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The microstructure and structure of composite ngatiprepared on aluminum substrates
are studied. Amorphous oxide layers@d are obtained on EN AW 5251 aluminum alloy.
In the ALO; coating two kinds of inorganic fullerene-like (IB)ngsten disulfide (W5
nanoparticles (NPs) are introduced by a dip coatiethod. In order to show the differen-
ce in the possibility of introducing the NPs in timécrostructure of AlO; the scanning
electron microscopy and transmission electron rmwpy analysis are carried out. Image
processing and analysis were conducted in ordgiutty the shape and size of the IFJWS
nanoparticles. Visual comparative analysis showdlifierence of nanopowders quality that
greatly affects their ability to form agglomerates)d, hence, strongly influences the
possibility of introducing the NPs into nanopores.

Keywords: composite coatings, nanolubricants, image processing, shape of nano-
particles, size of nanoparticles.

Inorganic fullerene-like (IF) tungsten disulfide 8 nanoparticles (NPs) are one
of the most commonly used nanolubricant. Dependefndbe friction mechanism of
IF-WS; NPs, like exfoliation, rolling and sliding on thermal stress has been study by
Tevet et al. [1]. The mechanism of WSPs behavior in high-pressure contacts was
presented by Ratoi et al. [2]. It is generally ated that that agglomeration has strong
influence on nanopatrticles properties [3-5]. Muebearch in recent years has been
focused on technical barriers for scaling up theM&, which lie in the powder
agglomeration and superficial reaction [6, 7]. Ulsuagglomerates limit or reduce the
role of nanoparticles. Therefore it is necessargniow the shape and size of nanopar-
ticles which are used in various applications [8].

Escobar et al. [9] filled the pores of the nanopsraluminum oxide substrate with
polytetrafluoroethylene (PTFE) particles, applyithg sedimentation technique. The
200 nm sized PTFE particles were noticed only ertdip of the surface and blocked the
entrance to the pores. The smaller PTFE particldbsandiameter of 90 nm were able to
enter to the deeper part of the structure of arfddic The insertion of the particles inside
the anodic film was explained by the phenomenaudbsee tension [10] and capillary
forces [11, 12]. Hu et al. [13] introducedy@articles into the anodic oxide matrix, using
the immersion method, emphasizing how importaist ib enlarge pores of anodic oxi-
de before self-lubricating treatment. In previoasearch the authors [14] showed that
aluminum-oxide film could be loaded with nanopdetcof IF-WS, which were obtained
in laboratory condition. It is well known that knt@slge about the shape and size of the
nanolubricant play a major role in technologicabg@ess. Despite the breadth of re-
search concerning different kinds of nanopowddreduced into anodic oxide layers,
as for as we know, little research has been puddlisbgarding the influence of IF-WS
nanoparticle size and shape on microstructureushialum oxide layer.
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The present article shows the differences betwesailpilities of introducing two
kinds of IF-W$S NPs to the anodic oxide layer. First kind of naartiples was obtained
in laboratory conditions [6]; the second one wasercially available product (Na-
noMaterials Ltd). To this purpose microstructurablysis using scanning electron
microscopy (SEM), transmission electron microsc¢pgM) techniques, image pro-
cessing and analysis carried on Aphelion 4.2 soétweere conducted.

Materials and methods.Sample preparation. Aluminum oxide AbO layers with
IF-WS, coating were fabricated on EN AW 5251 aluminumyablurface according to
a two-steps method. Firstly, the film was obtaibgdhe electro-oxidation of the alu-
minum alloy in a ternary solution consisting offatic, oxalic and phthalic acids. In
the second step of the process the IF;WB were introduced into the porous alumina
film by the dip coating method. The details of thisthod are described by Korzekwa
et al. [14]. Two kinds of IF-Wgnanoparticles were used in the presented stugiiess.
kind of NPs was obtained in laboratory condition (6esignated as NPs-1 in this
paper). Second one was commercially available IF-Wihoparticles from NanoMa-
terials Ltd (designated as NPs-2 in this paperg NPs of IF-Wg were dispersed in
35 vol.% ethanol (€Hs0)/water mixture. The aluminum sheets were dip datethe
mixture and placed in the ultrasonic bath in ordefacilitate the introduction of the
NPs in the nanopores of A); coating. The surfaces of samples after tribolddgiests
were used for SEM and computer image analysisolagfical test was performed on a
T17 tester, a pin-on-plate in a reciprocating mutit room temperature, at a humidity
of 30£5%, using 0.5 MPa pressure at an averagaglépeed of 0.2 m/s in dry friction
conditions. The tribological test was conductedhatliding distance of 15 km. The
commercial TG15 plastic pin of a diameter of 9 maswsed as a counter-body [15].

Micro- and nanostructural characterization. Microanalyses of surface, fresh
cross-section and polished cross-section gDAwith IF-WS, coatings were studied
by a HITACHI S-4700 scanning electron microscopEN$ with NORAN Vantage
digital energy dispersive X-ray microanalysis (EB3$tem.

