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CarbonмnanoiberмфCNFхмымaluminumмhybridмmaterialмwasмpreparedмbyмdirectмsynthesisмofмCNFsмonмtheм
surfaceмofмaluminumмpowderмparticlesм inмaмluidizedмbedмreactorмusingмacetyleneмandмhydrogenмatм theм
temperatureмofм55ьмoCъмThisмallowedмtoмachieveмaмgoodмdispersionмofмCNFsмinмanмaluminumмmatrixмwithм
theмCNFмcontentмupмtoмюсъмTheмpossibilityмforмproducingмcoatingsмbasedмonмaluminumшмreinforcedмbyм
carbonмnanostructuresмinмcoldмgasщdynamicмsprayingмwasмshownъмTheмAlщCNFsмcoatingsмshowedмaboutм
aм6ьсмincreaseмinмtheмhardnessмcomparedмwithмpureмAlмcoatingsъ
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Introduction

Recentlyшмmetalмmatrixмcompositeмmaterialsм reinщ
forced with carbon nanotubes (CNT) and carbon nanoщ
ibersмфCNFхшмisмtheмobjectмofмstudyмofмaмlargeмnumberм
ofмresearchersм[э]ъмThisмisмdueмtoмtheмuniqueмpropertiesм
ofмCNTsшмsuchмasмtheмstrengthмofмupмtoм6ямGPaм[ю]мandм
theмthermalмconductivityмofмяьььмWмыmKм[я]ъмUniformм
distributionмofмcarbonмnanotubesмinмtheмmetalмmatrixм
remainsмaмchallengeмdueм toм theirмhighмpropensityм forм
agglomerationъмTheмauthorsмtryмtoмsolveмtheмproblemмinм
theмstageмofмpreparationмofмtheмcompositeмpowderмandм
inмstageмofмcompactionм[э]ъ

Mostмtraditionalмmethodsмofмmixingмpowdersмofм
theмmatrixмandмtheмCNTsмisмaмmechanicalмgrindingмinм

aмballмmillм [4տ6]шмultrasonicмmixingм [7]м andм sprayм
dryingмofм smallмmetalмparticlesмwithмCNTsм [8]ъмToм
createмaм compactмmaterialsмbasedмonмmetalsшм reinщ
forcedмbyмCNTsшм technologyмofмpowderмmetallurgyм
[9шмэь]шмgalvanicмplatingм[ээ]шмsinteringмinмsparkмplasщ
maм[эюшмэя]шмmechanicalмalloyingм[э4]мandм thermalм
sprayingмareмusedм[э5шмэ6]ъ

Thermalмsprayingмisмaмveryмpromisingмmethodмforм
theм productionм ofмmetalщCNTмbasedм compositesъ 
It can be used for the production of coatings with 

highмwearмresistanceъмTheмmethodмhasмtheмgreatмadщ
vantageмoverмconventionalмpowderмmetallurgyшмsinceм
itмallowsмtoмobtainмuniformмdistributionмofмtheмcarbonм
nanotubesмinмcomplexмshapedмstructuresмandмcoatingsъм
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Howeverшмtheмhighмspeedмimpactмalongмwithмhighмtemщ
peraturesмmayмleadмtoмtheмdestructionмofмcarbonмnanoщ
structuresм[э7]ъ

Coldмgasмdynamicмsprayingмorмjustмcoldмsprayingм
(CS) is a process in which solid powders are accelerщ
ated in a Laval nozzle toward to a substrate at a 

temperatureм signiicantlyм belowм theмmeltingмpointм
[э8]ъмWhenмunmeltedмmetalм particlesм bumpsмonм aм
substrateмofмplasticмdeformationмoccursмandмtheмkiщ
neticмenergyмofмtheмparticlesмisмconvertedмtoмheatмandшм
inмpartшмtoмbindingмenergyмwithмtheмsubstrateшмprovidщ
ingмtheмformationмofмaмcontinuousмlayerмofмdenselyм
packedмmetalмparticlesъмCSмisмaмhighмdepositionмrateм
coating process that utilizes kinetic rather than therщ
malмenergyъмTheмcoldмsprayмprocessмhasмseveralмadщ
vantagesшмasмthereмisмnoмoxidationмandмphaseмtransщ
formationмinvolvedмdueмtoмtheмlowмtemperatureмofмtheм
process.

