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The microstructure and structure of composite coatings prepared on aluminum substrates 
are studied. Amorphous oxide layers Al2O3 are obtained on EN AW 5251 aluminum alloy. 
In the Al2O3 coating two kinds of inorganic fullerene-like (IF) tungsten disulfide (WS2) 
nanoparticles (NPs) are introduced by a dip coating method. In order to show the differen-
ce in the possibility of introducing the NPs in the microstructure of Al2O3 the scanning 
electron microscopy and transmission electron microscopy analysis are carried out. Image 
processing and analysis were conducted in order to study the shape and size of the IF-WS2 
nanoparticles. Visual comparative analysis shows the difference of nanopowders quality that 
greatly affects their ability to form agglomerates, and, hence, strongly influences the 
possibility of introducing the NPs into nanopores. 
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Inorganic fullerene-like (IF) tungsten disulfide (WS2) nanoparticles (NPs) are one 
of the most commonly used nanolubricant. Dependence of the friction mechanism of 
IF-WS2 NPs, like exfoliation, rolling and sliding on the normal stress has been study by 
Tevet et al. [1]. The mechanism of WS2 NPs behavior in high-pressure contacts was 
presented by Ratoi et al. [2]. It is generally accepted that that agglomeration has strong 
influence on nanoparticles properties [3–5]. Much research in recent years has been 
focused on technical barriers for scaling up the IF-WS2 which lie in the powder 
agglomeration and superficial reaction [6, 7]. Usually agglomerates limit or reduce the 
role of nanoparticles. Therefore it is necessary to know the shape and size of nanopar-
ticles which are used in various applications [8]. 

Escobar et al. [9] filled the pores of the nanoporous aluminum oxide substrate with 
polytetrafluoroethylene (PTFE) particles, applying the sedimentation technique. The 
200 nm sized PTFE particles were noticed only on the top of the surface and blocked the 
entrance to the pores. The smaller PTFE particles with a diameter of 90 nm were able to 
enter to the deeper part of the structure of anodic film. The insertion of the particles inside 
the anodic film was explained by the phenomena of surface tension [10] and capillary 
forces [11, 12]. Hu et al. [13] introduced C60 particles into the anodic oxide matrix, using 
the immersion method, emphasizing how important it is to enlarge pores of anodic oxi-
de before self-lubricating treatment. In previous research the authors [14] showed that 
aluminum-oxide film could be loaded with nanoparticles of IF-WS2, which were obtained 
in laboratory condition. It is well known that knowledge about the shape and size of the 
nanolubricant play a major role in technological process. Despite the breadth of re-
search concerning different kinds of nanopowders introduced into anodic oxide layers, 
as for as we know, little research has been published regarding the influence of IF-WS2 
nanoparticle size and shape on microstructure of aluminum oxide layer. 
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The present article shows the differences between possibilities of introducing two 
kinds of IF-WS2 NPs to the anodic oxide layer. First kind of nanoparticles was obtained 
in laboratory conditions [6]; the second one was commercially available product (Na-
noMaterials Ltd). To this purpose microstructural analysis using scanning electron 
microscopy (SEM), transmission electron microscopy (TEM) techniques, image pro-
cessing and analysis carried on Aphelion 4.2 software were conducted. 

Materials and methods. Sample preparation. Aluminum oxide Al2O layers with 
IF-WS2 coating were fabricated on EN AW 5251 aluminum alloy surface according to 
a two-steps method. Firstly, the film was obtained by the electro-oxidation of the alu-
minum alloy in a ternary solution consisting of sulfuric, oxalic and phthalic acids. In 
the second step of the process the IF-WS2 NP were introduced into the porous alumina 
film by the dip coating method. The details of this method are described by Korzekwa 
et al. [14]. Two kinds of IF-WS2 nanoparticles were used in the presented studies. First 
kind of NPs was obtained in laboratory condition [6] (designated as NPs-1 in this 
paper). Second one was commercially available IF-WS2 nanoparticles from NanoMa-
terials Ltd (designated as NPs-2 in this paper). The NPs of IF-WS2 were dispersed in 
35 vol.% ethanol (C2H6O)/water mixture. The aluminum sheets were dip coted in the 
mixture and placed in the ultrasonic bath in order to facilitate the introduction of the 
NPs in the nanopores of Al2O3 coating. The surfaces of samples after tribological tests 
were used for SEM and computer image analysis. Tribological test was performed on a 
T17 tester, a pin-on-plate in a reciprocating motion, at room temperature, at a humidity 
of 30±5%, using 0.5 MPa pressure at an average sliding speed of 0.2 m/s in dry friction 
conditions. The tribological test was conducted at a sliding distance of 15 km. The 
commercial TG15 plastic pin of a diameter of 9 mm was used as a counter-body [15]. 

