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Different CoNiP alloy coatings were electrodeposited from plating solutions with various
concentrations of sodium hypophosphite on the surface of 42CrMo steel plate as gear material to
improve mechanical performance in simulated oil. CoNiP alloy coating presents granular morphology
with crystalline structure. Sodium hypophosphate in plating solution is beneficial to accelerate the
chemical reaction rate, increase the thickness of the coating and refine the surface particles, so as to
improve the wear resistance. However, when the content of sodium hypophosphite is higher than 15
g/L, the stability of the bath decreases to obtain coatings with loose and rough structures, resulting in
the decrease of wear resistance. The CoNiP alloy film prepared at 15 g/L sodium hypophosphite has
the best crystallinity, compact surface and excellent wear resistance.
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1. INTRODUCTION

Gear parts are widely used in modern manufacturing, which are considered as critical and core
components due to their optimal advantages, such as precision, stability, high efficiency and so on [1-
4]. Along with the development of science and technology, gear is indispensable in various fields. For
example, traditional machine tools are equipped with a large number of gear parts. As the basic
equipment of manufacturing industry, machine tool directly determines the quality of mechanical
products. The gear device is also widely used in the automobile industry. The gear is one of the key
devices to realize the power transmission and speed control of the automobile, which directly affects
the power system and service life of the vehicle.

Steel is one of the commonly used materials for gear. At present, the steel commonly used in
gear is tempered steel, hardened steel, nitriding steel and so on [5-10]. Wear resistance performance is
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an important parameter for gear material. In order to further improve the mechanical performance of
gear materials, it is useful to prepare alloy coatings with better mechanical performance on the surface
of gear material. For example, some alloy coatings such as CoW, FeNi, NiW and ZnNi are fabricated
to improve physical and chemical performance of substrate reported in many literatures [11-15]. In
addition to alloy coatings, it is found that some nano-particles or non-metals are also beneficial to
improve performance of materials [16-20].

42CrMo steel possesses good mechanical performance and optimal machinability which is
widely used as gear materials. According to previous research by others, phosphorus has strong
solution strengthening effect, which increases the strength and hardness of metal materials [21-24].
However, many works focus on the effect of phosphorus on electroless plating, attributed to sodium
hypophosphite mainly as a reducing agent in electroless plating. Therefore, in the paper, sodium
hypophosphite was introduced during plating process to prepare CoNiP alloy coatings on the surface
of 42CrMo steel as gear material. Moreover, the wear resistance of CoNiP alloy coatings in simulated
oil was also studied.

2. EXPERIMENTAL

2.1 Materials and technical process

42CrMo steel plate, a typical gear material, was used as the substrate (20 mmx40 mmx1 mm)
in the plating process.

Table 1. Plating solution and technology parameter of CoNiP coating

Chemical agent and parameter Value
Co0S04-7H20 30 g/L
NiSO4-6H20 30 g/L

CesHsNazO7 80 g/L
Na2SO4 20 g/L
H3BOs 30 g/L

NaH2PO2:6H20 0~20 g/L

Current density 2.5 A/ldm?
Plating time 1 hour
Temperature 60 °C

The chemical component of 42CrMo is: 0.38-0.45% C, 0.17~0.37% Si, 0.5-0.8% Mn, 0.9-1.2%
Cr, 0.15-0.25% Mo, the rest part is Fe. The pure platinum plate (40 mmx40 mmx1 mm) was chosen as
the counter electrode. The substrate was polished and cleaned sequentially. After that, the substrate
was immersed into an alkaline solution (20 g/L NaOH, 18 g/L Na>COs and 10 g/L NazPOs) to get rid
of oils at 60 °C for 15 minutes. And then, 10% hydrochloric acid was used to do rust cleaning for the
substrate. Finally, the substrate was cleaned and dried to do the CoNiP electrodeposition in 200 ml
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plating solution at 60 °C for 1 hour. The specific information of plating solution and technology
parameters is listed in Table 1.

2.1 Simulated oil solution

Gears work in oil to extend their service life and improve transmission efficiency. The oil is
composed of based lubricating oil and compound additives. In the paper, wear resistance of CoNiP
alloy coating electrodeposited on surface of 42CrMo steel in simulated oil was investigated. The
composition of simulated oil is listed in Table 2.

