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This paper describes an experiment that made it possible to obtain helical
multiwalled carbon nanotubes (HMWCNTSs) with a diameter of 30—60 nm by
pyrolysis of hydrocarbons and trapping the product with a liquid seal. For the
purpose of comparative analysis, the paper also considers the synthesis of
straight multiwalled carbon nanotubes (SMWCNTSs). Such carbon nanotubes
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after preparation can be used in CJP 3D printing technology. All obtained
materials are examined using the method of transmission electron microsco-
py. The paper considers the processes of synthesis of HMWCNTs and
SMWCNTSs. An assessment of the strength characteristics of 3D products
from various composites based on them after discrete 3D printing and sinter-
ing is carried out. The conditions for the synthesis of carbon nanostructures
by the pyrolytic method are described, methods for preparing synthesis
products for their subsequent using in 3D printers of CJP, FDM, SLA, SLS
technologies are developed, and the technology for preparing mechanical
mixtures for 3D printers of CJP technology is developed. In addition, a tech-
nique for creating 3D products from composite materials is considered. The
bending strength of 3D printed ceramics reinforced with carbon nanotubes is
measured. The dependence of the bending strength of the obtained ceramics
on the amount of MWCNTSs in the composite is established. The resistance to
mechanical destruction of composites (MWCNTs—Al:03) obtained using heli-
cal and straight MWCNTs is studied. At the same time, it is shown that when
using SMWNT, after the integrity of the composite is broken, the parts of the
product do not crumble, but remain united even under load.

Key words: helical multiwalled carbon nanotubes (HMWCNTSs), carbon
nanostructures, carbon nanomaterials, carbon nanotubes, single-walled car-
bon nanotubes, multiwalled carbon nanotubes (MWCNTSs), composite, clay,
ceramics, Al:0s, pyrolysis, quartz reactor, Ni, Cu, catalyst, nitrogen (N2),
toluene (CrHs), 3D printing, CJP technology, FDM, SLA.

Y mamiit poboTi omMCyeTHCS €KCIIEPUMEHT, ITI0 03BOJIMB OTPUMATH CIIipasierno-
nioui Oaratoctimui ByriemnesBi manopypku (CBBHP) npiamerpom 30-60 HM
IIIJIAXOM IIipOJIi3y BYIJVIEBOAHIB Ta YJIOBJIIOBAHHA HNPOAYKTY PiIMHHUM 3aTBO-
poM. 3 MeTOI0 MOPiBHAJBHOTO aHAJiIZ3Yy y POOOTiI PO3TJIAHYTO TAKOK CUHTE3
npamMux OaratocTiHHux ByrieneBux HaHOpypok (IIBBHP). Taxki Byruemesi
HAHOPYPKU MiCJIAd BUTOTOBJIEHHA MOKHA BUKOPUCTOBYBATU B TeXHOJIOTiI 3D-
apyky CJP. Bci orpumani maTepianu 6yau HOCTig:KeHi 3a JOITOMOTOIO METOTY
IIPOCBiUyBaJILHOI €JIEKTPOHHOI MiKpockomii. ¥ poboTi posriasHyTO Ipollecu
cuatesy CBBHP ta IIBBHP. IIpoBeneno OLiHKY XapaKTepPHUCTUK MiITHOCTU
3D-BupoObiB 3 PisHMX KOMIO3UTIB HA X OCHOBI micas auckpeTHOro 3D-IPYyKY
Ta ix cmikarHA. OnMCaHO YMOBU CHMHTE3M BYTJIEIIEBUX HAHOCTPYKTYP IIipoJIi-
TUYHUM METOJOM, BiITpAIITbOBAHO METOAU HiATOTOBKY IPOAYKTIiB CUHTERY AJIsA
IIOJAJIBIIOrO ixX BuKopuctauda y 3D-npunaTepax Texuosorii CJP, FDM, SLA,
SLS, a Takok BimmpalbOBaHO TEXHOJIOTiI0 BUTOTOBJIEHHA MEXaHIUHUX CYMi-
mrett naa 3D-mpunTepiB TexHosorii CJP. Kpim Toro, 0ysio posriaHyTO MeTo-
IUKY CTBOPeHH: 3D-BUpPOOiB i3 KOMIO3UTHUX MaTepiaxiB. Bumipana MimHicTs
Ha BUTVH KepaMiKu, CTBOPeHOI MeTonoM 3D-APYyKy Ta apMOBaHOI ByTJIEl€BU-
MU HaHOpPypKaMu. BCTAHOBIEHO 3aJIe;KHICTh BeJIWUYNMHMU MIiITHOCTU HA BUTHWH,
orpuMaHoil Kepamiku Bixg kKinmbrkocti BBHP y rommosuri. HocaimxeHo criii-
KicTs mo mexaHiumoro pyitHyBanusa xKommosuTiB (BBHP—AI:0s), orpumanunx
IIPU BUKOPHUCTAHHI cripanenonidumx ta npamux BBHP. ¥V nsomy 6yi10 moka-
3aHO, 110 3 Bukopucranui CBBHP micina mopymienna mimicHOCTI KOMIIO3UTY
YACTHHYU BUPOOU HE PO3CUIAIOTHCS, a 3aAUIIAI0TECA 00 € JHAHNME HABITH ITif
HaBaHTAKEHHAM.
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1. INTRODUCTION