Inм[8]мitмwasмpossibilityмtoмobtainмcoatingsмbasedмonм
aluminumмreinforcedмbyмmultilayerмcarbonмnanotubesм
usingмcoldмgasмdynamicмsprayingшмupмtoмaмthicknessмofм
5ььмmicronsъмToмobtainмaмgoodмdistributionмofмcarbonм
nanostructuresмinмtheмmatrixшмtheмauthorsмusedмsprayм
dryingмofмAlщSiмeutecticмpowderмwithмpureмCNTsъмTheм
dryмpowderмcontainedм5мwtсмofмCNTмandмwereмmixedм
withмpureмaluminumмinмaмballмmillъмAfterмballмmillingм
theмAlщSiмparticlesмagglomeratedмwithмtheмCNTsмtoмaм
sizeмofм~5ьмmicronsъмTheмinalмcontentмofмtheмcarbonм
nanostructuresмinмtheмpowderмwasмьш5տэмwtъсъмTheм
authors obtained a good distribution of carbon nanoщ
structures in the coating.

Theмpresentedмarticleмdevotedмtoмobtainмaмcomщ
positeмpowderмmaterialмbasedмonмaluminumшмinмwhichм
a good dispersion of carbon nanostructures achieved 

byмsynthesisмofмnanoibersмfromмtheмgasмphaseмofмtheм
metalмmatrixмparticlesмdirectlyмonмtheмsurfaceмbyмadщ
dition of the nickel based catalyst. The possibility of 

usingмthisмcompositeмpowderмforмtheмproductionмofм
coatingsм byм coldм gasщdynamicм sprayingм wasм exaщ
minedъ

Experiment details

Asмtheмstartingмmaterialмaluminumмpowderмфbrandм
PAщ4хмwithмaмpurityмofм99ш5мwtъсмwasмusedъмTheмmainм
impuritiesмareмsiliconшмironмandмcopperмwithмaмcontentм
ofмnotмmoreмthanмьш4;мьшя5мandмьшьюмwtъсшмrespectivelyъ

Theмcompositeмparticulateмmaterialмwasм syntheщ
sizedмbyмaмchemicalмvaporмdepositionмфCVDхмinмaмluщ
idizedмbedмreactorмasмshownмinмtheм˷ igъэъмThisмmethodм
isмconsideredмasмtheмmostмviableмandмeicientмprocessм
forмhighщyieldмproductionмofмcarbonмnanotubesъмForм
theмsynthesisмaмluidizedмbedмreactorмфigъмэшaхмwhichм
consists of a quartz tube inserted into a vertical furnace 

фhotм zoneм 6ьм cmхъмTheм quartzм tubeмwasм conicallyм
shapedмwithмaмjunctionмfromмinternalмdiametersмofм6м
toмя4мmmмwithмaмconeмzoneмlengthмofмюьмcmъ

Gasщdynamicмsprayingмwasмconductedмonмaм4ь5м
DYMETм installationм inм anм airм jetм atм aмpressureмof 
7мkgыcmюм andм6ььмmыsм speedшм theмgasм temperatureм
reachedм45ьмoC. The substrate used was steel sheet 

which was grit blasted prior to spray deposition.

Theмstructureмandмmorphologyмofмtheмpowderмmaщ
terials and coatings was studied by scanning electron 

microscopyмфTESCANмMiraщяMхъмHardnessмofмcoatщ
ingsмwasмmeasuredмbyмPMTщямequipmentъмTheмamountм
ofмcarbonмwasмdeterminedмfromмtheмdiferenceмofмmassм
changeмafterмoxidationмatм7ььмoCмforмяьмminutesмwithм
catalystм coatedмaluminumмpowderмbeforeмandмafterм
synthesis.

Forмoneмexperimentшмя5мgramsмofмaluminumмpowщ
derмwereмilledмupмfromмtheмtopмandмkeptмinмanмargonм
atmosphereмofм4ььмcm3ыminмtoмreplaceмoxygenмandмtoм
heatмtheмpowderмtoмtheмsynthesisмtemperatureмforмэьм
minъмAfterмheatingмtheмreactorмtoм55ьмoC hydrogen was 

addedмatмaм rateмofм44ьмcm3ыminм forмюьмminutesшм toм
convert catalyst particles to Ni. Further acetylene was 

substitutedмforмargonмatмaмlowмrateм5ямcm3ыminъмTheм
SynthesisмwasмalsoмcarriedмoutмforмюьмminutesъмCoolingм
toмroomмtemperatureмwasмcarriedмoutмinмargonмatмaмlowм
rateм4ььмcm3ыminмoutsideмofм theмfurnaceъмSynthesisм
parametersмareмshownмgraphicallyмinмigъмэшb.
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FigъмэъмSchematicмofмtheмexperimentalмsetupмфaхмandмsynthesisмmodeмфb)

