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The pulse plating technology was used to prepare CoW/ZrO> composite film on the surface of Q235B
steel. The mechanical performance of CoW/ZrO. obtained from plating solution with different
concentrations of ZrO2 nanoparticles was investigated. The CoW/ZrO, composite film is crystalline
and shows CosW structures. ZrO2 nanoparticle has high surface activity and provides a large number
of crystal nuclei for the deposition of CoW alloy, which plays a role in grain refinement and directly
enhances the hardness and wear resistance of the CoW/ZrO, composite film. However, due to
aggregation phenomenon of nanoparticle, the mechanical properties of the CoW/ZrO, composite film
decrease dramatically when the ZrO: in the plating solution is 12 g/L. The composite film formed from
the plating bath with 9 g/L ZrO> has the best wear resistance and surface hardness.
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1. INTRODUCTION

Alloy films possess better physical and chemical performance than single metal film.
Compared with single metal film, alloy films often have higher hardness, better wear resistance, more
excellent corrosion resistance and so on. Along with the development of material science, alloy films
are starting to be used in many fields, such as machinery industry, aviation, manufacturing, magnetic
devices and so on [1-5]. Cobalt metal is considered as an important raw material for the production of
heat resistant alloys, wear resistance alloys, corrosion resistance alloys and magnetic alloys. Therefore,
many cobalt based alloy films with excellent performance have been reported so far [6-10]. For
example, CoW alloy films with good corrosion and wear resistance properties were reported by many
investigators [11-13]. Some people investigated the performance of CoMo alloy films prepared by
chemical or physical method [14-16]. Moreover, CoNi alloy films were also studied and reported in
many literatures [17-19]. Although the cobalt based alloy films are extremely reported, it is found out
that the performance of cobalt based alloy films could be further improved by doping nanoparticles to
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form composite films. For instance, SiC, Al.O3 and MoS; nanoparticles are beneficial to improve wear
and corrosion resistance of cobalt based alloy films which are reported in many papers [20-23].
Electrodeposition is a better way to prepare cobalt based alloy films. However, nanoparticles are easily
agglomerated in the solution in the condition of electric field. Therefore, in order to alleviate the
agglomeration phenomenon, pulse plating technology is used to obtain CoW/ZrO> composite film to
greatly improve mechanical properties. The influence of ZrO2 concentration on thickness, structure,
surface morphology, wear resistance of CoW/ZrO, composite films was investigated.

2. EXPERIMENTAL

Q235B steel (2 cmx2 cm) was used as the substrate while the pure platinum (3 cmx3 cm) plate
was used as the counter electrode. The detail information about the plating solution is listed in Table 1.

Table 1. Composition of plating solution for CoW/ZrO, composite film

Chemical Agent Concentration (gL™!)
Co0S04-7H20 20
Na,WO;-2H.0 10
(NH4)2CsHsO7 100
Na2SO4 10
H3BO3 30
ZrO nanoparticles 0~12

According to Table 1, the Co and W ions were obtained from cobaltous sulfate and sodium
tungstate, respectively. Ammonium citrate dibasic was used as the complexing agents. To boost the
solution's conductivity, sodium sulfate was used as a conducing salt while boric acid was used as the
buffering agent.

The Q235B steel was firstly polished using different grades of sandpapers. Following the
polishing of the Q235B steel, 15% NaOH and 10% HCL were employed to remove the oils and oxides
from on steel surface. Finally, the substrate was immersed in 100 mL electrolyte to prepare CoW/ZrO;
composite film by pulse plating at 60 °C for 3600 seconds with continuous stirring. The duty ratio and
frequency of pulse plating is 0.5 and 0.025 respectively. The concentration of ZrO particle added in
the plating solution ranges from 0 g/L to 12 g/L to investigate the effect of ZrO. concentration on
mechanical performance of CoW/ZrO, composite film.

