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WS2/TiO2 composite layer was successfully in situ prepared by plasma electrolytic 
oxidation method adding Na2S and Na2WO4 into electrolyte. The structure, 
morphology and frictional properties of the composite layer were investigated by 
X-ray diffraction, scanning electron microscopy, and 3D confocal microscopy. It 
was found that the WS2/TiO2 composite layer is denser and has a lower friction 
coefficient when the adding concentration is 10–20 g/L. The WS2/TiO2 composite 
layer in situ prepared by plasma electrolytic oxidation is a new method to improve 
the trilogical hehavior of TC4 alloy. 
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1. Introduction 
 
Titanium alloys have advantages such as high strength and high specific strength due to 

their excellent bioconjugation properties [1,2]. However, considering the poor frictional properties 
of Ti-based materials [2,3], a need arises to improve the surface-layer properties through rational 
techniques. Means of surface modification such as physical/chemical vapor deposition, plasma 
spraying, ion implantation, laser melting (LSM/LST), sol-gel synthesis, surface metalizing, and 
electroplating are currently used to improve the tribological properties of Ti alloys. 

Micro-arc oxidation (MAO), also known as plasma electrolytic oxidation (PEO), is a 
technique for modifying the surfaces of valve metals such as Ti [4–6]. Compared with previous 
treatment methods, MAO electrolyte loss is small, and it is reusable, with an easy-to-operate 
reaction at room temperature, and generates a rapid and uniform ceramic film. The resulting 
coatings show better corrosion resistance [7,8] and enhanced mechanical properties [9]. However, 
repeated breakdown, melting, and quenching during oxidation of the ceramic layer occur, thus 
forming inherent defects, such as microporosity and cracks [4,5,10] that require further 
enhancement of the oxide-layer properties. The surface morphology, porosity, layer composition, 
and layer thickness can be adjusted by changing the electrical and chemical process parameters 
[11,12]. 

Currently, in response to this need, the present research is focused on the of composite 
layers preparation by adding different particles in to electrolyte, such as Na2Cu-EDTA [13]; Ag, 
Cu, and Zn [14]; K2ZrF6 [15]; Cu2P2O7 [16]; and Er(NO3)3 [17], and the prepared composite layers 
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couple some properties of the added particles on top of the original TiO2 ceramic layer. The 
composite films were prepared by coupling several properties of the added particles, such as 
abrasion reduction, biological properties [18–21], and high hardness. The composite ceramic film 
layer generated by MAO in situ generation of additive particles has a strong bonding ability with 
the substrate and high hardness. Owing to the increase in surface hardness, the wear resistance of 
the surface is improved [22–28]. 

 
2. Experimental procedure 
 
The TC4 sample was polished with sandpaper until its surface was free of obvious defects, 

and it was then ultrasonically cleaned for use. The electrical parameters were set to a constant 
current mode of 11 A/dm2, a frequency of 500 Hz, and time of 30 min. Further, 2-g/L NaF+6-g/L 
Na3PO4+4-g/L Na2WO4 was used as the main salt system, and Na2S was added at 10, 20, and 30 
g/L as the control. The surface and cross-sectional morphologies of the prepared oxide films were 
observed using a Zeiss SIGMA 500 field-emission scanning electron microscope and an Aztec 
X-Max 50 energy spectrometer. The porosity was analyzed using Image J software with a 
D/max-2500/pc diffractometer with a Cu Kα target, a voltage and current of 40 kV and 100 mA, 
respectively, a scanning angle of 20°–90°, and a scanning speed of 8°/min. 

 
3. Results and analysis 
 
It was found from Fig. 1 that the surface morphology of the ceramic layer generated by 

MAO changes significantly with the increasing concentration of added Na2S, and it can be seen 
that the pore diameter of the micro-pores distributed on the surface of the oxide layer fluctuates 
drastically up to 100 μm when the Na2S concentration is low, while the pore diameter decreases to 
an average of 2–4 μm when the concentration reaches 30 g/L. Moreover, the pore-size distribution 
diagram shows that the pore size of the membrane layer decreases along with the porosity. 
However, the surface roughness of the oxide layer also improved significantly with increasing 
addition concentration. The roughness parameters in Fig. 2 are the following: Ra, arithmetic 
average roughness; Rp, maximum peak height; Rv, maximum valley height; Rz, average peak and 
valley depth; and Rq, root-mean-square roughness. The roughness of Ra, Rp, Rv, Rz, and Rq 
decreased with increasing Na2S concentration, and the five parameters of oxide-layer roughness 
reached their lowest value, i.e., 30 g/L, simultaneously. The roughness is mainly determined by the 
degree of elevation of the discharge buildup and the degree of depression of the discharge 
micropores. Figure 3 shows that the porosity and thickness of the film layer have the same 
variation rule, i.e., it decreases with increasing added concentration, and the porosity of the film 
layer reaches a minimum of 15.4% compared with 42% at 10 g/L. 

