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Abstract The wear resistance of electrodeposited (ED)

Ni–B and Ni–B–Si3N4 composite coatings is compared.

The effect of incorporation of Si3N4 particles in the ED

Ni–B matrix on the surface morphology, structural char-

acteristics and microhardness has been evaluated to

correlate the wear resistance. The wear mechanism of ED

Ni–B and Ni–B–Si3N4 composite coatings appears to be

similar; both involve intensive plastic deformation of the

coating due to the ploughing action of the hard counter

disc. However, the extent of wear damage is relatively

small for ED Ni–B–Si3N4 composite coatings.

Introduction

The idea of codepositing various second phase particles in

electrodeposited (ED) and electroless (EL)-deposited metal

matrix and thereby taking advantage of their desirable

qualities, such as high hardness, excellent wear and abra-

sion resistance and improved corrosion resistance, has led

to the development of composite coatings with a wide

range of possible combination and properties [1–6]. A

number of oxides, carbides and nitrides were used as sec-

ond phase particles to produce ED or EL composite

coatings. Silicon nitride (Si3N4) is a very hard ceramic

material, which retains its room temperature strength up to

1200 �C and possesses excellent dimensional stability and

oxidation resistance. The Si3N4 particles were successfully

codeposited in ED Ni, ED Ni–P, ED Ni–Co and EL Ni–P

matrix by dispersing them in the respective plating baths

[6–14]. Codeposition of Si3N4 particles in ED Ni matrix is

also possible by brush plating technique [15]. The incor-

poration of Si3N4 particles in ED or EL Ni or Ni alloy

matrix enables an increase in the hardness and improve-

ment in the tribological behaviour [6–14]. The use of ED

and EL Ni–P–Si3N4 composite coating has also been

explored for a variety of industrial components [8, 11].

Wang and Tung [8] have studied the scuffing and wear

behaviour of ED Ni–P–Si3N4 composite-coated aluminium

piston skirt rubbing against an aluminium cylinder bore.

According to them, ED Ni–P–Si3N4 composite-coated

aluminium piston skirts offer moderate scuffing and wear

resistance. Das et al. [11] have studied the formation and

characteristics of EL Ni–P–Si3N4 composite coating on

SAE 52100 bearing steel. Based on the significant

improvement in wear resistance obtained under water

lubricated conditions, they recommend the use of such

coatings for ferrous-based bearings for water lubricated

applications. However, it is important to note that the metal

matrix in which the second phase particles are incorporated

also plays a vital role in achieving the desired performance.

Xinmin and Zonggang [16] have suggested that the metal

matrix should be capable of supporting the second phase

particle to achieve superior wear resistance, both in as-

plated and heat-treated conditions. Both ED and EL Ni–B

alloy matrix possess high hardness and superior wear

resistance [17–19]. Hence, they can be considered as an

ideal choice for the incorporation of second phase particles.

Studies on ED and EL Ni–B-based composite coatings are

rather limited. The formation and characteristics of ED

Ni–B–Si3N4 composite coating was reported in our earlier
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article [20]. This article aims to study the wear resistance

of ED Ni–B–Si3N4 composite coating and to compare its

ability with ED Ni–B coating.

Experimental

Mild steel discs (30-mm diameter and 5-mm thick), mild

steel pins (10-mm diameter and 50-mm length) and copper

sheets (electrolytic grade; 1-mm thick) were used as the

substrate material for the electrodeposition of Ni–B and

Ni–B–Si3N4 composite coatings. Copper sheet was used to

evaluate the plating rate and structural characteristics; mild

steel discs were used to evaluate the hardness and surface

morphology, whereas mild steel pins were used to evaluate

the wear resistance. The details of surface preparation and

electrodeposition of Ni–B and Ni–B–Si3N4 composite

coatings were already presented in our earlier articles [17,

20]. The chemical composition of the plating bath and its

operating conditions are listed in Table 1. The Si3N4 par-

ticles have diameters d10, d50 and d80 of 0.08, 0.39 and

0.92 lm, respectively, with a mean diameter of 0.80 lm.

