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ALUMINUM - CARBON NANOFIBERS COMPOSITE COATING
PRODUCED BY COLD SPRAYING
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XOJIOAHOE FA30AMHAMUYECKOE HAMbIJIEHUE MOKPbITUN
CUCTEMbI AJTIOMUHUMA - YIJTIEPOAHbIE HAHOBOJIOKHA

Carbon nanofiber (CNF) / aluminum hybrid material was prepared by direct synthesis of CNFs on the
surface of aluminum powder particles in a fluidized bed reactor using acetylene and hydrogen at the
temperature of 550 °C. This allowed to achieve a good dispersion of CNFs in an aluminum matrix with
the CNF content up to 2%. The possibility for producing coatings based on aluminum, reinforced by
carbon nanostructures in cold gas-dynamic spraying was shown. The Al-CNFs coatings showed about
a 60% increase in the hardness compared with pure Al coatings.
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B craTbhe npeacTaBieHbl pe3ybTaThl padoT 1o MOJYYeHW0 TMOPUIHOTO MaTepurasia CUCTEMBbI «yTIJie-
ponHbie HaHOoBoJIoKHA (YHB) / antoMuHuMii» razogasHbIM METOIOM B peaKTOpe KMUIISIIETo CIost. X0-
polast AUCTIepCUsl YIJIEPOIHBIX CTPYKTYP Obljla JOCTUTHYTA ITyTeM CUHTEe3a HAaHOBOJIOKOH U3 ra30BOit
(hasbl, ¢ NCTIOIB30BaHUEM AlIETUIIEH - BOTOPOIHOI atMocdepsl Tipu Temriepatype 550 °C, nemocpen-
CTBEHHO Ha TOBEPXHOCTY MAaTPUYHBIX METANTMIECKUX YACTHIL B IPUCYTCTBUY HUKEIEBOTO KaTali3a-
topa. [TokazaHa BOBMOXHOCTb TTOJIyYeHUsI TOKPHITUII HA OCHOBE aTIOMUHMUS, apMUPOBAHHOTO YIJIe-
POTHBIMY HAHOBOJIOKHAMU METOJIOM XOJIOMHOTO ra30IMHAMWYEeCKOTO HATTBIJICHUST TTPU UCTIONh30BaHUN
TMOPUIHOTO ITOPONTKOBOTO MaTepHuaia ¢ coiepkaHueM yrrepona 1o 2 macc. %. [ToimydeHHBIE TOKPHI-
TSI TIpU copepxkanuu 1 1 2 Macc. % yriaeponHbIX HAHOBOJIOKOH MTOKa3au yBeJMIeHNe TBePIOCTH Ha
60% 110 CpaBHEHUIO C TTOKPBITHEM U3 YUCTOTO aJTIOMUHUSI.

AJTIOMUHUWM; CUHTE3; YIJIEPOJJTHBIE HAHOBOJIOKHA; TTOKPBITU; TTOPOILIKOBAS

METAJITYPTUA.

Introduction

Recently, metal matrix composite materials rein-
forced with carbon nanotubes (CNT) and carbon nano-
fibers (CNF), is the object of study of a large number
of researchers [1]. This is due to the unique properties
of CNTs, such as the strength of up to 63 GPa [2] and
the thermal conductivity of 3000 W /mK [3]. Uniform
distribution of carbon nanotubes in the metal matrix
remains a challenge due to their high propensity for
agglomeration. The authors try to solve the problem in
the stage of preparation of the composite powder and
in stage of compaction [1].

Most traditional methods of mixing powders of
the matrix and the CNTs is a mechanical grinding in

a ball mill [4—6], ultrasonic mixing [7] and spray
drying of small metal particles with CNTs [8]. To
create a compact materials based on metals, rein-
forced by CNTs, technology of powder metallurgy
[9, 10], galvanic plating [11], sintering in spark plas-
ma [12, 13], mechanical alloying [14] and thermal
spraying are used [15, 16].