The search for new, more effective methods of synthesizing nanotubes
forces scientists to conduct hundreds of experiments. It is difficult to
enumerate all the methods [1-7] by which this product is obtained to-
day. However, the issue of large-scale controlled synthesis of carbon
nanotubes (CNTs) remains unresolved. Today, there are various per-
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spective methods for the synthesis of soluble [8—15] and insoluble
[16—20] carbon nanostructures (CNS), which can be used in the crea-
tion of new modern materials for 3D printing [21, 22]. Nevertheless, of
all the known methods of obtaining CNS, only electric arc evaporation
of the anode can guarantee the synthesis of fullerene molecules in large
quantities. To date, fullerenes can be used in 3D printing only by SLA
technology, which allows changing the properties of the initial materi-
al.

Such CNS can be used for hydrogen storage [23—29] and successfully
compete with existing materials for hydrogen accumulation [30—-55].

Today, it is possible to speak only about a small amount of controlled
synthesis of specific CNS. The pyrolytic method makes it possible to
easily change the modes of CNS synthesis, to use a gas environment of
different chemical composition, and most importantly, to achieve a
high percentage of carbon nanotubes of different chemical composi-
tion, structure, and morphology in the synthesis products (Fig. 1).

The synthesis of CNS by the pyrolytic method in a horizontal type
reactor was carried out by the classical method using gas mixtures
(Fig. 2, a, ¢).

The structure and principle of operation of a pyrolytic equipment

Fig. 2. Pyrolytic equipment with a reactor: in a horizontal position (a), in a
vertical position (b), schematic representation of the equipment for the pyro-
lytic synthesis of CNS when using a horizontal type reactor (I —thermal insu-
lation of the pyrolysis furnace, 2—furnace heaters, 3—reactor inlet flange
with thermocouple, 4—directed flow of hydrocarbon gases, 5—axis of the re-
actor, 6—quartz reactor, 7—catalyst layer, 8—pad, 9—synthesized CNSs,
10—directed flow of gases for utilization, I1—outlet flange of the reactor)
(¢), the principle of operation of the equipment for CNS pyrolytic synthesis
when using a vertical type reactor (I —directed flow of hydrocarbon gases,
2—nozzles for supplying solutions, 3—the direction of gravity flows, 4—
furnace heaters, 5—thermal insulation of the pyrolysis furnace, 6—quartz
reactor, 7—axis of the reactor, 8—carbon nanostructures, 9—platform for
collection CNS, 10—reactor flange, 11—supply of hydrocarbon gases, 12—
synthesized CNS) (d).
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Continuation of Fig. 2.

with a special vertical reactor (Fig. 2, b, ¢) are similar to a pyrolytic
equipment of a horizontal type, but it differs in that both liquid and
gaseous hydrocarbons (or their mixtures) can be used as carbon sources
in the synthesis zone.