The details of the chemical analysis of nickel, boron and

the determination of level of incorporation of Si3N4 parti-

cles in the ED Ni–B matrix were already given in our

earlier articles [17, 20]. The structure of ED Ni–B and

Ni–B–Si3N4 composite coatings, both in as-plated and

heat-treated conditions, was determined by X-ray diffrac-

tion (XRD) measurements using Cu Ka (k = 1.5418 Å)

radiation. The surface morphology of these coating was

assessed by a scanning electron microscope (SEM). The

microhardness of these coatings (thickness: 20 lm), both

in as-plated as well as heat-treated (200, 300, 400, 500,

600 �C for 1 h) conditions, was measured on the surface

using a Leica microhardness tester with a Vickers diamond

indenter under a load of 100 g (0.98 N). The lap time for

each indentation was 15 s and the values reported represent

the average of five measurements.

The wear resistance of ED Ni–B and Ni–B–Si3N4

composite-coated mild steel pins, both in as-plated and

heat-treated conditions, was evaluated using a pin-on-disc

apparatus (DUCOM, India). Steel discs (composition

conforming to EN 31 specification) of 10-cm diameter and

5-mm thickness, fully hardened (Rc 63) and surface ground

to a finish (Ra) of 0.02 lm, were chosen as counter face

materials. The applied normal loads were 8, 10 and 12 N.

The sliding speed was kept constant at 0.5 m/s for all the

tests by adjusting the diameter of the wear track and the

rotational speed of the disc. The coatings used for wear

resistance studies have a thickness of 20 lm. After the

wear tests, the pins were cleaned in acetone in an ultrasonic

bath for about 10 min to remove the loose particles and

wear debris from the surface. The loss in weight due to

wear was calculated by weighing the pins before and after

each test on a balance with an accuracy up to 0.1 mg.

Three tests were done for each load condition. The specific

wear rate was calculated by the expression:

ws ¼ w= lLð Þ

where w is the wear mass, L the normal load and l is the

sliding distance. The sliding distance was calculated at the

mean radius of the disc. Immediately after the end of each

test, the wear track pattern on the pins was examined using

SEM. The roughness of the pins, before and after wear test,

was determined using a portable roughness measuring

station (Make: Mahr; Model: Perthometer-M2).

Results and discussion

Characteristics of ED Ni–B and Ni–B–Si3N4 composite

coatings

The plating rate of ED Ni–B and Ni–B–Si3N4 composite

coatings is about 12 lm/h. The incorporation of Si3N4

particles in the ED Ni–B matrix causes a decrease in

metallic lustre, increase in surface roughness and change in

chemical composition. The average surface roughness (Ra)

of ED Ni–B–Si3N4 composite coatings is 1.17 lm. The

chemical composition of coating changes from 97 wt% Ni

and 3 wt% B to 89.6 wt% Ni; 2.4 wt% B and 8 wt% Si3N4

with the incorporation of Si3N4 particles in the ED Ni–B

matrix. The surface morphology of ED Ni–B and Ni–B–

Si3N4 composite coatings is shown in Fig. 1a and b,

respectively. ED Ni–B coatings reveal the formation of

well-crystallized, uniform and fine-grained deposits, with

some cracks that are emerged due to the stress in the

coatings (Fig. 1a). The ED Ni–B–Si3N4 composite coatings

consist of a homogeneous fine globular structure in which

Table 1 Bath composition and operating conditions used to prepare

ED Ni–B–Si3N4 composite coatings

Bath composition

Nickel sulphate hexahydrate (g/L) 240

Nickel chloride hexahydrate (g/L) 45

Boric acid (g/L) 30

Dimethylamine borane (g/L) 3

Si3N4 powder (g/L) 50

Operating conditions

Temperature 45 ± 1 �C

pH 3.5

Current density 1 A/dm2

Agitation Mechanical—using magnetic

stirrer at 600 rpm

Time 100 min
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the Si3N4 particles are uniformly distributed throughout the