Table 2. Composition of simulated oil solution

Chemical agent Mass percent/ %
Based oil 400SN 70%
Sodium sulfite 5%
Sodium dodecyl benzene carbonate 10%
Potassium metabo 8%
Oleamide 7%

2.3 Performance testing

The chemical station CHI440C was used to study electrochemical mechanism of CoNiP
electrodeposition based on cyclic voltammetry and i-t curves. During the cyclic voltammetry testing
and i-t curves, the anode was pure platinum plate (40 mmx40 mmx1 mm) and the cathode was the
42CrMo steel plate (10 mmx10 mm). Saturated calomel electrode was utilized as the reference
electrode. The high voltage was 0.1 V while the low voltage was -1.3 V at the scanning rate of 0.01
V/s in the cyclic voltammetry testing. According to the experiment of i-t curves, the voltage was stable
at -1.3 V for 250 seconds. The wear resistance of samples in simulated oil was tested by friction
abrasion machine (M200). The load force was 10 N to abrade for 20 minutes with 3 mm length wear
scratch. The thickness and wear profile were tested by surface profiler (KlaTencor P6). Microstructure
of CoNiP coatings was characterized by X-ray diffraction (XRD-7000) while the surface morphology
was observed by scanning electron microscope (TM3000).

3. RESULTS AND DISCUSSION

3.1 Cyclic voltammetry curves

The cyclic voltammetry curves of different plating solutions (0.01 M CoSOg4, 0.01 M NiSOs,
0.01 M NaH2PO2, 0.01 M Co0SO4+0.01 M NiSO4 and 0.01 M Co0S0O4+0.01 M NiSO4+0.01 M
NaH2PO, ) are tested by electrochemical station to investigate the electrodeposition mechanism of
CoNIP coatings. The result is shown in Figure 1.
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Figure 1. The cyclic voltammetry curves of different plating solutions. The high voltage is 0.1 V while
the low voltage is -1.3 V at the scanning rate of 0.01 V/s.

As seen in Figure 1, the reaction current of cobalt increases sharply at the position of -0.866 V
that means the deposition of cobalt is dominant. Moreover, a reduction peak of cobalt could be
observed at the position of -1.14 V. The diffusion rate of cobalt ions in the solution is slower than that
of electrochemical reaction rate. The concentration of cobalt ions at the cathode is substantially lower
as the potential shifts to a more negative position, resulting in the appearance of a reduction peak.
According to the cyclic voltammetry curve of nickel, the deposition current of nickel starts to increase
obviously at the voltage of -0.751 V which is more positive than cobalt. There is no obvious reduction
peak found in nickel cyclic voltammetry curve, which is because the electrodeposition of nickel is
controlled by electrochemistry. The curve d indicates the electrodeposition of CoNi, the current starts
to increase extremely at the position of -0.891 V. When phosphorus is added into the electrolyte, the
deposition voltage of CoNiP moves to the position of -0.912 V, which means that electrodeposition of
alloys need larger potential. However, the gradient of CoNiP cathode current is larger than Co and
CoNi which indicates that the electrodeposition process of CoNiP is accelerated. From the curve of
solution with sodium hypophosphite, there is basic no reaction current could be detected. This
phenomenon means that phosphorus cannot be electrodeposited from a solution containing only
sodium hypophosphite. The deposition mechanism of phosphorus is illustrated by equations below
[25-27].

H,PO,” +H,0 - HPO,” +H" +2H (1)
H,O0"+e—> MH+H,O 2
H,PO,” +MH ->H,0+0H" +P (3)

In the electrodeposition of CoNiP alloy coatings, phosphorus is precipitated under the catalytic
action of cobalt and nickel. MH represents the primary atomic hydrogen adsorbed on the metal surface,
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and the primary hydrogen decomposed by hypophosphite is adsorbed on the surface of nickel or cobalt
metal. The nickel and cobalt metal can play a catalytic role in the primary hydrogen, thus promoting
the precipitation of phosphorus. Phosphorus plays a role in improving corrosion resistance
performance of materials, which has been reported in many papers [28-31].

3.2 |-t electrochemical curves

Figure 2 shows the i-t curves of Co, Ni, CoNi and CoNiP electrodepostion at the potential of -
1.3V for 250 s. At the initial stage of electrodeposition, the current increases gradually to a maximum
value due to the cobalt or nickel nucleation on the cathode surface resulting in the increase of surface
area. As the electrochemical reaction progresses, the thickness of diffusion layer increases and the
current decreases to be a constant value (ic) after the plating system gets an equilibrium state. The peak
current (im), time of peak current (tm) and balance current (ic) are three important parameters which
determinate the nucleation mechanism in the early stage of electrochemistry. Instantaneous nucleation
and continuous nucleation are two classical nucleation processes [32-33]. Instantaneous nucleation is
characterized by the initial electrodeposition on the activation area of the substrate surface. Continuous
nucleation requires an induction period, and the nucleation process is related to time. Generally
speaking, the nucleation mechanism of cobalt is instantaneous while the nickel belongs to continuous
nucleation which has been investigated by some people [34-36].
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Figure 2. The i-t curves of Co, Ni, CoNi and CoNiP. a:0.01 M Co0SOQgs; b:0.01 M NiSOg; ¢c:0.01 M
C0S04+0.01 M NiSQOg4; d: 0.01 M Co0SO4+0.01 M NiSO4+0.01 M NaH2PO2; The applied
voltage is -1.3 V for 250 s.
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3.3 Thickness of CoNiP alloy coatings

