https://doi.org/10.46813/2021-132-100

UDC 621.762

THE INVESTIGATIONS OF A PECULIARITIES OF PYROCARBON
GAS PHASE DENSIFICATION OF POWDERS OF THE CATALYTIC
CARBON FORMATIONS (CCFs), OBTAINED ON NICKEL

S.G. Fursov, V.V. Guida, S.A. Lyashenko, M.V. Meltyukhov, O.S. Aulova
National Science Center “Kharkov Institute of Physics and Technology”,
Kharkiv, Ukraine

E-mail: igor@kipt.kharkov.ua; tel./fax +38(057)335-39-83

Investigations on gas-phase densification of the catalytic carbon formations (CCFs), obtained on nickel, using
the method of radially driven pyrolysis zone were carried out. Straight dependence of the brittle strength of the
CCFs, bonded with pyrocarbon (CCFBPyC), from the CCFs morphology, was shown. It was determined, that the
result of decreasing of an amount of fibrous, fine-grained CCFs component is the increasing of strength of the pyro-
carbon matrix . For the first time, carbon/carbon composite materials (CCCM ) without cracks, which contain re-
fined or not-refined from nickel, carbon nanomaterials (CNM), were obtained.

INTRODUCTION

Discovering of fullerenes in 1985 [1] and developing
the technology of obtaining them in macroscopic
amounts had initiated a systematic research of carbon
surface structures: fullerens, single-walled (SWNT) and
multi-walled (MWNT) carbon nanotubes, carbon nano-
fibers (CNF) and carbon nanomaterials (CNM), which
include these structures, amorphous carbon or graphite.
Many methods of producing SWNTs can be combined
into 2 groups: sublimation — desublimation of graphite
and catalytic pyrolysis of gaseous (the so-called CVD
process), liquid and solid hydrocarbons and aqueous so-
lutions [2-4]. In the National Science Center Kharkov
Institute of Physics and Technology (NSC KIPT) the
first experiments on the synthesis of SWNTs by the
CVD method were carried out in 1982-1987 [5], at a
gas-phase installation “AGAT-1.6”. Later on, the nu-
merous studies of the methods of obtaining, properties
and areas of practical application of SWNTs and CNM,
based on them, were carried out on the installations
AGAT-1.6, AGAT-2.0, AGAT-3.2 [6-9]. Almost all
SWNTs described in the literature are covered at both
ends by catalyst and CNM particles. Cleaning the tubes
from catalysts and impurities and opening their cavity is
carried out by various oxidizing methods. CNM, ob-
tained in NSC KIPT by the catalytic pyrolysis of me-
thane or propane-butane on the transition metals—Fe,
Co, Ni, in the temperature range 600...800 °C, using
CCEFs, as a carrier, in most of the cases were not cleaned
and were not opened. Therefore, they are conglomerates
of entangled MWNTs and 30...40 wt.% of the soot,
with catalyst particles encapsulated in them [10]. In the
NSC KIPT, these conglomerates were named catalytic
carbon formations — CCFs. When they are ground, a
black powder with particles of irregular shape, mainly
fibrous and acicular, with a large (up to 40 wt.%) frac-
tion of less than 50 pm, is formed. An analogue of this
CCFs is the material “Taunit” produced by “Nano-
TechCenter Ltd”, Tambov [11, 12]. It is a black powder
of CNT agglomerates with the dimensions of
40...60 um, bulk density 0.42...0.45 g/cm® and pycno-
metric density — 1.6 g/cm®. It is obtained by the CVD
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method, in propane-butane, at T = 650 °C, in a vertical
cyclic reactor on a NiO-MgO catalyst, with purification
in 30% HNOj solution and ultra-sonic dispersion in dis-
tilled water. The CCFs and “Taunit” microstructures are
shown in Fig. 1.

Fig. 1. Micrographs of materials: a — CCFs NSC KIPT,
scale division — 10 um; b — “Taunit”

Earlier, including within the framework of STCU
projects No 293, 1870, a number of experiments were
carried out on the deposition of pyrocarbon (PyC) from
methane or propane-butane, both on mixtures of graph-
ite powders with Ni, Co, Fe, and on CCFs containing
these metals. When obtaining a carbon-carbon compo-
site material (CCCM), in the form of CCFs bonded with
PyC (CCFBPyC), both isothermal and thermogradient
densification with pyrocarbon, by the method of radially
driven pyrolysis zone, was used.

Heating of the CCFs in the experiments, conducted
by this method, was carried out either by the heaters or
by the direct passing of an alternate current through the
CCFs. In the experiments, various technological meth-
ods were used to prevent cracking of the CCFBPC. In
the most of the cases, a material without cracks, chips
and ruptures was not obtained, due to its brittle fracture—
Fig. 2.