Micro- and nanostructural characterization. Microanalyses of surface, fresh 
cross-section and polished cross-section of Al2O3 with IF-WS2 coatings were studied 
by a HITACHI S-4700 scanning electron microscope (SEM) with NORAN Vantage 
digital energy dispersive X-ray microanalysis (EDS) system. 

Transmission electron microscopy (TEM) micrographs of the studied nanopar-
ticles were recorded on a high resolution (HRTEM) JEOL 3010 microscope working at 
300 kV equipped with 2 k×2 k OriusTM 833 SC200D Gatan CCD camera. 

Analysis of the nanoparticles shape and size. Image processing and analysis were 
conducted using Aphelion 4.2 software. Preprocessing stage was limited to a standard 
image quality improvement by filtering and reducing noise effect. In order to proper 
assess the numbers of the particles and its shape the cluster split transformation has 
been done. In particular cases manual correction of the obtained result was needed. 
Particles area, shape factors and diameters were determinate. The area is measured as a 
sum of all pixels building each of particles on the binary images, corrected by the scale 
factor. For shape description several parameters were used, namely: Crofton perimeter 
(PC), MBR_High, MBR_Width, elongation factor (E) and circularity (C). 

Crofton perimeter is calculated using Crofton formula [16]. It is the best approxi-
mation of the perimeter of the particles in the discrete space. To assess of the Crofton 
perimeter is necessary to determine the value of the circularity shape factor. Circularity 
is calculated using the formula: 
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For circle circularity the value of factor is equal to 1. 
MBR_Hight is the length of the smallest side of the minimum bounding rectangle 

of detected grain (Fig. 1). MBR_Width is the length of the 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
E = .  

This shape factor is sensitive to the elon-
gation of the objects, regardless of the partic-
les orientation in the coordinate system. The 
value of elongation equal 1, means that the 
analyzed shape is close to the circle or square. 

Results and discussion. After techno-
logical process the samples of Al2O3/IF-WS2 
were analyzed by the SEM technique. Mic-

rostructures of the surface and fresh-cross section of Al2O3/IF-WS2 coating with NPs-1 
are presented in Fig. 2, respectively. The nanoparticles were introduced into nanopores 
according to the sedimentation technique. As it was shown in Fig. 2a it was possible to 
insert the fine grains of NPs-1 in the nanopores and according to the force of gravity 
the NPs-1 shifted to the deeper part of Al2O3 coating. 

  
Fig. 2. Microstructure of the surface (a) and fresh-cross section (b)  

of Al2O3/IF-WS2 coating with NPs-1. 

Similar analysis was carried out for 
Al2O3/IF-WS2 coating with NPs-2. Howe-
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 Al2O3/IF-WS2 
coating with NPs-2 after tribological test. 
The NPs-2 was visible very closely to the 
surface of Al2O3 coatings. This analysis has 
suggested that the NPs-2 were on the Al2O3 
surface and during sliding contact it has 
been introduced into nanopores as a result 
of load force between coating and the 

counter – body. This fact pointed out that there is probably a difference in shape and 
size between NPs-1 and NPs-2 which influence the methods of introducing the NPs to 
the structure of Al2O3. 

In order to confirm the above suppose the TEM analysis of NPs-1 and NPs-2 was 
performed. TEM images of NPs-1 and NPs-2 are shown respectively (Fig. 4). 

 
Fig. 1. Scheme of the MBR_Width and 

MBR_Height parameters indication. 

 
Fig. 3. Microstructure of polished  

cross-section of Al2O3/IF-WS2 coating  
with NPs-2 after tribological test. 
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Fig. 4. TEM bright field (a) and high resolution (b) image of NPs-1 nanoparticles  
and TEM bright field (c) and high resolution (d) image of NPs-2 nanoparticles. 