Cyclic voltammetry curves of CoW electrodeposition were tested by electrochemical station
(CHI400C) at the rate of 10 mV/s. The anode was pure plate with 9 cm? while the cathode was Q235B
steel with 1 cm? The reference electrode was saturated calomel electrode. Thickness and surface
roughness of CoW/ZrO, composite film were tested by surface profiler P7 at the condition of 50 pm/s
scanning rate and frequency 100 Hz. An X-ray diffraction (Rigaku Ultima) was utilized to examine the
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microstructure of the deposited CoW/ZrO, composite film, which utilized Cu Ko radiation as an
incident beam and operated at 40 kV, 150 mA at the rate of 5 degree/min. The hardness of composite
film was calculated by Vickers hardness tester (HVS-1000P) at 2.94 N. Friction abrasion meter (HSR-
2M) was utilized to evaluate the wear resistance of films at the condition of 5 N load, 6 mm abrasion
length and 30 minutes abrasion duration. The surface morphology of CoW/ZrO, composite film was
observed by scanning electron microscope (SU5000).

3. RESULT AND DISCUSSION

3.1 Electrodeposition mechanism of CowW

Cyclic voltammetry curves of 0.01 M Co?", 0.01 M Co?*+0.01 M WO.*> and 0.01 M WOQ4*
were tested respectively shown in Figure 1. As can be seen in Figure 1(2), the typical reduction peak of
cobalt could be found at -1.15 V (position b') due to concentration polarization between cathode and
bulk solution. Moreover, the cathode current increases sharply at the potential of -0.89 V (position a")
which means the cobalt deposition is dominated. The oxidation peak of cobalt is observed at the
potential of -0.18 V (position d') which indicates the oxidation of cobalt. The cyclic voltammetry curve
of cobalt is investigated by many people [24-26]. The position of reduction and oxidation peak is
basically consistent with the experimental results in the paper. Regarding to Figure 1(3), there is no
obvious reaction current found on cyclic voltammetry curve of 0.01 M NaWOs solution which
illustrates that tungsten is not able to be deposited directly from aqueous solution. According to the
cyclic voltammetry curve of CoW codeposition as Figure 1(1), the cathode current increases extremely
at -0.92 V (position a) while the reduction peak appears at -1.09 V (position b).
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Figure 1 Cyclic voltammetry curves of 0.01 M Co?*, 0.01 M C0?*+0.01 M WO4> and 0.01 M WO, at
the rate of 10 mV/s with high voltage 0.5 V and low voltage -1.5 V.
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The position of CoW reduction peak is more positive than that of cobalt which means that
tungsten ions inhibit the mass transfer of cobalt in the initial stage of electrochemical deposition. The
effect of tungsten on electrodeposition process is also reported in many papers [27-29]. However, the
cathode current of CoW codeposition at the final potential -1.5 V is almost three times larger than that
of cobalt. This phenomenon shows that more metal ions are reduced on the cathode surface indicating
the codeposition process of CoW.

WO,* +4H,0 +2e- ——>WO,(2H,0) +40H~ (1)

WO, (2H,0) +4H(Co)——Co(W) +4H,0 (2

The codeposition mechanism of Co and W belongs to a kind of induced codeposition listed in
Equation (1) and (2). Tungsten could not be directly deposited from aqueous solution. However, in the
presence of cobalt ions, tungstate is reduced to tungsten oxide. Tungsten oxide codeposited with cobalt
under the catalytic action of initial hydrogen on the surface of cobalt to form cobalt tungsten alloy.
However, some people report that, during the codeposition process of CoW, [(Co)(HWO4)(Cit)]? will
be formed in the electrolyte to obtain CoW alloys. Different codeposition mechanisms of CoW are
investigated in some literatures [30-32].