Regarding the porosity, pore size, and roughness, the reason that the film thickness has the 
same variation pattern is the effect of different additive concentrations on the voltage during the 
MAO process. In general, the roughness is mainly determined by the degree of elevation of the 
discharge buildup and the degree of depression of the discharge micropores. The discharge buildup 
has a significant influence. As can be seen in Fig. 4, the increase of Na2S concentration has a 
significant effect on the reaction voltage during the oxidation process, with a decrease of 
approximately 100 V per 10 g/L of added Na2S and a minimum reaction voltage of approximately 
150 V at 30 g/L. The increase in Na2S concentration leads to the flooding of the solution with a 
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large number of S2− ions, which reduces the conductivity of the solution, resulting in a decrease in 
reaction voltage. It has been shown that lower voltage carries less energy, and less molten oxide 
can be ejected from the substrate per unit time [29]; in addition, the pore size of the micro-pores 
left by the breakdown layer is small, which contributes to the uniform growth of the ceramic layer 
and improves the surface quality of the ceramic layer. 

 

 

 
 

Fig. 1. Surface morphology and pore distribution of different Na2WO4 additions A,  
a 10g/L, B, b 20 g/L, C, c 30 g/L. 
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Fig. 2. Roughness of oxide layer with different Na2WO4 additions. 
 

 

Fig. 3. Histogram of film thickness and porosity for different Na2WO4 additions 
 
 

 

Fig. 4. Reaction voltage of different Na2WO4 additions. 
 
 

After X-ray diffraction (XRD) of the composite oxide layer, Fig. 5 shows the XRD 
patterns of the composite ceramic layer from 20° to 90° in the range of 2θ. It can be seen that the 
main phases of the oxide layer are rutile-TiO2 and anatase-TiO2, and the diffraction peaks are 
enhanced around28°, which indicates that increased Na2S content is beneficial to the generation of 
stable-phase rutile-TiO2. Moreover, the WS2 phase appears in the diffraction pattern, indicating 
that the WS2 phase is successfully generated by the reaction between Na2WO4 and Na2S during the 
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MAO process. The content and type of the oxide layers prepared with different concentrations of 
Na2S were almost unchanged, indicating that Na2S concentration did not change the phase 
composition of the ceramic layers. Figure 6 shows the composition of the ceramic layer after 
oxidation with different concentrations of Na2S. As can be seen in Fig. 6, the oxide layer is mainly 
composed of elemental Ti, O, W, and S. O and Ti comprise the main elemental compositions in the 
ceramic layer, and Ti and O come from the surface TiO2 phase, while the presence of elemental W 
and S indicates the generation of the WS2 phase on the surface of the ceramic layer, which is 
consistent with XRD results. 

 

 
Fig. 5. X-ray diffraction of oxide layer with different Na2WO4 additions. 

 
 

 
Fig. 6.1 SEM scans of the oxide layer with different Na2WO4 additions a) 10g/L, 
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Fig. 6.2 SEM scans of the oxide layer with different Na2WO4 additions b) 20 g/L, c) 30 g/L. 
 
 
The coefficient of friction (COF) of the coating prepared by the conventional PEO process 

is approximately 0.55 [30], and high-temperature friction experiments on the WS2/TiO2 composite 
coating revealed that the addition of Na2S significantly reduced the average COF of the coating. 
As can be seen in Fig. 7, the COF of the coating gradually increased with the addition of Na2S, but 
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it was still smaller than the COF of the conventional coating. It can be seen from Fig. 8 that the 
COF of the coating stabilizes after 100 s, fluctuates slowly, and the COF curve is significantly 
higher than 10 g/L with the addition of 20 and 30 g/L or more of Na2S. It can be concluded that the 
presence of WS2 as a lubricating phase in the coating friction process provides a certain 
wear-reduction effect, while the COF increases with the addition of concentration probably 
because the large amount of S2− ions in the electrolyte reduces the electrolytic properties of the 
solution, which reduces the reaction voltage and suppresses the COF of WS2. Therefore, the 
addition of a high concentration of Na2S reduces the wear resistance of the coating. 

 

 
Fig. 7. Average friction coefficient of oxide layer with different Na2WO4 additions. 

 
 

 
Fig. 8. Friction coefficient curve of oxide layer with different Na2WO4 additions. 

 
 
Theoretically, the lattice mismatch between WS2 and TiO2 is large, and many dislocations 

and distortions exist at the interface, resulting in a non-coherent interface. The non-coherent 
interface may hinder the motion of dislocations, relieve lattice strain, and reduce the interfacial 
free energy [31], thereby producing moderate interfacial bond strength [32,33]. Thus, the 
non-coherent interfaces formed by the in situ synthesized WS2 improve the mechanical properties 
of the ceramic coatings. As shown in Fig. 9, at the microscopic level, this non-coherent interface 
hinders the dislocation motion near the WS2 nanoparticles, which allows WS2 to be immobilized in 
the ceramic coating and ensures that WS2 provides wear reduction for a long time. 
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Fig. 9. Schematic diagram of the formation of non-coherent interface between WS2 and TiO2. 
 
 
4. Conclusions 
 
The following conclusions were drawn. The composite WS2/TiO2 layer can be in situ 

prepared by PEO treatment by adding Na2WO4 and Na2S into the electrolyte. WS2 plays a role in 
reducing wear to the layer, and the COF of the composite layer is lower than that of the 
conventional layer. The best addition concentration of Na2S in the laboratory is 10–20 g/L. 
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