No single mechanism of destruction of the CCFBPC
had been identified. It was assumed that the main reason
is the swelling of the material, not hardened by PyC,
due to the formation of CCFs in it, at temperatures



above 600 °C. The reasons for the destruction could also
be:

— fibrous structure of CCF powders, which promotes
their agglomeration (including forming of an anisotropic
structures), during blanks moulding;

— the difference of the coefficients of linear thermal
expansion (CLTE) of the CCFs, CCFBPyC and materi-
als involved in the process of densification of the CCFs
with PyC: graphite, PyC, graphite bonded with pyrocar-
bon (GBPyC), ashestos cloth, densificated with PyC,
Mo or CCCM heater (Fig. 2), etc.;

— decrease of the quantitative yield of PyC in the py-
rolysis zone (up to the formation of the soot) from a
mixture of methane and hydrogen, formed during catal-
ysis [13] and, as a consequence, a decrease in the
strength of the CCFBPYC;

— adsorption of hydrogen on the catalyst and CCFs
[14], with the possible formation of closed gas inclu-
sions, which, as in the case of hydrogen embrittlement
of metals, can be detonators of destruction, when inter-
nal and external mechanical and thermal stresses appear.

a
Fig. 2. The nature of cracking in CCFBPYC:
a — with Mo heater; b — with CCCM heater

The aim of this study was to obtain CCCM
CCFBPyC without cracks, by direct passage of alternate
current through the CCFs, for further research and prac-
tical application.

EXPERIMENTAL PROCEDURE

The CCFs powders were obtained by their produc-
tion on Ni powder, with a specific surface of 0.8 m?/g,
at T = 800 °C, in a methane medium. The production of
CCFs was carried out in an AGAT-3.2 unit, in a “shaft
furnace” ShF [9]. As a catalyst carrier, the CCFs were
used themselves. Powders were ground manually to a
fraction of less than 315 um.

In the experiments were used CCFs powders from
the processes ShF-10, ShF-13, ShF-16, with the receipt
time: 59, 64 and 61 h, pycnometric density ppcn: 2.14,
2.09, and 2.04 g/cm?, concentration of Ni (Cni ) —3.00;
2.47; 1.64 wt.%, respectively, and Ni-free powder from
the process ShF-16 — ShF-16R, with ppcy = 1.97 glem?,
CNi=0.03wWt.% (exp. 3), ppcn = 1.96 glcm®, Cni =
0.0122 wt.%. (exp. 4) — Table 1. Removal of Ni from
ShP-16 was carried out by thermal refining in a vacuum

of 10° atm, in CCCM tooling [15], at 7 = 2650 °C, dur-
ing the 0.5 h.

Cni in CCFs was determined by its ash content, pro-
ceeding from the Ni content in NiO = 78.58 wt.%. The
ash content was determined after the oxidation of CCFs
in air, at T =900 °C, during the 54...56 h.

The main characteristics of “filler — binder” systems
are the particle size distribution and their surface area.
The size distribution of the CCFs particles was meas-
ured by sieve analysis, on a vibrating sieve “029”, ac-
cording to a standard technique. During the analyzes, it
was found that the fractions of CCFs less than 200 um
are agglomerated. The maximum size at which self-
destruction of the CCFs agglomerates did not occur was
~ 100 um (see Table 1), which is consistent with the re-
sults of [16]. Therefore, to prevent agglomeration, frac-
tions of CCFs less than 200 um were sieved by hand,
with loading 10 duralumin nuts M10, into each sieve
with CCFs (see index n, Table 1). The size distribution
of the agglomerated CCFs, in the powder prepared for
densification with PyC, could be determined only by the
BET method. Due to the lack of equipment for its pro-
duction, this characteristic of the powder was not de-
termined. For the same reason and also because of the
lack of information about the effect of the specific sur-
face area on the mechanical properties of the
CCFBPyC, its measurement was not planned before the
experiments. Instead, for a comparative assessment of
the CCFs powders, the density of their “free” packing —
peree, the density after compaction — pcomp and pyc-
nometric density — ppcy (determined according to the
standard method in kerosene) were measured by the
well-known standard methods (see Table 1).

To load the powders, containers were made in the
form of single-layer shells of AT-3 asbestos cloth (exps.
1-3) and carbon fabric URAL-T-22 (exps. 4-5), im-
pregnated with 50% water solution of PVA, with a bot-
tom fixed in them. The top of the container was closed
with a lid on a loose fit. The bottom and the cover were
made of graphite EG-0 (exps. 1-4) and GBPyC-EG-0
(exp. 5), with conical current concentrators in CCFs,
@ 20x10 mm. Current concentrators were used to facili-
tate the formation of a central electrically conductive
cord in the blank, in the initial period of its PyC densifi-
cation. In the middle of the shell, a paper cup for the
TCA quartz cover was fixed (Fig. 3). The blanks were
molded by vibration densification of dry CCF powder,
got filled into a container without a lid, on an 1V-107
vibration stand, during the 5 min, in a place with a max-
imum vibration amplitude — in exps. 1-3 and strictly in
the center — in exps. 4-5. The lid was installed in the
container before the end of its compaction on the vibra-
tion stand. Densification of CCFs with pyrocarbon was
carried out in a gas-phase unit AGAT-1.6, in a methane
medium with an overpressure of 300 mm w.c., by the
method of radially driven pyrolysis zone, with direct
passage of alternate current through the CCFs and the
following parameters: the speed of the pyrolysis zone:
vpz = 2 mm/h (exp. 1) and 0.5 mm/h (exps. 2-5), the
temperature in the pyrolysis zone: Tpz = 900 °C. At the
beginning, middle and end of the process, the tempera-
ture distribution along the container radius was meas-
ured, with the calculation of the temperature gradient