matrix (Fig. 1b). The XRD patterns of as-plated ED Ni–B

and Ni–B–Si3N4 composite coatings are shown in Fig. 2a

and b, respectively. The XRD pattern of as-plated ED Ni–B

coating indicates that the nucleation of the nickel phase in

not completely prevented since the boron concentration is

relatively low. Alloying of boron with nickel causes a

change in the preferred orientation of the Ni–B coating

with Ni (111) being the most intense reflection. Wu and

Sha [21] have also observed Cu (111) as the preferred

orientation in EL-deposited copper coatings. The reason for

the change in the preferred orientation of ED Ni–B coating

has already been discussed in our earlier article [17]. It is

evident from Fig. 2b that the incorporation of Si3N4 par-

ticles causes a significant change in the structure of the ED

Ni–B–Si3N4 composite coatings. The absence of the

reflection from Ni (200) plane and the change in intensity

and broadening of the reflection from Ni (111) plane at

higher particle loadings suggest a change in crystal orien-

tation of the coating following incorporation of the Si3N4

particles in the ED Ni–B matrix. The influence of

incorporation of second phase particles on the crystal ori-

entation of electro- and EL-deposited composite coatings

has been studied by many researchers [22–25]. Qu et al.

[25] have reported that though the incorporation of CeO2

particles in ED Ni matrix does not change the preferred

orientation of Ni (200), it causes a significant increase in

the relative intensities of reflections of Ni (111) and Ni

(220) orientations. An increase in the intensity of reflection

of Cu (111) orientation is also observed by Wu and Sha

[21] on EL copper deposits, which is attributed to the

presence of excess amount of copper (111) planes parallel

to the surface. The increase in the intensity of reflection of

the Ni (111) orientation of ED Ni–B–Si3N4 composite

coating with the incorporation of Si3N4 particles in the ED

Ni–B matrix could be also due to the formation of excess

amount of Ni (111) plane. The grain size of as-plated ED

Ni–B and Ni–B–Si3N4 composite coating is 10–13 and

6–8 nm, respectively. The XRD patterns of ED Ni–B and

Ni–B–Si3N4 composite coatings after the heat-treatment at

400 �C for 1 h are shown in Fig. 3a and b, respectively. It

is evident from Fig. 3 that heat-treatment increases the

crystallinity of these coatings and enables the formation of

Ni3B phase. The Ni (111) texture is retained even after

heat-treatment. The intensity of the reflection from Ni

(111) plane of ED Ni–B–Si3N4 composite coating is rela-

tively higher than that of ED Ni–B coating, which further

confirms the change in crystal orientation following the

Fig. 1 SEMs of a ED Ni–B coating; b ED Ni–B–Si3N4 composite

coating
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Fig. 2 XRD patterns of as-plated a ED Ni–B coating; b ED Ni–B–

Si3N4 composite coating
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incorporation of Si3N4 particles in the ED Ni–B matrix.

Heat-treatment increases the grain size of both ED Ni–B

and Ni–B–Si3N4 composite coatings. After heat-treatment

at 400 �C for 1 h, the grain size of ED Ni–B and Ni–B–

Si3N4 composite coatings are increased to 17–20 and 12–

14 nm, respectively.

Microhardness of ED Ni–B and Ni–B–Si3N4 composite

coating

The microhardness of as-plated ED Ni–B and Ni–B–Si3N4

composite coatings is 609 ± 15 and 640 ± 16 HV0.1,

respectively, which is considerably high compared with

that of bulk Ni (100–150 HV0.1) and ED Ni (250–350

HV0.1). The hardness of ED Ni–B coating is relatively

higher than that of EL Ni high-P coatings, in their as-plated

condition [6, 26]. The increase in hardness of the ED Ni–

B–Si3N4 composite coating compared with its plain

counterpart can be ascribed to the combined strengthening

effect, primarily the dispersion hardening and, to some

extent the solid solution hardening. However, the hardness

of ED Ni–B–Si3N4 composite coating is relatively lower

than that of EL Ni–P–Si3N4 composite coating (720 ± 12

HV0.1) having a similar level of incorporation of Si3N4

particles, of 8 wt%, suggesting that the influence of the

matrix is also an important factor in deciding the hardness

of composite coatings. The effect of heat-treatment tem-

perature on the hardness of ED Ni–B and Ni–B–Si3N4

composite coatings is shown in Fig. 4. There is a marginal

increase in hardness of these coatings when the heat-

treatment temperature is increased to 200 �C. With further

increase in temperature, however, the hardness increases

rapidly, as the structure of the coating matrix begins to

change. The hardness versus heat-treatment temperature

curve resembles that of a bell shape with its maximum at

400 �C in both cases. The hardness of ED Ni–B and Ni–B–

Si3N4 composite coatings, after heat-treatment at 400 �C

for 1 h, is 817 ± 22 and 955 ± 24 HV0.1, respectively.