3.2 Thickness and roughness of CoW/ZrO, composite film

The effect of ZrO concentrations on the thickness of CoW/ZrO; is shown in Figure 2 and Table
2. It can be seen that the thickness of CoW/ZrO, composite film obtained in the experiment belongs to
micron scale and the thickness of the composite film obtained varies greatly under the condition of
different ZrO. concentrations. At the beginning of the experiment, the thickness of composite film
increases gradually with the increase of ZrO, concentration. CoW/ZrO, composite film with maximum
thickness (23.69 pum) is obtained when the concentration of ZrO- in the bath is 9 g/L.
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Figure 2. Effect of ZrO, concentrations on the thickness of CoW/ZrO, composite film

A suitable amount of zirconia nanoparticles continuously gathers on the cathode surface under
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the action of agitation, which improves the activity of the cathode surface and increases the nucleation
probability resulting in the improvement of thickness. The phenomenon of nanoparticles improves the
deposition rate during plating process is introduced in some papers [33-35]. However, too higher ZrO-
concentration is not conducive to increase the thickness of composite films. When the concentration of
ZrOz in the bath is 12 g/L, the thickness decreases to 9.25 um. Due to the excessive suspension of ZrO-
particles in the plating solution, the active reaction area on the substrate is covered by agglomeration
phenomenon, which affects the chemical reaction of cobalt and tungsten, so that the thickness of the

film decreases.

Table 2. Thickness of CoW/ZrO, composite films

Figure 3. Effect of ZrO, concentrations on the roughness of CoW/ZrO, composite film
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Table 3. Roughness of CoW/ZrO, composite films
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Roughness is an important parameter for alloy films. General speaking, the alloy film with
lower surface roughness possesses smaller friction coefficient and better wear resistance. The surface
roughness of CoW/ZrO, composite is listed in Figure 3 and Table 3. With the increase of ZrO;
concentration, the surface roughness of CoW/ZrO: decreases gradually and then increases. The
composite film electrodeposited from the solution with 9 g/L ZrO> has the lowest roughness, 0.1834
um. During the plating process, the nano ZrO; particle enters into the lattice of CoW alloy and induces
heteronucleation, which plays a role in refining grains and reduces the roughness. Nonetheless, the
high concentration of zirconia nanoparticles in the plating solution tends to agglomerate near the
cathode, which increases the roughness of alloy films.

3.3 Structure and surface morphology of CoW/ZrO, composite film
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Figure 4. Effect of ZrO, concentrations on XRD spectra of CoW/ZrO, composite film

Figure 4 displays the XRD patterns of CoW/ZrO, composite film prepared from solution
containing different ZrO» concentrations. According to Figure 4, four peaks marked with 1 stand for
the diffraction peaks of Q235B steel substrate. The diffraction peaks of CoW could be observed at
20=40.6°, 20=46.4°, 26=91.8° and 20=96.5° respectively which indicate the structure of CosW. This
structure is made up of three cobalt atoms and one tungsten atom in a tetrahedral unit. Some
researchers also reported the same CosW structure [36-37]. When the ZrO, concentration in the bath
increases from 0 g/L to 9 g/L, the diffraction intensity of CosW increases gradually due to the
improvement of deposition rate resulting in more crystalline CosW structures in the composite film.
However, due to different technology parameters, amorphous structure of CoW alloy films have also
been prepared and reported [38-39].
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Figure 5. Effect of ZrO2 concentrations on surface morphology of CoW/ZrO, composite film; (a) 0
g/L ZrO2; (b) 3 g/L ZrOy; () 6 g/L ZrO2; (d) 9 g/L ZrO2; () 12 g/L ZrOy;

The surface morphology of CoW/ZrO. composite film is shown in Figure 5. It is can be found
that different concentrations of ZrO> have a certain effect on the surface morphology of the composite
film. CoW/ZrO, film presents a typical crystalline particle structure. With the increase of ZrO;
concentration, the surface particles of the composite film are gradually refined. When the ZrO;
concentration increases to 12 g/L, the surface of the film becomes loose and roughness due to
agglomeration phenomenon of a large amount of ZrO, nanoparticles.

3.4 Hardness and wear resistance of CoW/ZrO> composite film

Vickers hardness meter was used to test the hardness of CoW/ZrO, composite film listed in
Table 4.