2. EXPERIMENTAL PART AND RESULTS
2.1. The Synthesis of Helical Multiwalled Carbon Nanotubes

The synthesis of helical multiwalled carbon nanotubes (HMWCNTSs)
was carried out in a vertical reactor, where acetylene and toluene vapor
were used as a carbon source. The process was carried out in a quartz
reactor on nickel—-copper (Ni—Cu) catalysts in a stream of nitrogen.
Carbon nanotubes and fibres were synthesized from both acetylene
and toluene vapours in the temperature range of 800—-1500 K. During
the synthesis of MWCNT from toluene vapour at 11565 K, a dark brown
condensate was formed in the cooler part of the reactor. When acety-
lene is passed through the reactor, this liquid reacts with the gas
phase, turning into smoke. The smoke is captured by a liquid shutter.
Using the method of electron microscopy of the synthesis products
(Fig. 3), it was shown that under these experimental conditions, the
helical nanofibers with a diameter of 15—60 nm with a coil pitch of
100 nm are formed, and the average diameter of the spiral itself is
70 nm (Fig. 3, a). Spirals have different configurations, they can be-
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come straight (Fig. 3, ¢, d), intertwine (Fig. 3, ¢, e) or form y-shaped
shapes (Fig. 3, ¢, d, e).

Helical synthesis products were analysed by Raman spectroscopy,
which confirms the presence of multilayered carbon tubular formation

e | | f

Fig. 3. Electron transmission microscopy of the product of synthesis of helical
multiwalled carbon nanotubes (HMWCNTSs) in a vertical pyrolytic reactor.
Changes in HMWCNT: structure of HMWCNT (a, ), HMWCNT are inter-
twined (c), HMWCNTSs transitioning into straight CNTs (d), HMWCNTSs form
y-type shapes (e).
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TABLE 1. Results of thermal analysis of helical multiwalled carbon nano-
tubes HMWCNTS).

Temperature DTG DTA
No. Material 1nter\(al of
thermal lnterac- Tlmax, K T2max, K Tlmax, K T2max, K
tion, K
Acetylene pyrol-
ysis product on _ _ _
1 Ni—Cu catalyst 669-973 859 863
at 1500 K
Acetylene pyrol-
ysis product on _
2 Ni—Cu catalyst 673-803 718 738 718 753
at 800 K

in the synthesis product, i.e., MWCNT (Fig. 4, a).

Thermal analysis with air oxygen of the pyrolysis products of acety-
lene on a Ni—Cu catalyst, obtained at a synthesis temperature of
1500 K (Fig. 4, b, curve 1), Table 1, item 1), showed that CNS were oxi-
dized in a wide temperature range (668—973 K), but the maximum
speed of the process was observed at the temperature wvalues
Thax =859 K (Table 1, items 1, 2).

Probably, during the pyrolysis of acetylene, in addition to carbon
nanotubes, amorphous carbon of various modifications is formed,
which has different heat resistance (Fig. 4, b).

1 O 9\17 . -‘\
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300 1360 el S J\l"\ -
. <] - 0
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@ 2601 s N\ s L-"""p1G
= S A \IA_ SN | pral
= = v w2 7
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Q ~ Y
= § A\ \
™ 180 = N _| TG
2 1
1000 2000 = 8000 400 500 600 700 800
‘Wave number, em™ T, °C
a b

Fig. 4. Analysis of products of pyrolytic synthesis of HMWCNTs: Raman
spectrum of HMWCNTSs, which confirms the presence of nanotubes in the
synthesis product (a), thermogram of the pyrolysis product of acetylene on
Ni—Cu catalyst: I—at 1500 K (dashed line), 2—at 800 K (solid line) (b).
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2.2, The Synthesis of Straight Multiwalled Carbon Nanotubes

The synthesis of straight multiwalled carbon nanotubes was carried
out in a horizontal type reactor (Fig. 2, a, ¢), where gaseous hydrocar-
bons and their mixtures at atmospheric pressure were used as a carbon
source.