Beyond 400 �C, the hardness of these coatings starts to

decrease. The increase in hardness with increase in heat-

treatment temperature up to 400 �C is due to the precipi-

tation of nickel boride (Ni3B), which is confirmed by XRD

[17, 20]. Beyond 400 �C, the ED Ni–B matrix begins to

soften as a result of coarsening of the Ni3B particles, which

thereby reduces the number of hardening sites. A similar

behaviour of change in hardness with heat-treatment tem-

perature was observed before for ED and EL Ni–P and Ni–

B coatings and their composite counterparts [6, 7, 13, 14,

17–19, 26]. The hardness of ED Ni–B and Ni–B–Si3N4

composite coatings, after heat-treatment at 400 �C for 1 h,

is relatively lower than that of EL Ni–11 wt% P (980 ± 15

HV0.1) and EL Ni–10.1 wt% P–8.10 wt% Si3N4 composite

coatings (1171 ± 14 HV0.1) [6]. This can be explained due

to the formation of higher volume fraction of nickel

phosphide phases in EL Ni–P and Ni–P–Si3N4 composite

coatings compared with that of the nickel boride phases

that would form in ED Ni–B and Ni-B-Si3N4 composite

coatings, after heat-treatment at 400 �C for 1 h.

The concept of kinetic strength analysis, which was first

proposed in 1945 by Hollomon and Jaffe from their work

on time–temperature relations in tempering steel [27] and

subsequently used by different authors for investigating the

0

200

400

600

800

1000

1200

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Diffraction angle (2θ)

Diffraction angle (2θ)

In
te

ns
it

y 
(c

ou
nt

s)

(a)   - Ni 
 - Ni3B
 - Cu 

0

200

400

600

800

1000

1200

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

In
te

ns
it

y 
(C

ou
nt

s)

(b)   - Ni 
 - Ni3B
 - Cu 

Fig. 3 XRD patterns of a ED Ni–B coating; b ED Ni–B–Si3N4

composite coatings after heat-treatment at 400 �C for 1 h

0 100 200 300 400 500 600

550

600

650

700

750

800

850

900

950

H
ar

dn
es

s 
(V

H
N

0.
1)

Heat treatment temperature (°C)