AT. In the middle of the process, to increase the densifi- Cooling of the container in the exps. 1, 2 — unregu-
cation time and the final density of the CCFBPyC, a lated, with speeds — 7000 and 1020 °C/h, in exps. 3-5 —
thermocouple (TCA) was pushed into the pyrolysis adjustable, with speed 150 °C/h. Mechanical processing
zone with Tpz = 950 °C (exps. 3-5). of the CCFBPyC was carried out on a 1K62 lathe.

Table 1
CCFs, CCFBPyC parameters in experiments 1-5

Experiment No

1 2 3 4 5
Brand of EG-0,
ShP-10 ShP-13 ShP-16R ShP-16R ShP-16 exps.
powder 45
. 50-315 | 0-315 | 50-315 50-200
Fraction, pm 0-315 um 0-315 pm 0-315 pm um um um 0-315 um um
u— > 630
g 200-630 0.0 0.0 0.0 0.0 0.0 0.0 0.0
;f§ . 315400 |00 |O0.1 02 |01 0.1 0.1 11 0.1 0.3 0.1 0.0 0.0
[%2)
é‘ S 200-315 214 22II:].3 21.5 22n.6 21.0 2(r)].3 29.0 310 | 205 1?].9 3.8
S-S
ci; % 100-200 247 | 244 | 25.2 | 27.1 26.5 25.5 37.1 66.4 36.7 | 279 | 272 | 454
g 9 n n n n
2 316 | 14.0 | 22.1 | 13.3 15.3 10.9 27.0 286 | 305 116 | 383
§ | 50-100
S n n n n
L <50 22.3 | 40.2 | 31.0 | 36.9 37.1 43.2 5.8 335 34 209 | 413 | 125
. 0.0122 1.79
. 0,
Chi, Weigt % 3.00 247 0.03 (0.021<50 um) 1.64 (1.9<50 um)
receiving t, h 59 64 61 and 0.5 h, at 7 = 2650 °C
oxidation t, h 54 54 54 56 | - 56 | 54 -
3 1.96 2.04
ppcny @/Cm 2.14 2.09 197 0_Esci)-o,m (1.98<50 um) (2.06<50 um)
prrees g/em’® 0.37 0.46 0.53 S 0.52
pcowe, a/cm’® 0.47 0.60 0.68 | 0.64 | 0.63 0.59 0.78
O | pesp, g/cm’ 1.38 1.63 1.70 1.74 | 1.66 1.66
g pren, g/em® 1.63 1.77 1.76 1.94 | 1.81 - 1.82 -
o) Porosity, % 14.6 8.0 3.5 10.4 8.1 8.8 a
O | 5,PyC,um | 05-1.0 3-5 05-10 | — | 7-30 7-30

L L 1, 7 — Supports, EG-0;

‘ current lead J currehnt lead 2, 5— Current concentrators:
- exps. 1-4 — EG-0;
exp. 5 — GBPyc- EG-0;
3 —Shell:
exps. 1-3 - AT-3;
exps. 4-5 — URAL-T-22;
4 —CFs, @ 70 mm,
exp. 1 — ShP-10;
exp. 2 — ShP-13;
exps. 3, 4 — ShP-16R;
exp. 5 — ShP-16;
6 — Shell retainer;
8 — Thermal insulation of the sup-
ports, AT-3;
9 — Screen AT-3, 1 layer;
10 — Buffer, @ 70 mm, EG-0,
exp. 3-0...50 um;
exps. 4-5-50...200 pm

currelht lead

i i
| |
a b
Fig. 3. Shemes of experiments: a — 1-8 —exp. 1; 1-9 — exp. 2; 1-10 — exp. 3; b — exps. 4-5

Densities (peep, prcn) and open porosity (P) of  microstructure of CCF and thin sections of CCFBPyC
CCFBPyC was measured by the hydrostatic method, af-  were analyzed on microscopes MBS-10 and MMR-4.
ter boiling in water for 4 h (see Table 1). CCFBPyC pol-  The phase composition of CCF was investigated by
ished sections were made on a grinding machine. The




X-ray structural analysis (diffractometer DRON-1.5,
CuKo radiation, Ni filter) [2].