Figure 3. Thickness of CoNiP alloy coatings prepared from solutions with different amounts of
sodium hypophosphite; a:0 g/L NaH2PO>; b:5 g/L NaH2PO»; c:10 g/L NaH2PO»; d:15 g/L
NaH2POz; e:20 g/L NaH2PO2; The scanning area is 400 umx400 pum at the scanning rate of 10
um/s.

Table 3. Thickness of CoNiP alloy coatings

Sample NaH2PO2/ g/L Minimum Maximum Average
step height/ pm  step height/ pm step height/ pm
a 0 -0.71 16.20 8.35
b 5 -0.73 39.17 13.72
c 10 -0.27 19.56 18.23
d 15 -0.19 46.76 35.57
e 20 -0.83 41.07 30.12

Based on the cyclic voltammetry and i-t curves, it is found that adding phosphorous can affect
deposition potential and reaction current during plating which is also reported in some works [37-38].
For example, certain amount of phosphorous in the plating bath can affect the morphology and
structure of NiP coatings during elctrodeposition [39-40].

Therefore, it is significant to study the effect of sodium hypophosphite on physical and
chemical performance of CoNiP alloy coatings. The thickness of CoNiP alloy coatings prepared from
solutions with different amounts of sodium hypophosphite is shown in Figure 3 and Table 3. It can be
seen that, the CoNi alloy coating prepared from solution without sodium hypophosphite has the
average thickness of 8.35 um. The average thickness of CoNiP alloy coating increases steadily from
13.72 pum to 35.57 um as sodium hypophosphite concentration increases from 5 g/L to 15 g/L. The
decomposition of hypophosphite produces atomic hydrogen, which is catalyzed by the surface of
nickel and cobalt, thus promoting the precipitation of phosphorus. Moreover, atomic hydrogen is
beneficial to accelerate the electrodeposition of nickel and cobalt ions. However, when the sodium
hypophosphite is higher than 15 g/L, the average thickness of CoNiP alloy coating decreases due to
decomposition of sodium hypophosphite.
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3.4 Structure and surface morphology of CoNiP alloy coatings

The structure of CoNiP alloy coatings are investigated by XRD patterns shown in Figure 4. The
XRD patterns show obvious crystal structure. Four strong diffraction peaks are observed at 44.5°,
51.5°, 76.2°and 93.2° respectively which indicates the fcc crystal structure of CoNi. Similar structure
of CoNi alloys have also been reported by some scholars [41-42]. However, the electrodeposited
CoNiP with amorphous and nanocrystalline structure has also been reported due to different
electrodeposition parameters [43-44].

According to the Figure 4, fcc structure of Co and Ni are also found. The diffraction intensity
of CoNi increases firstly and then decreases with the increase of sodium hypophosphite concentration
in the plating solution. This is mainly because proper amount of sodium hypophosphite in the plating
solution can accelerate the electrochemical reaction rate of CoNi, increase the thickness and deposition
quality, resulting in the improvement of CoNi diffraction intensity. Sodium hypophosphite is a typical
reducing agent. Excessive sodium hypophosphite is easy to decompose, which reduces the stability of
the bath and decreases the crystallinity of CoNi alloy. Moreover, with the increase of the concentration
of sodium hypophosphite in the bath, the diffraction peaks of cobalt and nickel in the XRD pattern also
increase significantly. This phenomenon further shows that sodium hypophosphite is beneficial to
accelerate the deposition rate of cobalt and nickel.
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Figure 4. Structure of CoNIiP alloy coatings prepared from solutions with different amounts of sodium
hypophosphite; a:0 g/L NaH2POz2; b:5 g/L NaH2POz2; c:10 g/L NaH2PO; d:15 g/L NaH2POz;
e:20 g/L NaH2POg2; The scanning angle is from 30° to 100° at the scanning rate of 2°/s.
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Figure 5. Surface morphology of CoNiP alloy coatings prepared from solutions with different amounts
of sodium hypophosphite; a:0 g/L NaH2PO.; b:5 g/L NaH2PO.; ¢:10 g/L NaH2PO2; d:15 g/L
NaH2PO»; e:20 g/L NaH2PO»;

Figure 5 demonstrates the surface morphology of electrodeposited CoNiP alloy coatings.
CoNiP alloy coating shows a kind of particle morphology, a few particles appear agglomeration
phenomenon. When the content of sodium hypophosphite is low, the surface particles of CoNiP alloy
are larger and agglomeration is obvious. With the increase of sodium hypophosphite concentration,
surface of CoNiP particles become uniform, fine and compact. The main reason is that the high
concentration of sodium hypophosphite in the bath increases the content of phosphorus in the coatings.
Phosphorus precipitates on the surface of the CoNi alloy coating, which can enter the lattice of the
alloy to prevent crystal growth, refine the grain, and form a relatively compact and fine grain structure.
However, it is found that when the sodium hypophosphite in the bath is greater than 15 g/L, the
coating becomes black and the coating surface becomes loose and rough.

