBE
3HAYCHHs ISl ONUCY (Di3MKO-MEXaHIYHUX BIIACTHBOCTEH HHU3BKO-
temreparypHol ¢asu Cgy (IpocTa KyOiuHa Ipatka) Hmkde 260 K
(C. B. JIy6ener, JI. C. ®omenxo, B. JI. Haiuk, A. B. Pycaxosa,
@HT 45, 3 (2019) [Low Temp. Phys. 45, 1 (2019)]).

KirouoBi cnosa: MoHOKpHcTanu (yneputy Cegp, HAHOIHICHTYBaHHS,
MIPY’KHO-TUIACTUYHUH TIepexil, 3apopKEeHHs JIuc-
JIOKaLil, TeOpeTHYHE HANPYXKEHHS Ha 3CYB, MO-
JIEKYJSIPHI TOMIIIKY IPOHUKHEHHS.
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