RESULTS AND DISCUSSION
OF EXPERIMENTS

Due to the limited amount of starting material and
the unidentified mechanism of destruction of the
CCFBPyC, 5 consecutive experiments were carried out
with the analysis of the results and the adjustment of the
conditions for their conduct after each experiment.

EXPERIMENT 1

In experiment 1 (see Fig. 3,a), powder from the
ShP-10 process was used. The parameters of the CCFs
and CCFBPyC are given in Table 1.
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Fig. 4. Cracks at the ends of the container
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Fig. 5. Density distribution along the container
radius: 1 — CCFs ShP-10, vy, = 2 mm/h;
2-EG-0,0...200 um, v,,= 0,5 mm/h

PyC densification was carried out according to the

mode: Tpz = 900 °C, Vpz = 2 mm/h. A high vpz was set
to prevent the breakage of the blank by the formed
CCFs. When measuring the temperature distribution
along the radius (R) of the container, with the radius of
the pyrolysis zone (Rpz) equal to 35 mm, the blank,
within 10 minutes, underwent a thermal shock:
900...700...900 °C, in a compressed state, with rates of
decrease/growth 7—2400°C/h on the surface and
6000 °C/h — in the center. The blank was cooled at a rate
of ~ 7000 °C/h.

After turning the container, symmetrical cracks were
found at its ends adjacent to the current concentrators of
the bottom and lid (Fig. 4). The cracks are obviously the
result of thermal shock and abrupt cooling of the blank.

The distribution of density along the radius of the
CCFBPyC in the section at the middle of the container
height is given in Fig. 5. The low density in the range of
radii 10...20 mm is due to the premature blocking of the

transport porosity of the CCFs both the PyC, at high vp;
and T > 860 °C and the CCFs, at T <860 °C. High tem-
perature gradients AT at the beginning of densification
(curve 3, Fig. 6, Table 2) are determined by the pres-
ence of up to 40 wt.% of low-heat conductive soot [10]
and their low packing density — 0.47 g/cm?®. This density
is due to the high content of a finely dispersed fibrous
fraction (40 wt.% < 50 um, see Table 1) and anisotropic
stacking of CCF agglomerates, when forming the blank
on the vibrating stand (exp. 3, Fig. 8,f). Comparison of
the temperature distribution in the CCFs and in ana-
logues of its structural components — soot and finely
dispersed hammer pyrocarbon, which forms an aniso-
tropic packing during molding (curves 2 and 1, Fig. 6),
allows us to consider this assumption quite justified.

EXPERIMENT 2
High temperature gradients in exp. 1, due to the both

high vpz and low thermal conductivity of the CCFs, led
to an uneven distribution of the density of the
CCFBPyC along the radius of the container.

1200 ‘\ Tpz =900 °C
o \ Rpz=5mm
[ 1-PyC,
1000 p comp = 0.73 g/em®
2 — Soot,
800 Pcomp = 0.62 g/cm3
3 — CCFs,
Pcomp = 0.47 g/CI’T‘l3
600 Rpz =17 mm
4 — CCFs
Rpz=35mm
400 R mm 5 CCFs
0 10 20 30 40
Fig. 6. Temperature distribution (T)
along the container radius (R) in exp.1
Table 2
Temperature gradients in experiment 1
CUrVe sz, R’ mm
No mm 1015120 | 25| 30 | 35
1 AT, |12 | 16 | 18 | 22| 26 | 16
2 °C/'| 6 | 8 |14 |18| 20 | 24
3 5 MM 9 14 195 | 22
4 17 11|13 |20 (21| 27 | 27
5 35 - 19| 22 | 30

Therefore, in exp. 2, in order to prevent premature
blocking of the transport porosity, it was decided to re-
duce the values of technological parameters responsible
for the high rate of temperature rise in the zone of car-
bon formation — AT and vpz. A decrease in AT expands
the zone of carbon deposition, but earlier starts the pro-
cess of self-deactivation of the catalyst and reduces the
yield of CCFs in the volume of the blank. The blocking
of transport porosity occurs, therefore, later. This con-
tributes to an increase in the thickness of the PyC layer
and an increase in the strength of CCCM. To reduce AT,
a screen 9 of 1 layer of asbestos cloth AT-3 was in-



stalled in 25...30 mm from the surface of the container

(see Fig. 3,a). vpz was reduced to 0.5 mm/h, taking into
account the uniform distribution of density along the ra-
dius of the container, after densification of EG-0 graph-
ite powder, fraction 0...200 um, at this rate — dashed
curve 2, Fig. 5.

CCFs ShP-10 were replaced by CCFs ShP-13, be-
cause their mass was enough to carry out at least 2 ex-
periments. The parameters of the CCFs and CCFBPyC
are given in Table 1.