The catalyst (iron powder) on a ceramic substrate was installed in
the middle of the quartz reactor. Before the synthesis process, the re-
actor was filled with an inert gas (argon) and heated from 900 K to
1500 K with its weak flow. At a temperature of 1200 K, a mixture of
methane gas (CH4) and hydrogen (H:) was fed in a ratio of 2:1. When
the synthesis was stopped, the horizontal reactors of the CNS were
cooled in a stream of hydrogen.

The method of transmission electron microscopy (Fig. 5) confirmed
a high yield of the product with the content of formed straight and
slightly curved MWCNTs, where the diameter of the nanofibers
reached from 5nm to 60 nm. Raman spectroscopy of the synthesis
products also indicates the presence of MWCNTSs in the pyrolytic syn-
thesis product (Fig. 6, a).

Thermal analysis of unrefined straight multilayer carbon nanotubes

Fig. 5. Electron transmission microscopy of the synthesis product of straight
multiwalled carbon nanotubes (SMWCNTSs) in a horizontal pyrolytic reactor.
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Fig.6. Analysis of synthesis products: Raman spectrum of straight
MWCNTSs, which confirms the presence of nanotubes in the synthesis product
(a), thermogram of unrefined straight MWCNTSs obtained by the pyrolysis
method at 1200 K (b).

TABLE 2. Results of thermal analysis of straight multiwalled carbon nano-
tubes (SMWCNTS).

N Material Temperature interval of DTG DTA
o ateria thermal interaction, K | 7. K | Thma, K
Unrefined straight
1 MWCNTs obtained by 673-883 859 858

pyrolysis at 1200 K

obtained by pyrolysis at 1200 K showed that they were oxidized in the
temperature range 673—883 K. This process corresponds to the exhibi-
tion of two sharp peaks (Tm.x =859 K and 858 K) on the DTG and DTA
curves (Fig. 6, b, Table 2, item 1). Such indicators may prove good ho-
mogeneity of the sample obtained under the specified conditions.

2.3.Creation of a Mechanical Mixture of Metal Oxide—MWCNT
(MWCNT-AI:Os) for 3D Printers of CJP Technology

After technological processing, mesoscopic MWCNT systems can be
used to manufacturing of mechanical mixtures for CJP (MWCNT-
ceramic) 3D printers or to create consumable composite materials for
FDM, SLS (MWCNT-solid polymer) and SLA (MWCNT-liquid poly-
mer) 3D printing technologies.

Mechanical mixtures for CJP technology 3D printers are prepared
by thoroughly mixing grinded MWCNTSs and sieved ceramics (in our
case, Al;03) for 3 hours. This procedure contributes to obtaining a ho-
mogeneous mechanical mixture, where the MWCNTSs are uniformly
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Fig. 7. Photomicrograph of the original powder of aluminium oxide (Al:03) (a)
and composite in which ceramics are reinforced with CNT (b).

distributed in the volume. This is the main rule for creating a high-
quality 3D product from the considered composite.

Both aluminium oxide (Al:Os) in its initial state (Fig. 7, a) and a
composite based on this ceramic reinforced with straight MWCNTSs
(Fig. 7, b) were examined by scanning electron microscopy. At the same
time, a uniform distribution of MWCNT was observed in the volume of

e
manufacturing a 8D product

4

|, | Synthesis of carbon ‘
nanostructures (CNS)

Cleaning and shredding’
of CNS

Cleaning and shredding
| of Igﬁetal oxide -

Preparation of a homogeneousl
mechanical mixture
(CNS - metal oxide)

38D printin,
—>| of ceramic products
reinforced with CNS

Sintering
of the 3D products

Fig. 8. Scheme of the stages of manufacturing a 3D composite product (CNS—
ceramics).
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the mechanical mixture.