 ED Ni-B 
 ED Ni-B-Si3N4

Fig. 4 Variation in hardness of ED Ni–B and Ni–B–Si3N4 coatings

as a function of heat-treatment temperature

436 J Mater Sci (2009) 44:433–440

123



directional recrystallization of superalloys [28, 29], hard-

ening of steels [30] and structure and hardening in welds

[31], was used by Keong et al. [26] to analyse the rela-

tionship between the increased hardening effect and the

kinetic energy ‘Q’ of the effect at isothermal treatment for

EL Ni–P coating. Keong et al. [26] have studied the

effectiveness of adopting kinetic strength concept, to

describe the increased hardening effect in EL Ni–P-coated

samples, by performing a linear regression analysis of the

plot between ln(DH) vs 1000/RgTK, where DH is the

increment in hardness of the coating with increase in

temperature, Rg the gas (Boltzmann) constant and TK is the

heat-treatment temperature in Kelvin. The slope of the plot

provides a measure of the kinetic energy, Q. The applica-

bility of the concept of kinetic strength analysis for ED

Ni–B and Ni–B–Si3N4 composite coatings is studied using

the hardness data obtained as a function of heat-treatment

temperature. The calculation of the kinetic parameters

using the hardness data is listed in Table 2. The plot of

ln(DH) vs 1000/RgTK made using the data points (636–817

VHN0.1 for ED Ni–B and from 684 to 955 VHN0.1 for

Ni–B–Si3N4 composite coatings) corresponding to the

increasing hardening effect is shown in Fig. 5. The slope of

the lines represents the activation energy of increased

hardening that is Q = 11.55 and 13.13 kJ/mol for ED Ni–

B and Ni–B–Si3N4 composite coatings, respectively. The

correlation coefficient values (R2 = 0.9999 for ED Ni–B

and 0.998 for ED Ni–B–Si3N4) suggest that the result of

kinetic modelling has been satisfactory for ED Ni–B and

Ni–B–Si3N4 composite coatings. A satisfactory fit was

obtained before Keong et al. [26] for the data obtained in a

previous literature report and for some of their data.

According to Keong et al. [26], the concept of kinetic

strength analysis could be used to provide approximations

for the kinetic interpretation of increased hardening effects

for EL Ni–P-coated samples, provided that such effects do

not involve stages with very different kinetic energies. The

better linear fit observed for ED Ni–B and Ni–B–Si3N4

composite coatings suggests the applicability of kinetic

strength analysis and confirms that this concept can be used

for studying the relation between the increased hardening

effect and the kinetic energy Q of the effect at isothermal

treatment for ED Ni–B coatings and their composite

counterparts.

Wear resistance of ED Ni–B and Ni–B–Si3N4

composite coating

The wear resistance of ED Ni–B and Ni–B–Si3N4 com-

posite coatings, both in as-plated and heat-treated (400 �C

for 1 h) conditions, is studied using three different applied

normal loads, namely, 8, 10 and 12 N. The specific wear

rate is a measure of the ability of the coating to offer wear

resistance against the hard counterface material (hardened

steel of EN 31). The specific wear rate of ED Ni–B and

Ni–B–Si3N4 composite coatings, calculated using the loss

in weight due to wear, is listed in Table 3. The increase in

specific wear rate of both types of coatings with increase in

applied normal load indicates a decrease in wear resistance

at higher applied loads and this trend is common for both

as-plated and heat-treated ED Ni–B and Ni–B–Si3N4

composite coatings. The specific wear rate of ED Ni–B–

Si3N4 composite coating is lower than that of ED Ni–B

coating, both in as-plated and heat-treated conditions.

Improvement in wear resistance following incorporation of

hard second phase particles in electro- and EL nickel

matrix has also been observed by several researchers [6, 7,

32, 33]. The improvement in wear resistance offered by ED

Table 2 Calculation of kinetics parameters using the Vickers hard-

ness data of ED Ni–B and Ni–B–Si3N4 composite coatings

Temperature (T)a

(�C)

Hardness (H)

(VHN0.1)

DH 1000/

RgTK
b

ln(DH)

ED Ni–B coating

25 609 0 – –

200 636 27 0.2543 3.2958

300 684 48 0.2099 3.8712

350 744 60 0.1931 4.0943

400 817 73 0.1787 4.2905

ED Ni–B–Si3N4 composite coating

25 640 0 – –

200 684 44 0.2543 3.7842

300 760 76 0.2099 4.3307

350 850 90 0.1931 4.4998

400 955 105 0.1787 4.6539

a Isothermal heating temperature (for 1-h period)
b Temperature in unit Kelvin (K)

R2 = 0.9999

R2 = 0.998
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Fig. 5 Plot of ln(DH) vs 1000/RgTK using the Vickers hardness

(HV0.1) data of ED Ni–B and Ni–B–Si3N4 composite coatings

J Mater Sci (2009) 44:433–440 437

123



Ni–B–Si3N4 composite coating compared with that of ED

Ni–B coating is due to (i) the characteristics of the Si3N4

particles, such as high hardness and high resistance to

plastic deformation, which is superior to that of ED Ni–B

alloy matrix; and (ii) the dispersion of the Si3N4 particles in

the ED Ni–B matrix. The uniform distribution of Si3N4

particles in the ED Ni–B matrix (Fig. 1) could act as

supporting points, strengthening the ED Ni–B alloy matrix

and enables an improvement in wear resistance. Similar

observations were made in the past by many researchers

[7, 34–36].