Experimental results

Toмgrowмcarbonмnanostructuresшмaмnickelмwasмpreщ
liminaryмdepositedмonмtheмsurfaceмofмtheмaluminumм
powder. Application of a nickel catalyst was conщ
ductedмbyмvacuumщdryingмtheмpowderмinмaмwaterмsoluщ
tion of nickel nitrate Ni (NO

3
)юм ⋅м 6HюO. Solution 

concentrationмvariedмfromмэьмtoм8ьмgыlъмAfterмdeposiщ
tionмonмaluminumмtheмsaltщparticleмpowderмwasмsubщ
jectedм toмaмheatм treatmentм stepм toм removeм residualм
moistureм andм convertм saltм decompositionм oxideм
фNiOхъмAnnealingмwasмperformedмunderм anм argonм
atmosphereмatмtemperaturesмofмэььмandмю5ьмoCмforмяьм
minutesмandмatм4ььмoCмforм6ьмminutesъ

By varying the concentration of Ni catalyst were 

obtainedмcompositeмmaterialsмcontainingмfromмьш6ям
toм юшюмwtъмсмcarbonъмTheмobtainedмpowdersмwereм
studiedмbyм scanningм electronмmicroscopyм фigъм юхъм
Fromмmicroмimagesмseenмthatмtheмcarbonмproductмhasм

aм tubularм structureм andмcoverм theмmatrixмparticlesм
virtuallyмfullyъмCarbonмstructuresмhaveмaмdiameterмfromм
5ьмtoмэььмnmмandмaмlengthмmoreмthanмэмmicronъ

The resulting powders were applied onto a steel 

substrateмbyмcoldмgasщdynamicмsprayingъмTheмcomщ
positeмpowdersмwithмэмandмюмwtъсмCNFsмwereмusedм
to create coatings.

Theмresultingмcoatingмisмplasticallyмdeformedмaluщ
minumмparticlesмstuckмtogetherмфigъмяшмaшмc) wherein 

the carbon nanostructures are evenly distributed over 

theмcoverageмareaъмAtмhighмmagniicationsмitмcanмbeм
seenмcarbonмnanostructuresмareмpresentмinмtheмsampleшм
howeverшмtheirмnumberмbecameмsigniicantlyмlessмandм
theмlengthмlessмthanмэмmicronъмThisмmayмbeмdueмtoмtheм
separationмofмlongerмnanoibersмfromмtheмsurfaceмofм
aluminumмparticlesмduringм sprayingъмReductionмofм
iberмlengthмcouldмoccurмasмwellмdueмtoмiberмfractureшм
whichмoccursмuponмimpactмofмtheмparticlesмwithмsubщ
strate.

a)

b)

tшмmin

TшмoC
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FigъмюъмSEMмimagesмofмtheмpowderмcompositeмmaterialмwithмcarbon
contentмofмэмwtъмсмфaшмbхмandмюмwtъмсмфcшмd)

a) b)

d))
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Figъм4мshowsмSEMмimagesмofмtheмpolishedмcrossщ
sectionмofмAlտэwtъсмCNFsмandмAlտюwtъсмCNFsм
coatingsъмItмcanмbeмseenмthatмthinмcoatingsмofмaboutмюьм
μmмwereмformedмbyмcoldмsprayingъмAмcoatingмwithмэсм
CNFsмhasмaмmoreмdenseмstructureмthanмaмcoatingмwithм
юсмCNFsъмPorosityмbetweenмparticlesмwasмaмresultмofм
insuicientмdeformationмofмaluminumмparticlesъмTheм
increasing of CNT content leads to deterioration of 

adhesionмbetweenмtheмaluminumмparticlesъ

TheмAlщCNFsмcoatingsмdemonstratedмaboutм6ьсм
increaseм inм theм hardnessм comparedмwithм pureмAlм
coatingsъмIfмtheмaverageмVickersмmicrohardnessмforм
AlмcoatingмisмяюмHVмthenмtheмAlտэмwtъсмCNFsмandм
AlտюмwtмсмCNFsмcoatingмamountsмtoм5эмHVмandм5ям
HVмrespectivelyъмTheмhardnessмofмtheмsamplesмwhichм
containedмюсмCNFмhasмnoмsigniicantмchangesмcomщ
paredмtoмэсмofмtheмCNFмщмitмisмaмresultмofмincreasedм
porosity.

FigъмяъмSEMмimageмsurfaceмcoatingsмobtainedмbyмCSмwhenмtheмcontentмinмpowders
ofмэмwtъмсмфaшмbхмandмюмwtъмсмфcшмd) of carbon

a)

)

b)

d)
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