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In this study, Ni-B/B4C composite coatings were prepared by adding different concentrations of B4C
particles, and the effect of B4C particle addition on the corrosion resistance and wear resistance of
composite coatings was study. The results show that the microhardness value of the composite coating
does not increase with the addition content of B4C particles. The highest microhardness value of the
composite coatings occurred at the addition concentration of B4C particle is 2 g/L, and its microhardness
value is 983.7 Hv. This phenomenon can be attributed to the fact that the composite coating has the
highest B4C particle coverage (15.2 Vol.%) at this B4C concentration. The results of corrosion resistance
and wear resistance test show that the composite coatings prepared with B4C particles at a concentration
of 2 g/L has the best corrosion resistance and wear resistance, and its icorr Value and wear rate are 8.78x10°
" Alcm? and 2.7x10" mg/N-m, respectively. Therefore, when more B4C particles are co-deposited in the
composite coatings, the corrosion resistance and wear resistance of the composite coatings can be
effectively improved at the same time.
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1. INTRODUCTION

Due to its good corrosion resistance, nickel-based alloy coatings are widely used in the field of
surface corrosion protection in the industry. Nickel-based alloy coatings include: pure Ni coatings [1-3],
Ni-P coatings [4-6], Ni-W coatings [7,8], Ni-Co coatings [9], etc. In recent years, a novel nickel-based
coating has been developed, namely the Ni-B coatings. The micro-hardness value of the Ni-B coatings
is about 950 Hv, which is higher than that of the traditional Ni and Ni-P coatings, and has better wear
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resistance. It is an alloy coating with both good corrosion resistance and good wear resistance. Usually
the boron content in the Ni-B coating is not high, the average content is below 5 at.%, and the source of
boron can be divided into DMAB [10-12] and TMAB [13-15]. Since the DMAB added in the plating
solution is easy to decompose and volatilize, and is relatively unstable, the boron source for preparing
the Ni-B alloy coating is mainly based on the relatively stable TMAB. The reason that the microhardness
value of Ni-B alloy coating is higher than that of other nickel-based alloy coatings can be attributed to
the co-deposition of boron atoms into the Ni matrix during the electroplating process, resulting in a solid
solution strengthening effect and increasing the microhardness of the coatings [16,17]. However, in order
to improve the wear resistance of the Ni-B alloy coating again, a composite coating is formed by adding
hard particles to the Ni-B alloy coating. In the 1960s, in order to improve the wear resistance of the metal
coating at that time, some scholars began to add hard particles into a new type of coating in which
ceramic particles and metal ions were co-deposited on the cathode during the electrodeposition process,
and this coating was called composite coating. At first, the electrodeposition theory of composite
coatings was divided into electrophoretic co-deposition, mechanical co-deposition and adsorption co-
deposition [18], but these theories could not fully explain the co-deposition of hard particles in alloy
coatings. It was not until Guglielmi [19] proposed a two-stage co-deposition mechanism in 1972 and
deduced a complete mathematical model that the co-deposition process was completely explained. The
first stage of loose adsorption is a physical behavior. When the particles reach the cathode, they will be
loosely adsorbed on the surface of the cathode and will be in equilibrium with the suspended particles,
and the particles will be surrounded by surrounding metal ions and solvent molecules. The second stage
is strong adsorption, because the particles are weakly adsorbed on the cathode, but when the particles
are loosened from the ion group, they will be firmly adsorbed on the surface of the cathode, so that the
particles are adsorbed at the cathode, and at the same time, due to the continuous growth of metal ions,
they are coated. Celis et al. [20] noticed that the Guglielmi model did not take into account the ions
adsorbed by the particles, which made it impossible to explain the change of the particle content of the
Cu-Al203 system with the current density. They used the data to compare the cathodic polarization
curves and came to a conclusion that the particles. The rate of deposition is related to the rate of return
of copper ions adsorbed on the particles. Hwang et al. [21] developed a more widely used co-deposition
model when they studied the Co-SiC composite co-deposition system in 1993. They concluded that the
reduction reaction of adsorbed ions on the particles is an important step in the particle deposition rate,
and it was noticed that in three different current densities, the reduction characteristics of adsorbed ions
are different, which leads to influence on the deposition mode of particles. This result modifies the
adsorption mechanism proposed by Guglielmi, and can more reasonably explain the co-deposition
method of electroplating.