Thermal spraying is a very promising method for
the production of metal-CNT based composites.
It can be used for the production of coatings with
high wear resistance. The method has the great ad-
vantage over conventional powder metallurgy, since
it allows to obtain uniform distribution of the carbon
nanotubes in complex shaped structures and coatings.
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However, the high speed impact along with high tem-
peratures may lead to the destruction of carbon nano-
structures [17].

Cold gas dynamic spraying or just cold spraying
(CS) isaprocess in which solid powders are acceler-
ated in a Laval nozzle toward to a substrate at a
temperature significantly below the melting point
[18]. When unmelted metal particles bumps on a
substrate of plastic deformation occurs and the ki-
netic energy of the particles is converted to heat and,
in part, to binding energy with the substrate, provid-
ing the formation of a continuous layer of densely
packed metal particles. CS is a high deposition rate
coating process that utilizes kinetic rather than ther-
mal energy. The cold spray process has several ad-
vantages, as there is no oxidation and phase trans-
formation involved due to the low temperature of the
process.

In [8] it was possibility to obtain coatings based on
aluminum reinforced by multilayer carbon nanotubes
using cold gas dynamic spraying, up to a thickness of
500 microns. To obtain a good distribution of carbon
nanostructures in the matrix, the authors used spray
drying of Al-Si eutectic powder with pure CNTs. The
dry powder contained 5 wt% of CNT and were mixed
with pure aluminum in a ball mill. After ball milling
the Al-Si particles agglomerated with the CNTs to a
size of ~50 microns. The final content of the carbon
nanostructures in the powder was 0,5—1 wt.%. The
authors obtained a good distribution of carbon nano-
structures in the coating.

The presented article devoted to obtain a com-
posite powder material based on aluminum, in which
a good dispersion of carbon nanostructures achieved
by synthesis of nanofibers from the gas phase of the
metal matrix particles directly on the surface by ad-
dition of the nickel based catalyst. The possibility of
using this composite powder for the production of
coatings by cold gas-dynamic spraying was exa-
mined.

82

Experiment details

As the starting material aluminum powder (brand
PA-4) with a purity of 99,5 wt.% was used. The main
impurities are silicon, iron and copper with a content
of not more than 0,4; 0,35 and 0,02 wt. %, respectively.

The composite particulate material was synthe-
sized by a chemical vapor deposition (CVD) in a flu-
idized bed reactor as shown in the aig.1. This method
is considered as the most viable and efficient process
for high-yield production of carbon nanotubes. For
the synthesis a fluidized bed reactor (fig. 1,a) which
consists of a quartz tube inserted into a vertical furnace
(hot zone 60 cm). The quartz tube was conically
shaped with a junction from internal diameters of 6
to 34 mm with a cone zone length of 20 cm.

Gas-dynamic spraying was conducted on a 405
DYMET installation in an air jet at a pressure of
7 kg/cm? and 600 m/s speed, the gas temperature
reached 450 °C. The substrate used was steel sheet
which was grit blasted prior to spray deposition.

The structure and morphology of the powder ma-
terials and coatings was studied by scanning electron
microscopy (TESCAN Mira-3M). Hardness of coat-
ings was measured by PMT-3 equipment. The amount
of carbon was determined from the difference of mass
change after oxidation at 700 °C for 30 minutes with
catalyst coated aluminum powder before and after
synthesis.