3.5 Wear resistance of CoNiP alloy coatings

The different CoNiP alloy coatings electrodeposited on 42CrMo steel plate as gear material are
abraded in the simulate gear oil environment to evaluate the wear resistance performance. After the
testing of abrasion, the gear oil on the sample surface is cleaned and the wear scratch profiles are
observed and shown in Figure 6. As can be seen from Figure 5, the surface of CoNiP alloy coating
presents U-shaped wear scratch morphology after wear testing. The depth and width of the wear
scratch of CoNiP alloy coatings prepared from different sodium hypophosphite solutions are quite
different. Compared with the CoNiP alloy coating, the width and depth of wear scratch of CoNi alloy
coating is larger, indicating that the wear resistance of CoNi alloy coating is poor. With the increase of
sodium hypophosphite concentration from 5 g/L to 15 g/L, the width and depth of the wear scratches
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on the surface of CoNiP alloy coatings gradually decrease, showing better wear resistance. When the
content of sodium hypophosphite in the bath is greater than 15 g/L, due to the strong reducing
performance of sodium hypophosphite, the plating solution is unstable and the surface of the coating is
loose and rough, resulting in the increase of the width and depth of wear scratch that contributes to the
decline in wear resistance. Sodium hypophosphite is mainly used in electroless plating solutions [45-
47]. The reducibility and stability of sodium hypophosphite have also been described in some
literatures [48-50].

Figure 6. Wear scratch of CoNiP alloy coatings prepared from solutions with different amounts of
sodium hypophosphite; a:0 g/L NaH2PO2; b:5 g/L NaH:PO>; c:10 g/L NaH:PO2; d:15 g/L
NaH2PO3; e:20 g/L NaH2PO>; Middle area (1000 umx1000 pwm) of the wear scratch is scanned
to make the profile at the scanning rate of 10 um/s.

T

Figure 7. Top view of wear scratch on CoNiP alloy coatings prepared from solutions with different
amounts of sodium hypophosphite; a:0 g/L NaH2PO2; b:5 g/L NaH2PO; c:10 g/L NaH2PO;
d:15 g/L NaH2PO2; e:20 g/L NaH2PO2; Middle area (1000 pmx1000 pum) of the wear scratch is
scanned to make the profile at the scanning rate of 10 um/s.
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In order to accurately measure the geometric parameters of the wear scratches, Figure 7 shows
the top view of the wear scratches and the geometric parameters are listed in table 4.

Table 4. Depth and width of wear scratches on CoNiP alloy coatings

Sample NaH2PO2 Maximum depth Maximum width
/g/lL of wear scratch/ pm of wear scratch/ pm
a 0 5.08 542.86
b 5 2.86 428.57
c 10 2.07 328.24
d 15 1.35 257.14
e 20 2.05 314.19

Combined with the data in Figure 7 and Table 4, it can be seen that CoNi alloy coating
obtained without phosphorus doping has the worst wear resistance with the deepest wear depth and the
largest wear width which are 5.08 um and 542.86 pum respectively. However, CoNiP alloy coating
prepared from bath with 15 g/L sodium phosphite possesses excellent wear resistance with the lowest
wear depth and the smallest wear width.

4. CONCLUSIONS

In this paper, CoNiP alloy coatings were electrodeposited on the surface of 42CrMo steel plate
as gear material to improve mechanical performance. The effect of sodium hypophosphite
concentration on the electrochemical curves, surface morphology, structure, thickness and wear
resistance in simulated oil was studied. Phosphorus is precipitated under the catalytic action of cobalt
and nickel. Sodium hypophosphite content in the plating solution is beneficial to accelerate the
electrochemical reaction, improve the thickness and refine the surface particles of the CoNiP alloy
coating resulting in the improvement of wear resistance performance. However, when the content of
sodium hypophosphite in the bath is greater than 15 g/L, the plating solution becomes unstable and the
surface of the coating is loose and rough, resulting in the decline of wear resistance. The CoNiP alloy
coating prepared from bath with 15 g/L sodium hypophosphite possesses excellent wear resistance
with the lowest wear depth and the smallest wear width.
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