Since the composite coating can improve the mechanical properties of the original alloy
coating and reduce the internal stress of the coating, it has been developed in recent years. Among them,
the research on the nickel-based composite coating has the most development potential. The hard
particles added to the nickel-based composite coating include: SiC, Al>O3, SisN4, diamond etc. [22-25].
The added hard particles can improve the wear resistance of the coatings, so the development of the
composite coating has received great attention from the industry. The main reason why the composite
coating improves the wear resistance comes from the number of hard particles co-deposited into the
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metal coatings. The more hard particles co-deposited, the better the wear resistance of the composite
coating. Therefore, how to improve the content of hard particles in metal coatings to enhance the wear
resistance of the composite coatings via various operated parameters is a very important issue. These
effect factors include the concentration of the hard particles added to the plating solution, the stirred
speed, the surface chargeability of the hard particles, and so on.

The hardness of boron carbide is currently known to be second only to diamond in nature, it
should has well application in the preparation of composite coatings. Due to B4C particle is difficult to
co-deposited into nickel-boron alloy matrix, the application of B4C particle in preparation of composite
coatings was limited, and this pain point had been overcome in our previous study [26]. In this study,
Ni-B/B4C composite coatings were prepared by adding different concentrations of B4C particles in the
plating solution. The correlation analysis results were used to understand the effect of B4C particle
concentration in the plating solution on the corrosion resistance and wear resistance of the prepared
composite coatings.

2. EXPERIMENTAL

The low carbon steel was used as substrates which had a dimension of 30 x 20 x 2 mm in this
work. The composition of the electro-deposited nickel boron alloy coating is the same as the composition
used in our past research, including 400 g/L nickel sulfamate (Ni(NH2S0O3)), 40 g/L boric acid (H3sBO3),
10 g/L nickel chloride (NiCl2.6H20), 4 g/L TMAB [26,27]. The Ni-B/B4sC composite coatings were
electrodeposited from different addition concentration of B4C particles in the bath such as 1, 2, 3, 4 and
5 g/L. The B4C powders were prepared by our research team and its average particle size is
approximately at 1.8 um. The electroplating parameters including: current density is 10 A/dm?,
electroplating temperature 25°C and electroplating duration is 20 mins. Here, the sample code is Ni-B,
Ni-B/B4C-1, Ni-B/B4C-2, Ni-B/B4C-3, Ni-B/B4C-4 and Ni-B/B4C-5, respectively. The morphologies
and cross-sectional images of Ni-B/B4C composite coatings were analyzed using a scanning electron
microscopy (SEM, Jeol model JSM-6500). The hardness of composite coatings prepared from different
B4C particles added into the bath were measured by a Vickers micro-hardness tester (TECH FM-100e),
the mean value for the hardness is calculated after 10 tests, loading with 25 g for 15 seconds. The
potentiodynamic polarization of Ni/B4C and Ni-B/B4C composite coating were analyzed by a standard
three-electrode cell system using an Autolab-PGSTAT30 potentiostat/galvanostat controlled by a GPES
(General Purpose Electrochemical system) software and stabilized at open circuit potential (OCP) before
test. The potentiodynamic polarization analysis were carried out with a 3.5 wt.% NaCl solution at room
temperature. The potential was ramped from —0.8 V and 0.3 V with a scanning rate of 0.5 mV s™%. The
adhesion strength of Ni-B/BsC composite coating electroplating on low carbon steel substrates were
analyzed a scratch tester (Micro Scratch Tester (MST?), Aton Paar GmbH, Germany). The load was
gradually applied on Ni-B/B4C composite coating from 0 N to 20 N, the critical load position of Ni-
B/B4C composite coating can be observed from the scratch track using optical microscopy and to define
critical load of the coating.
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3. RESULTS AND DISCUSSION

Fig. 1 shows the surface morphologies of Ni-B/B4sC composite coatings obtained at a fixed
electrodeposition current density of 10 A/dm? under different B4C particle addition concentrations (1-5

g/L).
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Figure 1. SEM morphologies of Ni-B/B4C composite coatings electrodeposited from different added
B4C particles concentrations: (a) Ni-B/B4C-1, (b) Ni-B/B4C-2, (c) Ni-B/B4C-3, (d) Ni-B/B4C-4
and (e) Ni-B/B4C-5.

