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A B S T R A C T

In the present study, the wear behavior of as-plated and plasma-nitrided Ni-B-CNT coatings was taken into
investigation. Ni-B-CNT composite was deposited on AISI 4140 steel using different concentration of CNTs
ranging from 0.2 to 1 g·L−1, in an electroless bath. After the plating process, all samples were plasma nitrided in
an atmosphere comprising of 25%N2-75% H2, at 400 °C, for 4 h. The friction and wear behavior of the composite
coatings were evaluated using a pin on disk method at an applied load of 10 N. The samples were then char-
acterized by means of XRD, FESEM, microhardness and surface roughness measurements. Worn surfaces were
further analyzed by FESEM and EDS spectroscopy. Microhardness results revealed that the maximum hardness of
1550 HV was obtained for Ni-B 0.6 g·L−1 CNT plasma-nitrided sample. According to the results, increasing the
CNTs concentration caused the as-plated Ni-B amorphous structure to change to semi-crystalline. Furthermore,
the crevices formed during the hydrogen evolution reaction were observed to be filled up. Presence of CNTs not
only decreased the grain size in the plasma-nitrided samples but also prevented excessive heat generation during
the wear test, and thus the friction coefficient was declined during the test. Moreover, image of the worn surface
of Ni-B 0.6 g·L−1 CNT plasma-nitrided sample indicated the smoothest wear trace with no apparent cracks and
the highest wear resistance among all the samples was achieved. While, in Ni-B-1 g·L−1 CNT sample, agglom-
eration created asperities as well as large particles weakly bonded to the Ni matrix which ultimately led to an
increase in the specific wear rate.

1. Introduction

Electroless coating is an autocatalytic deposition process which has
been widely utilized in the industry due to its cost-effectiveness, uni-
form coating and less complex process [1,2]. The Ni electroless plating
is divided into three different extended groups: pure Ni, Ni-P, and Ni-B.
The coating process for each of these groups is carried out within a bath
containing different reduction agent, hydrazine is used for Ni, hypo-
phosphite for Ni-P and sodium borohydride or dimethylamine borane
for Ni-B. The tribological behavior of Ni-B coating has been markedly
noticed as a result of its excellent mechanical properties and high wear
resistance [3–7]. The unique properties of Ni-B make it a promising
candidate for utilization in aerospace, petroleum, automotive and
plastic applications as well as textile industry [1,7–11]. The most
common method to induce crystallization and enhance the coating
hardness after the deposition process, is heat treatment in 95%Ar-5%H2

atmosphere [3,5,9,12,13]. Only a handful of researchers have studied
Ni-B heat treatment in a vacuum and nitriding atmosphere [14]. To
achieve enhanced mechanical properties, corrosion resistance and wear

resistance, composite and nanocomposite coatings have attracted a
great deal of attention. Hard particles like diamond [15], SiC [11], TiO2

[16], WC [17] and Al2O3 [18] have been widely applied in composite
coatings in recent years. However, crack formation which tend to ap-
pear between the particles and the matrix after the heat treatment
process, is considered the most common problem regarding such hard
particles. Another category of composite or nanocomposite coating is
known as solid lubricants such as graphite [19], MoS2 [20], PTFE [10]
and CNT [21,22] which could serve to decrease the coefficient of fric-
tion and improve the wear resistance of the surface.

Carbon nanotubes (CNTs) are graphene sheets rolled into cylinders.
The walls of the tubes are hexagonal carbon with strong SP2 covalent
carbon bonds, and the end caps contain pentagonal rings [23–26].
Owing to their strikingly high tensile strength and elastic modulus [27],
they have attracted abundant attention in the field of metallic compo-
sites and ceramic composites and have been applied in Al-CNT [24],
Cu-CNT [28], Ni-CNT [29] as well as Al2O3-CNT [30], ZrO2-CNT [31]
and Ni-P-CNT [32].

The high length-to-diameter ratio of CNTs has led to a major
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drawback which is their poor dispersion in solutions which causes ag-
glomeration and led to an undesirable mechanical and tribological
behavior of the coated surface. Mechanical treatments like ball-milling
process and chemical treatment, including adding polymers, surfactants
and oxidation of the CNTs, are the most common approaches taken to
tackle their poor dispersion issue [33–35].

Surfactants are divided into the ionic and non-ionic groups. The
ionic category, including anionic and cationic groups, creates repulsion
force between the CNTs and therefore, their dispersibility grows.
Application of non-ionic surfactants due to their hydrophilic ends is also
considered for improving CNTs dispersibility [35–37].

Another effective approach taken to enhance the dispersion of CNTs
is their oxidation which is conducted by inserting functional groups like
carboxyl, carbonyl, lactonic, phenolic, aldehyde and hydroxyl on their
sidewalls. The oxidation can be carried out by immersing CNTs into a
solutions containing oxidizing agents such as H2SO4, HNO3, H2SO4/
HNO3 and KMnO4/H2SO4 [38–40].