The PyC densification was carried out according to

the mode: Tpz = 900 °C, vpz = 0.5 mm/h. The pyrolysis
zone was “pulled” by 3 mm beyond the outer surface of
the CCFs (R = 38 mm). At this point, the heating of the
blank was inadvertently turned off and then turned on.
The billet was cooled from 900 to 300 °C at a rate of
1200 °C/h and heated, in a compressed state, to 900 °C
at a rate of 3000 °C/h, with the following rising of the T,
at this point, from 900 to 1050 °C, for 10 h. This result-
ed in a significant PyC densification of the asbestos
shell of the container. The billet was cooled from 1050
to 150 °C at a speed of 1020...450 °C/h.

After being removed from the pyrolysis chamber,
the container was intact. A day later, a vertical crack
appeared along the entire height. After turning to
@ 67 mm, at the ends adjacent to the current concentra-
tors, the same cracks were found as in the experiment 1
(see Fig. 4), on the outer surface — a network of longitu-
dinal and transverse cracks (Fig. 7). Longitudinal cracks

B A
a

and cracks on current concentrators are the result of
thermal shock. Transverse cracks were formed due to
the difference between the CLTEs of the CCFBPyC and
the shell of the container, significantly densified with
PyC.

Fig. 7 Cracks in the
CCFBPyC, ShP-13

There was no decrease in AT when installing the
screen and increasing pcomp Of CCFs from 0.47 to
0.60 g/cm® (Fig. 10, exp. 4, curves 1 and 2). This is
most likely due to the lower heat conductivity of the
CCFs ShP-13, compared to the CCFs ShP-10, because
of the longer time of its production (64 and 59 h) and
the higher soot content.

Fig. 8. The nature of the destruction of CCFBPyC based on thermally refined CCFs ShP-16R (exp. 3):
a — the diameter of the compacted PyC billet is 75 mm; b — f — the diameters of the component parts of the billet,
after turning are equal to 67 mm

a—EG-0<50um

b - CCFs <50 um

c—CCFs0...315 um

Fig. 9. The general view of graphite powder (a) and CCFs (b, c)



EXPERIMENT 3

According to literature data [2], annealing of CNTs
in vacuum already at 1500...1800 °C cleans them of the
catalyst and impurities and improves the structure. In
this connection, in experiment 3, the CCFs from the
process ShP-16, purified from Ni by thermal refining in
a vacuum of 107 atm, at 2650 °C, for 0.5 h [15] — ShP-
16R, were used. The parameters of the CCFs and
CCFBPyC are given in Table 1.

When preparing the exp. 3 surface cracking in the
blank of the exp. 2 had not yet been identified. There-
fore, to obtain the results comparable with exp. 2, the
blank was molded in an ashestos shell 3 and screen 9
was installed (see Fig. 3,a). The CCFs was not enough
to fill the whole container, therefore, buffer 10 of EG-0
powder, with fraction 0...50 um was filled and shaken
under the lid (see Fig. 3,a).

PyC densification was carried out according to the
mode: Tpz=900°C, Vpz=05mm/h. At Rpz=
22.5 mm, a thermocouple (TCA) was introduced into
Rpz = 15.5 mm, with Tp; = 950 °C. Further, at Rp; =
18 mm, in the case of emergency shutdown of the in-
stallation, the container was cooled from 950 to 300 °C
with the velocity = 1300 °C/h, with its subsequent heat-
ing to 950 °C, with the velocity =3900 °C/h. Cooling
was adjustable, with the velocity = 150 °C/h. The blank,
removed from the pyrolysis chamber, divided into 2
parts (cm. Fig. 8,a), due to the thermal shock, in a com-
pressed state, at Rpz = 18 mm.

The experiments were stopped to analyze the causes
of the destruction. The following studies were carried
out:

1. A workpiece with @ 75 mm was turned on a lathe
to © 67 mm, cut into component parts and photographed
(see Fig. 8).

Above the bottom current concentrator, the same
cracks were found as in the experiment 2 (see Fig. 8,b),
with their transition into the workpiece (see Fig. 8,c).
Delamination and cracks were found in the CCFBPyC,
at the junction with the GBPyC-EG-0, with their transi-
tion to the GBPyC (see Fig. 8,d). There were no cracks
in the GBPYC-EG-0 buffer, under the current concentra-
tor (see Fig. 8,e). The fracture surface of the CCFBPyC
obviously repeats the structure of the CCFs stacking,
which was formed on a vibration stand, with the orienta-
tion of the particles perpendicular to the workpiece axis
(see Fig. 8,f). The opalescent fracture surface indicates
about the separation of the CCFBPyC along the grain
boundaries, that, most likely, can occur with a small
thickness of the PyC layer at these boundaries. Destruc-
tion of the workpiece in the exp. 3 (and the workpiece
shown in Fig. 2,b) happened in the middle of the pro-
cess, and not at the end, as in exps. 1, 2. The cracks in it
should have been filled with either the soot, densified
with PyC, or PyC. This, however, did not happened and,
quite possible, due to the composition of the gas medi-
um (excess of hydrogen) both in the volume of cracks
and in the transport porosity of the CCFs, namely:

— excess hydrogen in cracks can be formed due to its
flow from the pyrolysis zone into the volume of cracks;

— the entangled, finely dispersed structure of the
CCFs can hinder the diffusion of methane into the py-
rolysis zone both during the formation of the CCFs and
its gas-phase densification with PyC, forming a gaseous
medium with an excess of hydrogen, the inhibitory ef-
fect of which on the formation of PyC is given by
P.A. Tesner in the monograph [13]. Indirect confirma-
tion of difficult diffusion of methane can be:

— during the formation of CCF — 30...40 wt.% soot
in the composition of CCFs [10];

— during gas-phase densification PyC — data of the
RF patent No. RU 2568733 [17], according to which in
a frame with a density of 0.6...0.65 g/lcm®, based on
low-modulus carbon fibers, it is impossible to ensure a
content of catalytically deposited carbon of more than
4.2 wt.%, since with an increase of its content, the diffu-
sion rate of carbon-containing gas into the pores of the
framework sharply decreases.

2. It was found that CCFs, with fractional composi-
tion of 0...50, 0...315 um, adhere to each other, form-
ing stable slip planes (Fig. 9,b,c), which promote ag-
glomeration of CCFs into anisotropic structures, during
formation of the blanks. In graphite EG-0, such stable
planes are absent (see Fig. 9,a).

3. Microsections of the samples from the middle of
the blanks from the exps. 1-3 were made. On the sec-
tions from the exps. 2, 3, a close-packed structure of
large grains (with an average size of 200x200 pm) is
observed in a monolith of small ones, with a PyC layer
thickness at the grain boundary: 0.5...1.0 um — in exps.
1,3; 3...5 pm — in exp. 2. Closed porosity of the work-
piece from the exp. 3 is elongated along the radius (lay-
ing the CCFs perpendicular to the axis, during molding).
On the section from exp. 3, a chain of closed pores,
connected by cracks passing through the monolithic ma-
terial, was discovered. This may be the evidence that the
gas in closed pores is capable of creating internal ther-
mal stresses, leading to the destruction of the material.

4. From the theory of strength it is known that the
work of brittle fracture depends on the micro- and crys-
talline structure, test conditions and decreases with an
increase in the loading rate, the presence of stress con-
centrators. The rate of temperature rise of workpieces
compressed by current concentrators, after emergency
modes, in exps. 1-3, apparently proportional to the
loading rate, was 2000...4000 °C/h. Current concentra-
tors were, at the same time, stress concentrators. In the
workpiece (see Fig. 2,b), densified according to the
mode: sz =900 °C, Vpz = 0.33 mm/h, CNi = 2.67 VVt%,
the current concentrators were replaced by a heater
made of a bundle of URAL-NSh threads, but this at-
tempt to avoid its destruction was unsuccesfull. This
may indicate that the CCFBPyCs are destroyed under
the action of its own stresses in the structure, and stress
concentrators only promote them. Therefore, to check
the possibility of destruction of the anisotropic struc-
tures of the CCFBPyCs by internal thermal stresses,
samples from exp. 1 and 3 were subjected to thermal
shocks in methane, with different heating and cooling
rates and holding, at Texp, for 0.5 h (Table 3).



Table 3
Modes of heat treatment of CCFBPyCs samples

EXxp. Temperature [Heating rate,| Cooling rate,
No range °C/h °C/h
1 100...400 150 1500
2 30...600 1700 500
3 30...800 2900 6000...1500
4 30...1000 2530 7000

The samples did not undergo any changes, which in-
dicated that the destruction of the CCFBPyCs occurs
along the boundaries of the structural inhomogeneities
of the workpiece, under the influence of external stress-
es.

The following conclusions were made from the
analysis:

1) brittle fracture of CCFBPYCs is determined by the
morphology of CCFs, namely: agglomerates of CCFs,
linked by a fine fibrous fraction, create a specific fine-
pored structure in the workpiece, which impedes the dif-
fusion of methane into the pyrolysis zone. This structure
forms a PyC matrix with a small PyC layer thickness.
The strength of the matrix is insufficient to resist inter-
nal and external stresses. Therefore, the workpiece is
destroyed along the boundaries of structural inhomoge-
neities embedded in it during molding (see Fig. 2,b; 8,f).
In this regard, the isotropy of the CCFs moldings is fun-
damentally important. It can be provided, in particular,
by manual ramming with or without shaking the con-
tainer;

2) to increase the strength of the PyC matrix, it is
necessary to increase the thickness of the PyC layer by
increasing the transport porosity of the material. This
improves the supply of methane and the removal of
products of its decomposition from the pyrolysis zone.
This can be achieved by: reducing the bulk density of
the CCFs (manual filling without a shaker), its prelimi-
nary agglomeration with any (including PyC) binders,
the introduction of pore-forming additives (salt, sugar,
glycerin, PVA, phenol-formaldehyde resin, etc.), the se-
lection of the fractional composition, in particular, the
removal of finely dispersed CCFs nanostructures;

3) when using other methods of the densification of
CCFs with PyC: densification without a screen, de-
crease in vpz (the workpiece shown in Fig. 2,b collapsed
at vpz = 0.25 mm/h), an increase in Tpz, remains and
again forms on the catalyst, fine nanostructure of CCFs
and low-strength PyC matrix, repeating it.