It can be observed from the photos that the surface morphology of the composite coating obtained
when the concentration of B4C particles is 1 g/L and 5 g/L is loose and there are many holes and granular
agglomerations (Fig. 1(a) and Fig. 1(e)). When the concentration of B4C particles was 2 g/L, 3 g/L and
4 g/L, the surface microstructure of the obtained composite coating was denser and the pores were
significantly reduced (Fig. 1(b)-(d)). However, there is still a granular structure on the surface of the
coating that is agglomerated by the attraction of B4C particles. This phenomenon has been pointed out
that the surface charge of B4C particles is affected by TMAB and caused agglomeration of B4C particles
[26].

Fig. 2 shows the cross-sectional SEM images of Ni-B/B4C composite coatings obtained at a fixed
electrodeposition current density of 10 A/dm? under the conditions of different B4C particle addition
concentrations (1-5 g/L). From the SEM cross-sectional photos, it can be observed that the composite
coatings obtained under various B4C particle addition conditions have B4C particles co-deposited into
the Ni-B alloy matrix. The content of B4C particles in each composite coating was calculated by Image
J image processing software, which were 7.34, 15.2, 10.7, 10.3 and 9.21 Vol. %, respectively.
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Figure 2. SEM cross-sectional images of Ni—B/B4C composite coatings electrodeposited from different
added B4C particles concentrations: (a) Ni-B/B4C-1, (b) Ni-B/B4C-2, (c) Ni-B/B4C-3, (d) Ni-
B/B4C-4 and (e) Ni-B/B4C-5.

Table 1. Corrosion resistance of Ni-B alloy coatings and Ni-B/B4C composite coatings electroplated
from both different added concentration of B4C particle analyzed from 3.5 wt.% NaCl solution

B4C particle concentration

0g/L 1 gL 2 g/L 3g/L 4 g/L 5¢g/lL

E_ .V vs SCE) -0.61 0.4 -0.4 -0.37 -0.4 -0.54

1 (A/cmz) 9.58x 10% 576x 10 8.78x 107 3.42x10° 4.78x10° 6.47x10°

corr
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The results show that when the concentration of B4C particles is 1 g/L and 5 g/L, the amount of
B4C particles co-deposited into the Ni-B alloy matrix is obviously low. This indicates that the co-
deposition amount of B4C particles in the Ni-B alloy matrix does not increase with the addition of B4sC
particles. In other words, under the condition of an appropriate concentration of B4C particles added, the
composite coating will have a higher amount of B4C particles co-deposition. The experimental results
show that when the concentration of B4C particles is 2 g/L, the content of co-deposited B4C particles in
the composite coating is the highest, which can reach 15.2 VVol.%.
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Figure 3. The polarization curves of Ni-B alloy coatings and Ni-B/BsC composite coatings
electrodeposited from different added B4C particles concentrations, the samples including: Ni-
B, Ni-B/B4C-1, Ni-B/B4C-2, Ni-B/B4C-3, Ni-B/B4C-4 and Ni-B/B4C-5.

Fig. 3 shows the polarization curves of Ni-B/B4sC composite coatings prepared by adding
different concentrations of B4C particles. The calculated Ecorr and icorr Values are shown in Table 1. The
results show that the composite coating prepared with the addition of B4C particles of 2 g/L (Ni-B/B4C-
2) has the smallest icor Value of 8.78x107" A/cm?. The icor Values of Ni-B/B4C-1 and Ni-B/B4C-5 were
higher, and their values were 5.76x10° and 6.47x10°® A/cm?, respectively. The reason for the poor
corrosion resistance of the composite coating can be attributed to the loose microstructure of the
composite coating prepared under the conditions of B4C particle addition of 1 g/L and 5 g/L (as shown
in Fig. 1(a) and (e)), it is easy to cause the corrosive liquid to erode down the direction of the substrate
along the pores. In addition, the microstructure of the composite coating prepared when the B4C particle
addition concentration is 2 g/L is relatively dense (as shown in Fig. 1(b), which can effectively prevent
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corrosion factors from eroding toward the substrate and has better corrosion resistance. In the
electrodeposition process, whether the prepared coating can produce effective corrosion resistance
depends on whether the prepared coating can effectively reduce the formation of defects, such as pores
and cracks [28,29]. Here, Ni-B alloy coatings has the worst corrosion resistance which icor Value
approximately equal to 9.58 x 10® A/cm? due to the formation of microcracks caused by internal stress
of coatings. Previous literatures had indicated that adding hard particles can effectively reduce the
internal stress of the coating [30-33], in this work, adding B4C particles to the Ni-B alloy coating will
also reduce the internal stress of the coating, thereby reducing the formation of microcracks, so that the
corrosion resistance of the Ni-B/B4C composite coating is better than that of the Ni-B alloy coating.
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Figure 4. Nyquist plots of Ni-B alloy coatings and Ni—B/B4C composite coatings electrodeposited from
different added B4C particles concentrations, the samples including: Ni-B, Ni-B/B4C-1, Ni-
B/B4C-2, Ni-B/B4C-3, Ni-B/B4+C-4 and Ni-B/B4C-5.