At all the applied loads, the specific wear rate is lower

for heat-treated ED Ni–B and Ni–B–Si3N4 composite

coatings compared with that obtained for the as-plated

ones. This is due to the formation of hard nickel boride

phases following heat-treatment [17, 20], which presents a

virtually incompatible surface for the counterface material,

as there could be very little solubility between iron and

these hard nickel boride phases, leading to a decrease in

specific wear rate of heat-treated coatings. Besides, fol-

lowing heat treatment, the hardness of ED Ni–B–Si3N4

composite coatings is increased following the incorpora-

tion of Si3N4 particles in the ED Ni–B matrix. The ED Ni–

B–Si3N4 composite coatings have a double strengthening

effect—dispersion strengthening of the hard Si3N4 particles

and precipitation strengthening of the ED Ni–B alloy

matrix. Hence, when the counterface material comes in

contact with the ED Ni–B–Si3N4 composite matrix, the

high hardness of the later enables it to have lower wear.

The average friction coefficient, lav, of ED Ni–B and

Ni–B–Si3N4 composite coatings in as-plated and heat-

treated conditions, is listed in Table 3. The friction coef-

ficient of ED Ni–B–Si3N4 composite coatings is relatively

high compared with ED Ni–B coating due to their high

surface roughness and high mechanical interlocking forces

under similar loading and temperature conditions. Similar

observations were made before by Wu et al. [35] and

Grosjean et al. [37]. According to Grosjean et al. [37], the

gradual increase in friction coefficient is due to the high

hardness and abrasive properties of the second phase par-

ticles. The coefficient of friction of heat-treated ED Ni–B

and Ni–B–Si3N4 composite coatings are lower compared

with their as-plated counterparts. As already mentioned,

this is due to the ability of heat-treated ED Ni–B and

Ni–B–Si3N4 coating matrix to present a virtually incom-

patible surface for the hard counterface material. Besides,

the build up of iron oxides at the interface could act as a

lubricant film and enables a decrease in the coefficient of

friction in heat-treated coatings.

The mechanism of wear of ED Ni–B and Ni–B–Si3N4

composite coatings depends on the attractive force between

the atoms of nickel from the coating and iron from the

counter disc. Adhesive wear is most likely to occur under

the present experimental conditions which induce a sub-

stantial attractive force between these mating surfaces,

leading to a high mutual solubility of nickel and iron. The

SEMs of the wear track pattern of as-plated ED Ni–B and

Ni–B–Si3N4 composite coatings are shown in Fig. 6a and

b, respectively. Severe shearing of the surface layers of the

coating due to the ploughing action of the hard counter disc

(hardened steel of EN 31) is clearly evident [38, 39]. This

type of morphological feature, commonly called ‘‘prows’’,

is reported for adhesive wear failure of EL Ni–P and Ni–B

coatings [6, 19]. The transferred patches from ED Ni–B

and Ni–B–Si3N4 composite coatings and the wear debris

present on the surface of the counter disc clearly indicate

the occurrence of adhesion between them, which is further

supported by the high mutual solubility of nickel and iron.

Hence, adhesive wear appears to be the most likely

mechanism of ED Ni–B and Ni–B–Si3N4 composite coat-

ings in their as-plated condition.

In contrast to the as-deposited coatings, heat-treated

coatings exhibit a bright and smooth finish with fine

grooves along the sliding direction (Fig. 6c, d). The loose

debris generated during the wear process gets displaced to

the sides leading to the formation of grooves along the

wear track. In a substantial portion of the wear tracks, no

gross adhesion between the coated pins and the counter

disc is observed. In support of the morphological features

of the wear track pattern, the Ra value is relatively low for

heat-treated ED Ni–B and Ni–B–Si3N4 composite coatings.