2.4. 3D Products (CJP) from Composite Materials (MWCNT—AI:0s)

The procedure for manufacturing 3D products for CJP technology
from a composite (CNS—metal oxide) can be presented in the form of a
diagram (Fig. 8).

CJP (Colordet Printing) or 3DP (3D Printing) technology is an addi-
tive technology of injection manufacturing of three-dimensional ob-
jects by the method of discrete layer-by-layer printing (Fig. 9), where
the consumables have a loose powder form (ceramics, plaster, plastic,
CNS, etc.). Each layer of printing is impregnated with an adhesive.

The 3D printing process is carried out at a temperature of 300—

Fig. 9. Scheme of the operation principle of CJP 3D printing technology: 1—
CJP 3D printer body, 2—consumables, 3—consumable material of binder, 4—
hermetic compartment for consumables, 5—build platform and print head
guides, 6—working compartment of the 3D printer, 7—camera with 3D
printer consumables (ceramics with CNS), 8—the direction of the layering
brush, 9—layering brush for construction, 10—platform for consumables
supplying, 11—the direction of platform movement, 12—blind partition of
the working compartment, 13—38D printer control panel, 14—3D printer
print type, 15—the direction of movement of the print head of the 3D printer,
16—camera for 3D products building, 17—3D product from CNS, 18—a plat-
form for 3D products building, 19—ports for cleaning the construction
chamber, 20—construction platform guide, 21—the direction of platform
movement, 22—the electronic part of the 3D printer.
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Fig. 10. Composite 3D sample of metal oxide reinforced with MWCNT (CJP
technology).

315 K. Thus, the low cost of consumables combined with an operating
temperature close to room temperature favourably distinguishes CJP
printing technology from other in terms of economy and profitability.
However, the 3D printed product is not the final product and requires
post-moulding processing to give the material the required physico-
chemical and mechanical properties.

After that, sintering (annealing) of the 3D product was carried out
in a high-temperature vacuum electric furnace (Fig. 10) under condi-
tions of gradual heating to 2050 K, followed by holding at the maxi-
mum temperature for 2 hours.

TABLE 3. Literary data on the strength characteristics of various ceramics in
comparison with the obtained composite (MWCNT-AIl:20s).

Bending | Crackre- | Vickers Densit Young’s Refer-
strength | sistance, |hardness, /cmg” modu- ence
limit, MPa| MPam®® | GPa £ lus, GPa

Zirconium di-
oxide stabi- 200~

lized by yttri- 750-1050 8.0-10.0 12.0-13.0 6.00-6.05 [56]
: 210
um oxide (ZrO:
(Y:203))
MWCNT-
Al:0s(1:1) 620 7.0 19.0 - - -
composite
Silicon carbide 390—-

(Si0) 350-450  3.0-4.0 23.0-28.0 8.12-3.17 °5"  [57]
Aluminium _ _ _ _ 370—-  [57,
oxide (AlLOy) 300350  3.0-3.5 19.0-21.0 3.80-3.90 ygi g

Spinel 250-350 2.0 20.0 38.57-3.72 230  [58]

(MgAl:04)
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TABLE 4. Strength indicators for the MWCNT-AI:03 composite after its 3D
printing and sintering.

ﬁ%&eﬁfl‘(ﬁl Bendinlg\;‘/I i;)trength, Porg)sity, Microhardness, ng‘g;gg:

ALOs, % wt. a o GPa MPa-m®*
0 410 7.0 20.0 9.0
20 420 3.0 18.0 5.0
30 450 5.0 18.0 5.5
50 620 ~1.0 19.0 7.0

Thus, the following conditions were selected for the sintering of a
3D composite product (MWCNT—ceramics): rarefied environment—
10 mm Hg, the maximum sintering temperature is from 2000 K to
2100 K.