Table 4. Effect of ZrO, concentrations on hardness of CoW/ZrO, composite film

Sample ZrO2/ g/L F/' N D/ mm HV
a 0 2.94 0.0399 349.2
b 3 2.94 0.0375 395.3
c 6 2.94 0.0357 436.2
d 9 2.94 0.0321 539.5
e 12 2.94 0.0369 418.5

It can be seen from Table 3, the ZrO; particles added in the solution is beneficial to improve the
surface hardness of CoW/ZrO, composite film. The nano ZrO; particle is able to enter into the lattice
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of Co3W tetrahedron structure resulting in the decrease of surface roughness and refining of grain size
to greatly improve hardness. The CoW/ZrO, composite film obtained from the bath with 9 g/L nano
ZrO; particle has the best surface hardness equal to 539.5 HV. When 12 g/L ZrO nanoparticles are
added into the plating solution, the agglomeration of nanoparticles cover the active area near the
cathode to form loose surface morphology with higher roughness leading to the decrease of hardness.

30 30 30
25| (a) 0 gL 210, 25(b) 3 glL Zr0, lic) 6 giL zr0)|
20 g 20 20
g 15 5 15 g
Z 10 = 10 10
S 5] a5 £
& o g o s 0
(=] [ :
Q ; 5 a
4o -10
-10
o ‘ ‘ , -5
0 500 1000 1500 2000 0 400 800 1200 1600 0 500 1000 1500 2000
Length/ um Length/ um Length/ um
15
5 s onz0] @2o120] I
yol 10 xScratch i 4
g £
2 5] 3 s
£ =
+—
o 0 M E 0 " y
8 ] 8 f
5
=10
10

Figure 6. Effect of ZrO> concentrations on wear resistance performance of CoW/ZrO, composite film
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Table 5. Wear parameters of CoW/ZrO composite film

Sample ZrOa2/ g/L Depth/ pm Wear area/ Wear volume/
pm? mm3
a 0 30.79 10122.8 0.0607
b 3 29.39 9727.2 0.0584
c 6 20.76 4452.7 0.0267
d 9 17.31 2930.2 0.0176
e 12 22.89 4940.1 0.0296

The scratch with 6 mm length is formed on the surface of composite film after the friction wear
testing. The surface profiler is used to measure the depth, sectional area and volume of the scratch to
evaluate the wear resistance as shown in Figure 6 and Table 5. The wear volume of CoW alloy film
without ZrO; particles doping is about 0.0607 mm? with 30.79 pm depth. When ZrO, nanoparticles are
introduced during plating process, the wear volume and scratch depth of composite film obviously
decrease. It is found out that, the CoW/ZrO, composite film obtained from the plating solution
containing 9 g/L ZrO; particle possesses the smallest wear volume which is only 30% of that of CoW,
indicating optimal wear resistance. In the electrodeposition process, ZrO, nanoparticle has high surface
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activity and provides a large number of crystal nuclei for the deposition of CoW alloy, which plays a
role of grain refinement and directly enhances the hardness and wear resistance of the CoW/ZrO;
composite film. The ZrO, nanoparticle is beneficial to improve physical and chemical performance of
alloy film prepared by electrodeposition which is also reported by some researchers [40-41]. However,
the wear resistance of composite film decreases extremely due to agglomeration phenomenon when the
ZrOzin the bath is 12 g/L.

4. CONCLUSION

CoW/ZrO, composite film was prepared on the surface of Q235B steel by pulse plating
technology. The effect of ZrO> concentration on thickness, surface roughness, microstructure, wear
resistance and hardness of the composite film was investigated. The CoW/ZrO, composite film
fabricated by pulse plating shows CozW structure. It is found that adding proper amount of ZrO; in the
bath can increase the film thickness, improve the surface hardness, and reduce the wear ratio and
roughness of the composite film. The main reason is that ZrO, nanoparticle covers the surface of the
alloy and can enter into the lattice of CoW alloy to induce heteronucleation, which plays a role in
refining grains and enhancing mechanical properties. When ZrO; concentration is larger than 12 g/L,
due to the agglomeration of nanoparticles, the electrical deposition is inhibited, which contributes
directly to the decrease of wear resistance and hardness.
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