 
Fig. 5. The selected area electron diffraction patterns of: (a) NPs-1 recorded from the area shown  

in Fig. 3a and (b) NPs-2 recorded from the area shown in Fig. 4a. White circles correspond  
to the theoretical positions of diffraction rings for WS2 structure taken from Crystallography  

Open Data Base ref cod 9012192. 
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In Fig. 4a, b NPs-1 nanosized grains with regular shape and clearly defined edges 
are visible. For NPs-2 unformed structure of grains with jagged and fuzzy contours are 
mostly observed (Fig. 4c, d). The NPs-2 additionally formed agglomerates. However as 
seen in the high resolution images (Fig. 4b, d), both materials possess the expected layered 
structure. In both cases the EDS analysis confirmed that the NPs-1 and NPs-2 have the 
same chemical composition (see Table 1). Based on the recorded selected area the electron 
diffraction patterns (Fig. 5) it is visible that NPs-1 and NPs-2 have the same crystal struc-
ture of WS2 (Fig. 6). 

Table 1. The results of the EDS analysis of NPs-1 and 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 32.5 73.8 32.9 

Total 100.00 100.00 100.00 100.00 

  

Fig. 6. Crystal structure of hexagonal WS2: a – projection along [110] direction;  
b – along [001] direction. 

Table 2 gives the measurements of area, Crofton Perimeter, MBR_Hight and 
MBR_Width, elongation and circularity of NPs-1 and NPs-2. 

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

Parameter moments NPs-1 NPs-2 

Area, nm2 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 between NPs-1 laboratory obtained 
and commercial NPs-2 nanoparticles is clear by noticed. Quantitative analysis shows 
that although the significant differences in the shape what is easily observed, obtained 
values of analyzed parameters of NPs-1 and NPs-2 differ considerably less than could 
be expected and do not allow for unambiguous classification of the analyzed grains of 
laboratory or commercial ones. In general NPs-2 – commercially available – are bigger 
those obtained in the laboratory. NPs-2 exhibits higher mean area (by 18%) and MBR_ 
Height by 13% in respect to NPs-1. Also the standard deviations of those values are 
higher (especially for the mean area – greater by 20%). Such results suggest that a spread 
of the grain size is wider for NPs-2 (see Table 2). NPs-2 is more elongated in comparison 
to NPs obtained by laboratory means. NPs-1 is also more circular then those 
comerciallycommercially available. Only shape factor of circularity shows a distinct 
difference in values, and analysis of obtained values confirms that commercial 
nanograins characterizes more complex perimeter, what is due to the effect of the 
irregular, jagged border line. The average of nanoparticles smallest dimension 
(MBR_Height) is 85.2 nm with a standard deviation of 36.43 nm what also indicates 
that those particles exhibit higher probability of entering nanopores in the Al2O3 
coatings. 

CONCLUSION 
The NPs-1 and NPs-2 has the same crystal structure and chemical composition as 

was confirmed during TEM examination. The results of quantitative analysis obtained 
from the computer image analysis shows that, the size analysis do not show so signifi-
cant differences between the compared nanopowders as expected. NPs-2 – commercially 
available are generally bigger, more elongated, less circular with irregular, jagged 
border line. Visual comparative analysis showed the NPs-1 and NPs-2 had different 
quality which greatly affected their ability to form agglomerates, and hence it had 
magnificent influence on the possibility of introducing the NPs to the nanopores. 

РЕЗЮМЕ. Аморфні оксидні шари Al2O3 отримано на алюмінієвому сплаві EN AW 
5251. Вивчено їх мікроструктуру. У покрив Al2O3 вводили два типи неорганічних фулере-
ноподібних (НФ) вольфрамдисульфідних (WS2) наночастинок (НЧ) методом занурення. 
Показано відмінність впливу введення НЧ на мікроструктуру Al2O3 та проведено елект-
ронну мікроскопію покривів. Обробкою зображень мікроструктур та їх аналізом вивчено 
форму та розмір наночастинок НФ-WS2. Порівняльний аналіз нанопорошків щодо їх аг-
ломерування показав відмінності, які найбільше впливають на здатність їх проникнення в 
нанопори. 

РЕЗЮМЕ. Аморфные оксидные слои Al 2O3 получены на алюминиевом сплаве EN 
AW 5251. Изучена их микроструктура. В покрытие Al2O3 вводили два типа неорганичес-
ких фуллереноподобных (НФ) вольфрам дисульфидных (WS2) наночастиц (НЧ) методом 
погружения. Показано различие влияния введения НЧ на микроструктуру Al2O3 и прове-
дено электронную микроскопию. Обработкой изображений микроструктур и их анализом 
изучено форму и размер наночастиц НФ-WS2. Сравнительный анализ нанопорошков ка-
сательно их агломерирования показал различия, более всего влияющие на способность их 
проникновения в нанопоры. 
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