The Ra value of ED Ni–B and Ni–B–Si3N4 composite

Table 3 Specific wear rate and average coefficient of friction of ED Ni–B and Ni–B–Si3N4 composite coating in their as-plated and heat-treated

conditions obtained at different applied loads after a sliding distance of 1800 m

Applied

load (N)

Specific wear ratea (kg/N/m 9 10-10) Average coefficient of frictiona (lav)

As-plated Heat-treated at 400 �C/h As-plated Heat-treated at 400 �C/h

ED Ni–B ED Ni–B–Si3N4 ED Ni–B ED Ni–B–Si3N4 ED Ni–B ED Ni–B–Si3N4 ED Ni–B ED Ni–B–Si3N4

8 6.41 5.32 4.89 3.53 0.65 0.69 0.61 0.63

10 7.30 6.21 5.97 4.43 0.67 0.73 0.64 0.67

12 8.44 7.12 7.14 5.56 0.69 0.78 0.66 0.70

a Average of three determinations
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coating after wear testing at a load of 12 N are 0.55 and

0.32 lm, respectively, in as-plated and 0.25 and 0.18 lm,

respectively, in heat-treated conditions. The relatively low

Ra value obtained for heat-treated coatings compared with

the as-plated ones is due to the increase in hardness,

leading to glazing of these deposits against the counterface

material and strongly support the above wear mechanism

suggested for heat-treated coatings.

Conclusions

The incorporation of Si3N4 particles in the ED Ni–B matrix

decreases the metallic lustre, increases the surface rough-

ness and changes the chemical composition. The average

surface roughness (Ra) of the ED Ni–B–Si3N4 composite

coating is 1.17 lm. The chemical composition of coating

changes from 97 wt% Ni and 3 wt% B to 89.6 wt% Ni;

2.4 wt% B and 8 wt% Si3N4 with the incorporation of

Si3N4 particles in the ED Ni–B matrix. The surface mor-

phology of the ED Ni–B coatings reveals the formation of

well-crystallized, uniform and fine-grained deposits,

whereas the ED Ni–B–Si3N4 composite coatings consist of

a homogeneous fine globular structure in which the Si3N4

particles are uniformly distributed throughout the matrix.

Incorporation of Si3N4 particles in the ED Ni–B matrix

causes a change in crystal orientation. Heat-treatment

(400 �C for 1 h) increases the crystallinity of these coat-

ings and enables the formation of Ni3B phase. The

microhardness of the as-plated coatings is increased from

609 ± 15 to 640 ± 16 HV0.1, following the incorporation

of 8 wt% Si3N4 particles in the ED Ni–B matrix. The

increase in hardness of the ED Ni–B–Si3N4 composite

coating compared with its plain counterpart can be ascribed

to the combined strengthening effect, primarily due to the

dispersion hardening induced by the Si3N4 particles and to

some extent the solid solution hardening of the matrix

contributes to the increase in hardness. Heat-treatment

(400 �C for 1 h) increases the hardness of ED Ni–B and

Ni–B–Si3N4 composite coatings to 817 ± 22 and

955 ± 24 HV0.1, respectively. The increase in hardness of

these coatings after heat-treatment is due to the precipita-

tion of nickel boride (Ni3B). Beyond 400 �C, the hardness

of these coatings starts to decrease due to softening of the

matrix following coarsening of the Ni3B particles. The

applicability of the concept of kinetic strength analysis for

ED Ni–B and Ni–B–Si3N4 composite coatings is verified

using the hardness data obtained as a function of heat-

treatment temperature. The results of the study confirm that

the concept of kinetic strength analysis can be used to study

the relation between the increased hardening effect and the

kinetic energy Q of the effect at isothermal treatment for

ED Ni–B coatings and their composite counterparts. The

wear resistance of ED Ni–B–Si3N4 composite coatings is

higher than that of ED Ni–B coatings, both in as-plated and

heat-treated conditions. The wear mechanism of ED Ni–B–

Si3N4 composite coatings is similar to that of ED Ni–B

coatings—intensive plastic deformation of the coating due

to the ploughing action of the hard counter disc. However,

the extent of wear damage is smaller for ED Ni–B–Si3N4

composite coatings.

Fig. 6 Wear track patterns of

ED Ni–B (a, c) and Ni–B–Si3N4

composite coatings (b, d) in

their as-plated and heat-treated

conditions: a, b As-plated; c, d
heat-treated at 400 �C for 1 h.

(Applied load: 10 N; sliding

distance: 1800 m.)
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