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HYBRID NANOCOMPOSITE LAYERS Ni/Al2O3/CGRAPHITE PRODUCED 
BY ELECTROCRYSTALLIZATION METHOD

The paper presents the results of studies of hybrid composite layers Ni/Al2O3/Cgraphite produced by the electrodeposition method. 
Three variants of hybrid composite layers were prepared in electrolyte solutions with the same amounts of each dispersion phases 
which were equal to 0.25; 0.50 and 0.75 g/dm3. The structure of Ni/Al2O3/Cgraphite layers as well as the Al2O3 and graphite powders, 
which were used as dispersion phases was investigated. The results of morphology and surface topography of produced layers 
are presented. The modulus of elasticity and microhardness of the material of produced layers were determined by DSI method. 
Tribological and corrosion resistance tests of produced layers were carried out. Realized studies have shown that the material of the 
produced layers is characterized by a nanocrystalline structure. Incorporation of dispersion phases into the nickiel matrix increases 
the degree of surface development of layers. Ni/Al2O3/Cgraphite layers are characterized by high hardness and abrasion resistance 
by friction, furthermore, they provide good corrosion protection for the substrate material.
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1. Introduction 

Deposition of metal layers by electrocrystallization method 
is widely used in industry to improve the useful properties of 
products, like corrosion or abrasion resistance. Due to increas-
ing requirements for various types of products it is necessary 
to look for solutions in the form of new materials that would 
allow to exhibit the best operational parameters in a specific 
area of application. A high potential to modify the properties of 
the products is accomplished by applying a layer of a composite 
material on the given product surface. 

Composite layers produced by electrocrystallization method 
are characterized by much better mechanical and corrosion 
properties than layers of pure metals, what is confirmed by 
a number of publications [1-7]. The properties of the produced 
composite layers can be controlled by appropriate selection of 
matrix material, type of dispersion phase, size and shape of the 
dispersion phase particles, proportion and distribution of the 
dispersion phase incorporated in the matrix material. A new 
solution of composite layers results from the incorporation of 
two or more types of dispersion phases with different properties 
into metal matrix. In such a process a hybrid layer is formed. 
This type of layers allows to obtain a material that combines 
many favorable properties. The subject of realized research are 
hybrid composite layers Ni/Al2O3/Cgraphite with a nanocrystalline 
structure produced by electrocrystallization method. The combi-
nation of three different materials in the composite layer enables 

mutual complementing of their properties, whereas interactions 
between them induce the modification of the properties of the 
whole layer. Due to the content of the dispersion phases used in 
the composite material and the degree of their dispersion, the 
desired properties of the produced layer can be achieved.

2. Research methodology

Hybrid composite layers with nickel matrix and Al2O3 and 
graphite as dispersion phases were produced by electrocrystalli-
zation method in baths constituting a mixture of multi-component 
electrolyte and powders of dispersion phases. For comparative 
purposes, researches include nickel layers produced at the same 
process parameters. The nanometrical powders of Al2O3 and 
graphite were used as dispersion phases. Three variants of hybrid 
composite layers were produced in electrolyte solutions contain-
ing the same amount of each powder which was equal to 0.25; 
0.50 and 0.75 g/dm3. The chemical composition of baths used 
to produce the layers is shown in Table 1. Saccharin (4 g/dm3) 
and sodium dodecyl sulfate (0.45 g/dm3) were used as organic 
compounds to solutions. These substances have an influence 
on the structure of deposited nickel, resulting into refining of 
structure to nanometric dimensions [8].

The electrodeposition process was carried out at current 
density of 3 A/dm2 in the bath at a temperature of 318 K in 
ambient atmosphere. During the process of nickel deposition 
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The produced layers are compact and characterized by good 
adhesion to the substrate. In the case of hybrid composite layers, 
the incorporation of graphite particles and Al2O3 agglomerates 
into nickel matrix was identified. 

The incorporation of dispersion phases in the forms of 
graphite flakes and Al2O3 powder particles in the volume of 
produced composite hybrid layers is confirmed by the results 
of chemical composition analysis using the EDS method what 

is marked in the areas shown in Figures 6-8 and summarized 
in Tables 3-5.

It should be emphasized that the presented results of the 
chemical composition analysis confirm the incorporation of 
graphite flakes and Al2O3 powder particles trough the whole 
volume of the produced hybrid composite layers.

The results of investigations of corrosion properties of 
produced layers are presented in Figure 9 in the form of poten-
tiodynamic curves. The corrosion potential and corrosion current 
density of produced layers were determined on the base of the 
obtained potentiodynamic curves (Table 6). 