Fig. 4 shows the Nyquist plots of Ni-B/B4C composite coatings prepared with different B4C
particle concentrations. The result of Nyquist plots are consistent with the polarization curves. The figure
shows that the composite coating prepared when the B4C particle addition concentration is 2 g/L has the
largest resistance value, which means that the coating has better corrosion resistance.

Generally, the microhardness value of pure nickel metal coating is about 300-500 Hv [34-36].
However, when boron atoms and nickel ions are co-deposited on the surface of the cathode, a Ni-B alloy
coating with boron atoms dissolved in nickel metal is formed. Due to the effect of solid solution
strengthening mechanism, the microhardness value of the Ni-B alloy coating rises significantly to about
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900 Hv [16]. In this study, B4C particles were co-deposited into the Ni-B alloy coating to form a Ni-
B/B4C composite coating. The results showed that the microhardness value of the Ni-B/B4C composite
coating was higher than that of the Ni-B alloy coating. The average microhardness of Ni-B alloy coatings
IS 932.6 Hv, all the average microhardness of Ni-B/B4C composite coatings is greater than 950 Hv. This
phenomenon can be attributed to the two strengthening mechanisms of solid solution strengthening and
dispersion strengthening in the composite coating, which promote the composite coating to obtain a
higher microhardness value [23]. The microhardness measurement results show that the Ni-B/B4sC
composite coating prepared from B4C particles with a concentration of 2 g/L has the highest
microhardness value, which is approximately at 983.7 Hv (see Fig. 5).
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Figure 5. The micro-hardness of Ni-B alloy coatings and Ni—B/B4C composite coatings electrodeposited
from different added B4C particles concentrations, the samples including: Ni-B, Ni-B/B4C-1, Ni-
B/B4C-2, Ni-B/B4C-3, Ni-B/B4+C-4 and Ni-B/B4C-5.

Fig. 6 presents SEM morphologies of the worn surfaces of Ni-B alloy coatings and Ni-B/B4C
composite coating prepared by adding different concentrations of B4C particles. Fig. 6(a) presents the
worn surfaces of Ni-B alloy coatings, a typical adhesive wear occurred at Ni-B alloy coatings and caused
it has the largest wear rate (5.6x10™* mg/N-m). After the composite coatings prepared under the
conditions of B4C particle addition of 1 g/L, 2 g/L and 3 g/L (sample code: Ni-B/B4C-1, Ni-B/B4C-2,
Ni-B/B4C-3), it was found that the nodular structure formed on the surface of the composite coating due
to the aggregation of B4C particles can resist the wear of ceramic grinding balls and the composite
coatings without peeling (Fig. 6(b), (c), (d)). When the B4C particle addition concentration increase to 4
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g/L and 5 g/L (sample code: Ni-B/B4C-4, Ni-B/B4C-5), the Ni-B/B4C composite coatings occurred
seriously peeling off which caused by the effect of adhesive wear (Fig. 6(e), (f)).
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Figure 6. SEM morphologies of the worn surfaces of Ni-B alloy coatings and Ni—B/B4C composite
coatings electrodeposited from different added B4C particles concentrations: (a) Ni-B, (b) Ni-
B/B4C-1, (c) Ni-B/B4C-2, (d) Ni-B/B4C-3, (e) Ni-B/B4C-4 and (f) Ni-B/B4C-5.
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Table 2. Micro-hardness and wear resistance properties of Ni-B alloy coatings and Ni—B/B4C composite
coatings prepared with different concentrations of B4C particles