For one experiment, 35 grams of aluminum pow-
der were filled up from the top and kept in an argon
atmosphere of 400 cm?/min to replace oxygen and to
heat the powder to the synthesis temperature for 10
min. After heating the reactor to 550 °C hydrogen was
added at a rate of 440 cm’/min for 20 minutes, to
convert catalyst particles to Ni. Further acetylene was
substituted for argon at a flow rate 53 cm®/min. The
Synthesis was also carried out for 20 minutes. Cooling
to room temperature was carried out in argon at a flow
rate 400 cm?/min outside of the furnace. Synthesis
parameters are shown graphically in fig. 1,5.
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Fig. 1. Schematic of the experimental setup (@) and synthesis mode (b)

Experimental results

To grow carbon nanostructures, a nickel was pre-
liminary deposited on the surface of the aluminum
powder. Application of a nickel catalyst was con-
ducted by vacuum-drying the powder in a water solu-
tion of nickel nitrate Ni (NO,), - 6H,0. Solution

concentration varied from 10 to 80 g/1. After deposi-
tion on aluminum the salt-particle powder was sub-
jected to a heat treatment step to remove residual
moisture and convert salt decomposition oxide
(NiO). Annealing was performed under an argon
atmosphere at temperatures of 100 and 250 °C for 30
minutes and at 400 °C for 60 minutes.

By varying the concentration of Ni catalyst were
obtained composite materials containing from 0,63
to 2,2 wt. % carbon. The obtained powders were
studied by scanning electron microscopy (fig. 2).
From micro images seen that the carbon product has

a tubular structure and cover the matrix particles
virtually fully. Carbon structures have a diameter from
50 to 100 nm and a length more than 1 micron.

The resulting powders were applied onto a steel
substrate by cold gas-dynamic spraying. The com-
posite powders with 1 and 2 wt.% CNFs were used
to create coatings.

The resulting coating is plastically deformed alu-
minum particles stuck together (fig. 3, a, ¢) wherein
the carbon nanostructures are evenly distributed over
the coverage area. At high magnifications it can be
seen carbon nanostructures are present in the sample,
however, their number became significantly less and
the length less than 1 micron. This may be due to the
separation of longer nanofibers from the surface of
aluminum particles during spraying. Reduction of
fiber length could occur as well due to fiber fracture,
which occurs upon impact of the particles with sub-
strate.
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Fig. 2. SEM images of the powder composite material with carbon
content of 1 wt. % (a, b) and 2 wt. % (c, d)
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Fig. 3. SEM image surface coatings obtained by CS when the content in powders
of 1 wt. % (a, b) and 2 wt. % (c, d) of carbon

Fig. 4 shows SEM images of the polished cross-
section of Al—1wt.% CNFs and Al-2wt.% CNFs
coatings. It can be seen that thin coatings of about 20
um were formed by cold spraying. A coating with 1%
CNFs has a more dense structure than a coating with
2% CNFs. Porosity between particles was a result of
insufficient deformation of aluminum particles. The
increasing of CNT content leads to deterioration of
adhesion between the aluminum particles.

The Al-CNFs coatings demonstrated about 60%
increase in the hardness compared with pure Al
coatings. If the average Vickers microhardness for
Al coating is 32 HV then the Al—1 wt.% CNFs and
Al—-2 wt % CNFs coating amounts to 51 HV and 53
HV respectively. The hardness of the samples which
contained 2% CNF has no significant changes com-
pared to 1% of the CNF - it is a result of increased
porosity.
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Fig. 4. SEM images of the polished cross-section of Al-1 wt.% CNFs (a)
and 2wt% CNFs (b) coatings

Conclusions

Composite Al-based powder with carbon nano-
fibers uniformly distributed over the surface had
been successfully synthesized by CVD process in a
fluidized bed reactor. Content of CNF on the pow-
der surface can be varied by variation of Ni catalyst
content from 0,5 up to 2 mass.%. The provided
apparatus for synthesis allow to obtain tens grams
of powdered material per hour, as well of its advan-
tages of uniform processing of carbon nanostruc-

tures across the surface of the powder, as well as the
process scalability. The obtained composite powder
has the possibility to be used in cold spray process
to create coatings. It was determined that the carbon
fibers are present and evenly distributed in the coat-
ings. The Al-CNFs coatings showed about 60%
increase in the hardness compared with pure Al
coatings.

This study was supported by Russian Foundation
for Basic Research (project no. 16-32-80092)
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