Shifting the corrosion potential of hybrid composite lay-
ers towards positive values indicates their higher corrosion 
resistance compared to the nickel layer. The hybrid composite 
layer produced in the bath with the highest amount of disper-
sion phases is characterized by the highest corrosion resistance. 
Several factors have an impact to the improvement of corrosion 
resistance as a result of incorporation of Al2O3 and graphite 
particles. In the work [18], the higher corrosion resistance of 
composite layers is explained by the fact that the embedded 
particles act as physical barriers for the initiation and develop-
ment of corrosion, furthermore, the dispersion particles limit 
the area of influences of the corrosion medium on the nickel 
matrix. Moreover, the refining of crystalline structures of layer 

Fig. 6. Cross-section of Ni/Al2O3/Cgraphite (0.25) composite layer with 
marked areas of chemical composition analysis

TABLE 3

The results of point analysis of chemical composition 
of Ni/Al2O3/Cgraphite (0.25) composite layer

point 1 point 2 point 3 point 4
elem. at. % elem. at. % elem. at. % elem. at. %

C 3.94 C 3.96 C 4.54 C 4.48
O 8.22 O 12.48 O 7.77 O 13.24
Al 4.95 Al 7.93 A 4.86 Al 8.42
Ni 82.90 Ni 75.63 Ni 82.83 Ni 73.85

point 5 point 6 point 7 point 8
elem. at. % elem. at. % elem. at. % elem. at. %

C 91.18 C 81.04 C 87.19 C 47.97
O — O — O — O 1.54
Ni 8.82 Ni 18.96 Ni 12.81 Ni 50.49

Fig. 7. Cross-section of Ni/Al2O3/Cgraphite (0.50) composite layer with 
marked areas of chemical composition analysis

TABLE 4

The results of point analysis of chemical composition 
of Ni/Al2O3/Cgraphite (0.50) composite layer

point 1 point 2 point 3 point 4
elem. at. % elem. at. % elem. at. % elem. at. %

C 3.53 C 4.15 C 3.84 C 4.35
O 24.60 O 16.79 O 18.66 O 10.93
Al 15.79 Al 10.85 Al 12.11 Al 7.00
Ni 56.07 Ni 68.21 Ni 65.39 Ni 77.72

point 5 point 6 point 7 point 8
elem. at. % elem. at. % elem. at. % elem. at. %

C 65.66 C 40.28 C 66.12 C 69.88
O 1.66 O 1.69 O 2.09 O –
Ni 32.68 Ni 58.04 Ni 31.78 Ni 30.12

Fig. 5. Cross sections of deposited layers
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material. In the case of dispersion strengthening, the dislocation 
mobility is blocked by dispersion phase particles embedded into 
matrix material [15,21]. The type and content of incorporated 
dispersion phase into nickel matrix has an impact to hardness of 
composite material. Incorporation of Al2O3 particles into nickel 
matrix increases the hardness of Ni/Al2O3 composite layers, 
which is about 500-700 HV, depending on the electrocrystal-
lization parameters and content of particles in the bath [22-25]. 
In the case of Ni/Cgraphite composite layers, incorporation of 
graphite particles into nickel matrix decreases the hardness of 
layers even up to 30% [26,27]. 

The investigations of mechanical properties by DSI method 
included the determination of loading/unloading curves as F(h) 
function of the tested layers. Figure 12 shows the determined 
curves of dependence of penetration depth (h) of the indenter as 
the function of the given load (F) for Ni and Ni/Al2O3/Cgraphite 
(0.75) layers.

Fig. 12. Curves of loading/unloading for Ni and Ni/Al2O3/Cgraphite 
(0.75) layers

Based on the ability of the indenter penetration in material 
of tested layers, the modulus of elasticity EIT, Indention hard-
ness HIT and Martens hardness HM were determined. The results 
of the determined DSI parameters of Ni and Ni/Al2O3/Cgraphite 
(0.75) layer materials are presented in Table 8. 

The hybrid composite layer are characterized by lower 
susceptibility for the deformation than the nickel layer – its 
curve of loading/unloading has narrower hysteresis loop and 
is shifted towards to the axis of abscissa. It is confirmed by the 

results of hardness and modulus of elasticity, which are higher 
for hybrid composite layer, due to finer grain size and effects 
of dispersion strengthening. The measurement results of wear 
resistance by ball-on-disc method are shown in Figure 13. 
Figure 14 presents the images of layers surface after the tests 
of the wear resistance. 

Fig. 13. Measurement results of the wear resistance of produced layers

Fig. 14. Image of the surface of produced layers after the wear resist-
ance tests

The incorporation of dispersion phase particles into nickel 
matrix increases the wear resistance, what correlates with the 
hardness results. The highest wear resistance, almost three times 
higher in relation to the nickel layer, is exhibited by the hybrid 
composite layer produced from the bath with the highest content 
of both dispersion phases. Improvement of the wear resistance 
of hybrid composite layers is caused by the structure refining 
and dispersion strengthening (Orowan mechanism) [15,20]. 
The highest impacts for the improvement of wear resistance 
have embedded flakes of graphite into layer material, due to its 
self-lubricating properties. Layered structures of the graphite 
and easiness of bond-breaking among the adjacent graphene 

Fig. 11. Microhardness of deposited layers

TABLE 8

Results of hardness and modulus of elasticy of Ni 
and Ni/Al2O3/Cgraphite layers

Layer HIT [MPa] HM [MPa] EIT [GPa]
Ni 3709 3076 227

Ni/Al2O3/Cgraphite (0.75) 4088 3399 253