The results of the analysis of the strength characteristics of various
ceramics in comparison with the composite MWCNT-AI:O; (1:1) after
its 8D printing are shown in Table 3. The strength values for the com-
posite (MWCNT-AIL:O3) with different content of MWCNT (0-50%
wt.) after 3D printing were also obtained. The results of the research
(Table 4) showed a directly proportional increase in bending strength
from the amount of MWCNT in the composite sample after its 3D
printing (Fig. 11).

As a result of the experiments, an increase in the strength to me-
chanical destruction of the composite (MWCNT-AI:O;) was noted
when using spiral-shaped MWCNTs compared to straight MWCNTs.
This means that the 3D printed sample, after quenching, the composite
filled with HMWCNTs does not fall apart when fractured, unlike the
composite (SMWCNTs—Al:0s), which contains straight multiwalled

60

40
30
20
10

Content of CNT, % wt.

410 420 450 620
Bending strength, MPa

Fig. 11. Dependence of the bending strength value on the number of straight
MWCNTSs in the composite sample after 3D printing and sintering.
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TABLE 5. Comparison of strength indicators for composites reinforced with
helical or straight MWCNT.

Content of MWCNT in ?jﬁdznjtset;eﬁfts};r‘itﬁi Eﬁgi;nrﬁsggie;gvtv}ftif
Al:Os, % wt. &WGNTS, NPa g helical l\l/\;[;NCNTs,
a
0 410 410
20 420 415
30 450 445
50 620 610

carbon nanotubes. Perhaps, this is due to the structure of the
MWCNT, which is a system of CNT cylinders inserted into each other.
When the outer cylinders (shells) of straight MWCNTSs break, the in-
ner MWCNTSs can be removed by pushing them relative to each other.
At the same time, HMWCNT does not have a similar effect due to its
spiral structure.

3. CONCLUSIONS

1. A method for obtaining conglomerates of helical multiwalled carbon
nanotubes (CNTs) with a diameter of 15—60 nm is proposed.

2. A diagram of the conditions for the CNS synthesis by the pyrolytic
method was created.

3. A new equipment for the pyrolytic synthesis of CNS was developed
and created.

4. A diagram of the technological stages of manufacturing a 3D com-
posite product (CNS—ceramics) has been created.

5. The technology for the synthesis of multiwalled carbon nanotubes
(MWCNTSs) of different configurations (straight and helical) for 3D
printing of CJP technology has been developed.

6. The conditions for printing with a mechanical mixture of MWCNT-
Al2O; for a CJP technology 3D printer have been established.

7. The process of creating of mechanical mixtures (MWCNT-metal ox-
ide) for 3D printers of CJP technology is considered.

8. It has been established that the main rule for creating a high-quality
3D product in the CJP technology from a composite reinforced with
MWCNT is the creation of a high-quality homogeneous mechanical
mixture prepared by thoroughly mixing crushed MWCNT conglomer-
ates and processed metal oxide—the supporting ceramic matrix, where
the MWCNTSs are evenly distributed in the mixture. In the mechanical
mixture, the size of aluminium oxide is >100 nm (>0.1 um), and the
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MWCNTSs have a diameter of <60 nm and a length of > 925 nm.

9. A directly proportional dependence of the increase in bending
strength on the content of MWCNT in a 3D composite product
(MWCNT-metal oxide) after its 3D printing and sintering was estab-
lished.

10. A comparative analysis of the strength of 3D products made of
composites based on straight multiwalled carbon nanotubes
(SMWCNT) and helical multiwalled carbon nanotubes (HMWCNT) was
carried out.

11. It was established that composites based on straight MWCNTs have
greater strength than composites based on HMWCNTSs.
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