It has been hypothesized that this has been the main
reason for the failure to obtain CCFBPyCs without
cracking for the present time. To test this assumption, in
exps. 4, 5, a fraction of 0...50 um, which consist mainly
of such nanostructures, was removed from the CCFs.

EXPERIMENT 4

When preparing exp. 4, the technological factors,
contributing to the brittle destruction of CCFBPyC (see
Fig. 3,b), were excluded:

— the shell container 3, @ 70 mm, formed from a
single-layer AT-3 asbestos cloth and used in exps. 1-3
was replaced with the shell container, made from a 1
layer of URAL-T-22 carbon fabric;

—a fraction of 50...315 um of powder ShP-16R, ob-
tained after deleting 0...50 um fraction of this powder
was used in the experiment. The parameters of CCFs
and CCFBPyC are given in Table 1;

— for isolation of current concentrators from CCFs,
the buffers 10 of graphite powder EG-0, fraction
50...200 pm were filled in and shaken on them;

— for comparability with the results of previous ex-
periments and for alignment of the radial and vertical
gradients T, screen 9 and supports 1, 7, @ 60x100 mm,
with increased electrical resistance, were installed, re-
spectively.

The densification of the CCFs was carried out ac-
cording to the mode: Tpz = 900 °C, vpz = 0.5 mm/h. At
Rpz = 12.5 mm, TCA was entered into Rpz = 6.5 mm,
with Tpz=950°C.

1200
(&}
= Tpz=900°C
1000 4 g S BE: 5 mm:
1-ShP-10, exp. 1;
6 2 — ShP-13, exp. 2;
3 - ShP-16R, exp. 4.
800 NS Tpp= 950 °C,
\K BE: 35 mm:
(AN 4 - ShP-16R, exp. 4;
5 — ShP-16, exp. 5.
600 >N T7=1000 °
L Rpz=35 mm:
T ] 6 — ShP-13, exp. 2
400 R
0O 10 20 30 40

Fig. 10. Temperature distribution (T)
along the container radius (R) in exps.1, 2, 4,5
Table 4
Temperature gradients in experimet 4

CKIr(;/e Rey, R, mm

mm 10 15 20 | 25 30 | 35

1 5 9 14 195 | 22
AT,

2 5 |oc/ |13 15 15 | 16
3 5 'mm| 75 9 13
4 |35 2 4 10
5 |35 3 (34| 6 11.4
6 | 35 1424326 | 8 |12

Comparison of temperature distribution and AT
(Fig. 10, Table 4) in thermo-refined and non-thermo-
refined CCFs, both at the beginning (curves 3 and 1, 2)
and at the end of the process (curves 4 and 5, 6) indi-
cates an increase in its heat conductivity, due to the re-
moval of the low-heat-conductivity fraction 0...50 um
and partial graphitization, after annealing at T=
2650 °C.

After the completion of densification and turning to
@ 67 mm, no damage was found in the workpiece
(Fig. 11). The thickness of the PyC layer in the
CCFBPyC was 7...30 um.



Fig. 11. CCFBPyC machined blanks from the exps. 4, 5

EXPERIMENT 5

Exp. 5 was carried out according to the scheme of
exp. 4 (see Fig. 3,b). In the experiment, a fraction of
50...315 um of powder ShP-16 was used, with Cy; =
1.64 wt.%. The parameters of CCFs and CCFBPyC are
given in Table 1. Additionally, to reduce the vertical
gradient T, the @ of the supports 1.7 was reduced to
50 mm, and the current concentrators 2, 5 were made of
GBPyC-EG-0, with a specific electrical resistance
2 times higher than that of the EG-0. The densification
of the CCF was carried out according to the mode:
sz =900 0C, Vpz = 0.5 mm/h. At sz =26.5 mm, TCA
was entered into Rpz = 20.5 mm, with Tpz = 950 °C. Af-
ter densification, no damage was found in the workpiece
(see Fig. 11). The thickness of the PyC layer in the
CCFBPyC was 7...30 um.

Thus, in exp. 5, it was confirmed that it is possible to
obtain a CCFBPyC without cracks on non-cleaned
CCFs. The insignificant content of Ni (1.64 wt.%) does
not allow to make an unambiguous conclusion about the
influence of the catalyst concentration in the CCFs on
the destruction of the CCFBPyC. But, most likely, there
will be no need to determine this influence, since puri-
fied CNTs and CNMs are used (and are being investi-
gated) all over the world.