Sample code h';/lldcr:;s B4C content in the Friction Wear rate
P (HV) coatings (\Vol.%) coefficient (mg/N-m)
Ni-B 932.6 0 0.545 5.6 E4
Ni-B/B4C-1 958.2 7.34 0.353 4.1 E-4
Ni-B/B4C-2 983.7 15.2 0.358 2.7E-4
Ni-B/B4C-3 962.4 10.7 0.354 3.6 E4
Ni-B/B4C-4 963.6 10.3 0.341 45E-4
Ni-B/B4C-5 971.2 9.21 0.464 48 E4
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Figure 7. The friction coefficient curves of Ni-B alloy coatings and Ni—B/B4C composite coatings
electrodeposited from different added B4C particles concentrations after sliding for 600 m, the
samples including: Ni-B, Ni-B/B4C-1, Ni-B/B4C-2, Ni-B/B4C-3, Ni-B/B4C-4 and Ni-B/B4C-5.
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The wear rates of Ni-B/B4C-1, Ni-B/B4C-2, Ni-B/B4C-3 were 4.1 x104, 2.7x104, and 3.9x10*
mg/N-m, respectively (as shown in Table 2). After the composite coatings prepared under the conditions
of 4 g/L and 5 g/L (Ni-B/B4C-4 and Ni-B/B4C-5) were subjected to the wear test, it was found that the
coating would peel off during the wear process, which increased the wear rate of the composite coating,
and their wear rates were 4.5x10* and 4.8x10* mg/Nsm. Moreover, the Ni-B alloy coatings has the
biggest wear rate approximately at 5.6x10~% mg/N-m. The reason for the above phenomenon can be
attributed to the fact that the composite coatings prepared under the conditions of 2 g/L and 3 g/L have
a relatively high content of B4C particles (contents are 15.2 and 10.7 VVol.%). The contact area of the
ceramic grinding ball is reduced, and the hard grinding debris will form a third body between the grinding
ball and the surface of the coating, resulting in the effect of three-body wear, so that the friction
coefficient is maintained at a low and stable state, and it also reduces the chance of the entire coating
peeling off (Fig. 6). After the composite coatings prepared under the conditions of 4 g/L and 5 g/L were
subjected to the wear test, it was found from the wear track photos that the coating produced adhesive
wear during the wear process, resulting in the coating friction coefficient began to increase after a certain
distance of wear (Fig. 7).

T .
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electrodeposited from different added B4C particles concentrations: (a) Ni-B, (b) Ni-B/B4C-1,
(c) Ni-B/B4C-2, (d) Ni-B/B4C-3, (e) Ni-B/B4C-4 and (f) Ni-B/B4C-5.

Table 3. The analysis of critical load of Ni-B alloy coatings and Ni-B/B4C composite coatings prepared
with different concentrations of B4C particles

Sample code L Le2 ﬁg:(iiczlfTZ?
Ni-B 0.32 mm 1.56 mm 9.76 N

Ni-B/B4C-1 0.52 mm 2.26 mm 14.08 N

Ni-B/B4C-2 0.58 mm 3.48 mm 20.24 N

Ni-B/B4C-3 0.71 mm 2.31 mm 14.39 N
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Ni-B/B4C-4 0.38 mm 1.71 mm 10.89 N

Ni-B/B4C-5 0.70 mm 2.28 mm 142N

Fig. 8 is a photo of the scratch test of the Ni-B alloy coatings and Ni-B/B4C composite coating
prepared by adding different concentrations of B4C particles. The relevant scratch test properties are
shown in Table 3. The Ni-B alloy coatings has the smallest critical load (9.76 N). The composite coating
prepared with B4C particle concentration of 2 g/L has the maximum Lc> value of 3.48 mm, and its critical
load is 20.24 N. This indicates that the composite coating prepared under this condition has the best
adhesion strength.

4. CONCLUSIONS

The effects of added concentration of B4C particles on the corrosion resistance and wear
resistance of Ni-B/B4+C composite coatings were investigated. The highest co-deposited amount of B4C
particles of Ni-B/BsC composite coatings was 15.2 Vol.% when the addition concentration of B4C
particle is 2 g/L. The best corrosion resistance (icor=8.78x10"" A/cm?), wear rate (2.7x10~* mg/N-m) and
hardness (983.7 Hv) of the composite coatings are all occurred at the addition concentration of B4C
particle is 2 g/L. This can be attributed to the highest concentration of B4C particles can reduce the
formation of micro-cracks and enhance the corrosion resistance of coatings, the high amount of B4C
particles content can improve the wear resistance of coatings.
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