Transmission electron microscopy (TEM) micrograplighe studied nanopar-
ticles were recorded on a high resolution (HRTEEPL 3010 microscope working at
300 kV equipped with 2 kx2 k Orill§ 833 SC200D Gatan CCD camera.

Analysis of the nanoparticles shape and size. Image processing and analysis were
conducted using Aphelion 4.2 software. Preprocgssiage was limited to a standard
image quality improvement by filtering and reducimgise effect. In order to proper
assess the numbers of the particles and its shepeldster split transformation has
been done. In particular cases manual correctiothefobtained result was needed.
Particles area, shape factors and diameters wegenipate. The area is measured as a
sum of all pixels building each of particles on Hieary images, corrected by the scale
factor. For shape description several parameters usged, namely: Crofton perimeter
(Pc), MBR_High, MBR_Width, elongation factoE) and circularity C).

Crofton perimeter is calculated using Crofton folan16]. It is the best approxi-
mation of the perimeter of the particles in thecdite space. To assess of the Crofton
perimeter is necessary to determine the valueeo€iticularity shape factor. Circularity
is calculated using the formula:

_4nA
=7
C
For circle circularity the value of factor is equall.
MBR_Hight is the length of the smallest side of thmimum bounding rectangle

of detected grain (Fig. 1). MBR_Width is the lengftthe largest side of the minimum
bounding rectangle.
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; Elongation factor is calculated as a ratio
of the MBR_Heigh and MBR_Width value:

_ MBR Height
~ MBR_Width

& This shape factor is sensitive to the elon-
S0 gation of the objects, regardless of the patrtic-
QZ les orientation in the coordinate system. The
™ S value of elongation equal 1, means that the
vy % analyzed shape is close to the circle or square.

Fig. 1. Scheme of the MBR_Width and Results and discussionAfter techno-

MBR_Height parameters indication. logical process the samples ob@YIF-WS,
were analyzed by the SEM technique. Mic-

rostructures of the surface and fresh-cross seofié,O3/IF-WS, coating with NPs-1
are presented in Fig. 2, respectively. The nanmpestwere introduced into nanopores
according to the sedimentation technique. As it slaswn in Fig. 4 it was possible to
insert the fine grains of NPs-1 in the nanopores a@rtording to the force of gravity
the NPs-1 shifted to the deeper part oflcoating.

Fig. 2. Microstructure of the surfaca) @nd fresh-cross sectioh)(
of AlL,O4/IF-WS,; coating with NPs-1.

Similar analysis was carried out for
AlL,O4/IF-WS, coating with NPs-2. Howe-
i ver the NPs-2 was visible in the nanopores

only after tribological test. The NPs-2 was
not observed in the material pores after se-
dimentation technique. In Fig. 3 presents
the polished cross-section of 86/IF-WS,
coating with NPs-2 after tribological test.
The NPs-2 was visible very closely to the
surface of AJOszcoatings. This analysis has
Fig. 3. Microstructure of polished suggested that th_e NP?'? Were on th@éxl
cross-section of AD4/IF-WS, coating surfac_e and durl_ng sliding contact it has
with NPs-2 after tribological test. been introduced into nanopores as a result
of load force between coating and the
counter — body. This fact pointed out that therprgbably a difference in shape and
size between NPs-1 and NPs-2 which influence thihods of introducing the NPs to
the structure of AO;.
In order to confirm the above suppose the TEM aislgf NPs-1 and NPs-2 was
performed. TEM images of NPs-1 and NPs-2 are shespectively (Fig. 4).
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Fig. 4. TEM bright field &) and high resolutiorbj image of NPs-1 nanopatrticles
and TEM bright field §) and high resolutiord] image of NPs-2 nanopatrticles.

Fig. 5. The selected area electron diffractiongpadt of: &) NPs-1 recorded from the area shown
in Fig. 3a and p) NPs-2 recorded from the area shown in Fag\White circles correspond
to the theoretical positions of diffraction rings WS structure taken from Crystallography
Open Data Base ref cod 9012192.
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In Fig. 48, b NPs-1 nanosized grains with regular shape andlyldafined edges
are visible. For NPs-2 unformed structure of graiith jagged and fuzzy contours are
mostly observed (Fig.c4d). The NPs-2 additionally formed agglomerates. Hewes
seen in the high resolution images (Fig.d), both materials possess the expected layered
structure. In both cases the EDS analysis confirthatithe NPs-1 and NPs-2 have the
same chemical composition (see Table 1). Basedeoretorded selected area the electron
diffraction patterns (Fig. 5) it is visible that 8H2 and NPs-2 have the same crystal struc-

ture of WS (Fig. 6).

Table 1. The results of the EDS analysis of NPs-h&NPs-2

NPs-1 NPs-2
Element
wt.% at.% wt.% at.%
S (K-line) 26.6 67.5 26.2 67.1
W (M-line) 73.4 325 73.8 32.9
Total 100.00 100.00 100.00 100.00

Fig. 6. Crystal structure of hexagonal W&— projection along [110] direction;
b — along [001] direction.