Carrying out physical-mechanical and thermophysi-
cal studies of the obtained materials will make it possi-
ble to clarify the stated assumptions.

Improvement of technologies for production and
thermal refining of CNM will allow to receive at NSC
KIPT up to 300 kg of CNM and up to 50 kg of purified
CNM per month.

CONCLUSION

The conducted studies of pyrocarbon densification
of powders of catalytic carbon formations (CCFs) on Ni
showed a direct dependence of their brittle strength
from the morphology of CCFs. A decrease in the
amount of the finely dispersed fibrous component of the
CCEFs for the first time allowed to obtain CCCM blanks
without cracks, based on purified and not purified from
Ni carbon nanomaterials (CNM). It is necessary to take
into account the low thermal strength of CCCM based
on CCFs both when forming blanks and densification
with PyC, namely:

—molding of CCFs must be carried out using mate-
rials, the CLTE of which is not very different from the
CLTE of PyC (carbon fabric, GBPyC);

— current concentrators (in the case of the direct
passing of an alternate current through the CCFs) should
not come into contact with the CCFs;

— the backfill of the CCFs should be maximally iso-
tropic and gas-permeable;

— during densification, both thermal shocks and
CCFBPyC lifting/cooling rates above 200 °C/h should
be excluded. Separately, the need to reduce AT in CCFs
requires clarification.

The efficiency of the equipment developed at the
NSC KIPT for the method of vacuum-thermal refining
of carbon materials has been confirmed [15]. This
method is more environmentally friendly than chemical
cleaning. Improvement of the equipment will make it
possible to clean up to 50 kg of any CNM per month at
the NSC KIPT.
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UCCJIEJJOBAHUE OCOBEHHOCTEM YIUIOTHEHUSA MIAPOYTIJIEPOOM IIOPOIIKOB
KATAJIMTUYECKHAX OBPA3OBAHUM YIJIEPOJA (KOY) HA HUKEJIE

C.I. @ypcos, B.B. I'yiioa, C.A. Iawmenko, M.B. Menvmiwoxos, E.C. Aynoea

HccnenoBano rasodasHoe YINIOTHCHUE NMUPOYITIEPOAOM IOPOLIKOB KAaTaIMTHYECKHX 0oOpa3oBaHuil yriepona
(KOY) na Ni MeTomoM paguaibHO ABHKYIIEWCS 30HBI muponu3a. [lokasaHa mpsMasi 3aBUCHMOCTh XPYIKON IPOY-
HOCTH YIUIOTHEHHBIX mopomkoB oT Mopdonornu KOY. YcTaHOBIEHO, YTO yMEHBIICHHE KOJMYECTBA MEIKOIMC-
MEPCHOM BOJOKHUCTOH coctapistomeil KOY yBennuuBaeT mpoyHOCTh MUPOYIIIEPOJHON MaTpullsl. BrepBble nomy-
YeHbI YIJIepoa-yriiepoaHble KOMIIO3UIMOHHbIe MaTepuainsl (YYKM) Oe3 TpenyH Ha OCHOBE OYMILCHHBIX M HE OYH-
meHHBIX 0T Ni yriiepoaHsIX HaHoMaTepuanos (YHM).

JOCJIIXKEHHSI OCOBJIMBOCTEN YIIIIIBHEHHSA IIPOBYTJIELIEM ITOPOIIKIB
KATAJITUYHUX YTBOPEHHD BYTJVIEITIIO (KYB) HA HIKEJII

C.I. @ypcos, B.B. I'yiioa, C.O. JIawmenxo, M.B. Meavmioxos, O.C. Aynosa

Hocmimpkene razodasHe yUIinbHEHHS MiPOBYIJICIIEM MOPOIIKIB KaTaliTHIHUX yTBOpeHb Byriento (KYB) na Ni
3a JIOIIOMOT'OI0 METOAY 30HH IipoJIi3y, 10 pajiajJbHO pyxaeTbes. [lokazaHa mpsiMa 3aeXHICTh KPUXKOi MIIIHOCTI
YIIUIBHEHUX mopouikiB Bix Mopdonorii KYB. BeranoBneHo, 1110 3MeHIIEHHs KilbKOCTI JApiOHOAMCIIEPCHOT BOJIOK-
HHUCTOI ckianoBoi KYB 30inbmrye MiIHICTS MipOBYTIICIICBOI MaTpHIli. Briepine oTpuMaHi ByTJenb-ByTIICIIeBI KOM-
no3uniiHi Matepianu (BBKM) 6e3 TpimuH Ha OCHOBI ByrieneBux HaHomarepianiB (BHM) 3 BunaneHnM Ta HeBU-
JTAJIEHUM HiKEJIEM.
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