Table 2 gives the measurements of area, CroftoimPB&r, MBR_Hight and
MBR_Width, elongation and circularity of NPs-1 ad#s-2.

Table 2. Size and shape parameters of NPs-1 and NPgrains

Parameter moments NPs-1 NPs-2
Area, nnt mean 8214.09 9724.46
st. dev 5985.20 7202.20
Crofton perimeter, nm mean 413.96 508.87
st. dev 272.25 260.92
MBR_Height, nm mean 85.20 96.06
st. dev 36.43 40.35
MBR_Widht, nm mean 129.99 132.07
st. dev 50.87 56.71
Elongation shape factor mean 0.66 0.74
st. dev 0.17 0.18
Circularity mean 0.72 0.46
st. dev 0.15 0.16
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Based on the visual assessment the difference betines-1 laboratory obtained
and commercial NPs-2 nanoparticles is clear bycadti Quantitative analysis shows
that although the significant differences in themhwhat is easily observed, obtained
values of analyzed parameters of NPs-1 and NP§& donsiderably less than could
be expected and do not allow for unambiguous d¢leaon of the analyzed grains of
laboratory or commercial ones. In general NPs-@mroercially available — are bigger
those obtained in the laboratory. NPs-2 exhibighéi mean area (by 18%) and MBR _
Height by 13% in respect to NPs-1. Also the stashdiaviations of those values are
higher (especially for the mean area — greatetOB§)2Such results suggest that a spread
of the grain size is wider for NPs-2 (see TabléNBs-2 is more elongated in comparison
to NPs obtained by laboratory means. NPs-1 is aswe circular then those
comerciallycommercially available. Only shape facbd circularity shows a distinct
difference in values, and analysis of obtained esliconfirms that commercial
nanograins characterizes more complex perimeteat ighdue to the effect of the
irregular, jagged border line. The average of nanpes smallest dimension
(MBR_Height) is 85.2 nm with a standard deviatidn36.43 nm what also indicates
that those particles exhibit higher probability erfitering nanopores in the 83
coatings.

CONCLUSION

The NPs-1 and NPs-2 has the same crystal struahttehemical composition as
was confirmed during TEM examination. The resuftgjuantitative analysis obtained
from the computer image analysis shows that, the @nalysis do not show so signifi-
cant differences between the compared nanopowderspected. NPs-2 — commercially
available are generally bigger, more elongateds k@scular with irregular, jagged
border line. Visual comparative analysis showedNifs-1 and NPs-2 had different
quality which greatly affected their ability to faragglomerates, and hence it had
magnificent influence on the possibility of intradig the NPs to the nanopores.

PE3IOME. Amopodni okcuani mapu Al,Oz orpuMano Ha amoMidieBomy crutai EN AW
5251.BuBueHo 1x MikpocTpykTypy. Y nokpus Al,Oz BBOIMIN [1Ba THITH HEOPTaHi4HUX (ysiepe-
Hononi6uux (H®) Bonbbpammucynsdignnx (WS;) nanowactunox (HY) meromom 3aHypeHHSI.
IMokazano BiaMmiHHICTh BIUMBY BBeaeHHs HY Ha mikpoctpyktypy Al,O3 Ta mpoBeneHo enekT-
POHHY MIKPOCKOIIiI0 TOKpHBIB. OOpOOKOI0 300paXeHb MIKPOCTPYKTYp Ta iX aHATi30M BUBUCHO
¢dopmy Ta po3mip HaHouacTUHOK HD-WS,;. TlopiBHIBHMIA aHATI3 HAHOIIOPOIIKIB 100 X ar-
JIOMEpYBaHHS ITOKa3aB BiIMIHHOCTI, sIKi HAOUTbINe BIDIMBAIOTH HA 3/IaTHICTh 1X TPOHUKHEHHS B
HaHOTIOPHL.

PE3IOME. Amopdusie okcuansie cion Al,O; monydensl Ha amoMuHHeBoM ciuiase EN
AW 5251 M3yyena nx mukpoctpykrypa. B mokpsitie Al,Oz BBOAMIN ABa THIIA HEOpraHUYeC-
kux ¢ymwieperononobusix (H®) Bomsdpam aucynsdumabix (WS;) nanouacrun (HU) meromom
norpyxenusi. [Tokazano pasnuuve Biausinus Beaenus HU na muxpocrpykrypy Al,O;z n npose-
JICHO 3JIEKTPOHHYIO MUKpOCcKommio. O6paboTkoi H300pakeHHH MEKPOCTPYKTYP H UX aHAIH30M
n3ydeHo Gpopmy u pasmep Hanodactur HO-WS,. CpaBHuTENbHBIN aHAMN3 HAHOMOPOIITKOB Ka-
caTeqbHO UX arJIOMEPHPOBAHMS ITOKA3aJl Pa3lIMyms, OoJiee BCEro BIFSIONIIE Ha CHOCOOHOCTD MX
MPOHUKHOBEHHSI B HAHOTIOPBI.
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