The aim of the present study is to understand the effect of plasma
nitriding treatment on the wear behavior of Ni-B-CNT electroless de-
position. Furthermore, the effects of different concentrations of CNTs
on the microhardness, crystallographic structure and wear behavior of
the as-plated and plasma-nitrided samples were investigated.

2. Materials and methods

2.1. Substrate preparation

In this work, cylindrical samples (20mm diameter× 10mm height)
made from AISI 4140 steel were used as the substrate. The chemical
composition of the steel obtained by spark emission spectroscopy is
shown in Table 1. In order to improve the mechanical properties such as
hardness and toughness, the substrates were austenitized at 850 °C for
30min followed by oil quenching. Then, they were tempered at 560 °C
for 60min. The samples surfaces were fine-ground using 100–800 grit
SiC papers. Before the deposition, all samples were degreased in alka-
line solution (10 wt% NaOH) to remove organic contaminates and then
were cleaned using distilled water. Just a few second before the

deposition, the samples were pickled in dilute HCl acid to remove all
the existing oxidation products. They were subsequently cleaned using
distilled water.

2.2. CNT ball-milling and functionalizing

Pristine CVD-grown Multi walled carbon nanotubes (MWCNT) with
95% purity, 10–30 µm in length and 10–20 nm in outside diameter,
were purchased from US Research Nanomaterials, Inc. They were ball-
milled for 2 h using a planetary ball-mill machine with spherical ZrO2

balls (radius: 5 mm, weight: 3 g) and a 250 cc cylindrical stainless steel
jar. The ball to powder ratio was kept at 20:1, with a rotating speed of
300 rpm and 5min break intermitting every 10min of milling to limit
any heat build-up.

Finally, the samples were immersed in HNO3/H2SO4 (volumetric
1:3) solution for 3 h in ultrasonic apparatus (Euronda 4D, 350W). Then,
they were collected on 0.2 μm filter paper, using vacuum filter and
rinsed with distilled water until the acidity of the solution was neu-
tralized. The final product was dried in a vacuum oven at 100 °C under
10−1 torr pressure, overnight.

2.3. Electroless bath preparation

The Ni–B coating was deposited on AISI 4140 steel by an electroless
plating process. The bath was composed of 25 g·L−1 nickel chloride
hexahydrate (NiCl2·6H2O), 30 cc·L−1 ethylenediamine (C2H8N2) as the
complexing agent, 0.02 g·L−1 Lead nitrate (Pb(NO3)2) as the stabilizer,
39 g·L−1 NaOH as the alkalinity reserve agent and 0.6 g·L−1 NaBH4 as
the reducing agent. The volume of the plating bath was 500 cc. The pH
value of the plating bath was adjusted around 14. The electroless Ni–B
plating was performed at 95 ± 1 °C for 60min. During plating the bath
solution was agitated using a mechanical stirrer at 500 rpm to minimize
the fluctuation of ionic concentration and to prevent localized over-
heating. The sample was rotated in two opposite directions alter-
natively every 2min to obtain uniform coating thickness. Considering
the coating process, for Ni-B-CNT deposition with different concentra-
tion of the CNTs (0.2 g·L−1, 0.6 g·L−1, 1 g·L−1 CNT), CNTs were firstly

Table 1
Chemical composition of AISI 4140 steel.

Element Fe C Cr Si Mn Mo S P

wt% balance 0.42 0.96 0.32 0.78 0.17 0.02 0.02

Fig. 1. Experimental setup for electroless deposition.

Table 2
Process parameters of plasma nitriding treatment.

Temperature Time Gas ratio Duty cycle Frequency

400 °C 4 h 75%H2-25%N2 70% 8.9 kHz
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dispersed in an ultrasonic bath and were subsequently added to the Ni-
B prepared bath. A fresh electroless bath was applied for each test.
Fig. 1 illustrates the experimental setup for the electroless composite
deposition.

2.4. Plasma nitriding

After the deposition, all samples (Ni-B, Ni-B-0.2 g·L−1 CNT, Ni-B-
0.6 g·L−1 CNT, Ni-B-1 g·L−1 CNT) were degreased using acetone and
then were placed in a 5 kW conventional direct current plasma en-
hanced chemical vapor deposition (PECVD) chamber. The vacuum
chamber was pumped down to 10−2 torr. Afterwards, the samples were
plasma-nitrided at 400 °C for 4 h in a range of 500–700 V discharge
voltage and 2–3 A current and under specified conditions described in
Table 2.

At the end of the treatment, samples were slowly cooled in the
chamber to reach the room temperature.

2.5. Characterization

The length and structure of CNTs before and after the ball-milling
process as well as the thicknesses and morphologies of the composite
coatings were studied, using MIRA3 TESCAN field emission scanning
electron microscopy (FESEM). The functional group characterization of
CNTs after oxidation was also analyzed by attenuated total reflection

fourier transform infrared spectrometer (FTIR). To prepare the samples,
CNTs were mechanically mixed with KBr powder and then the resultant
powder was pressed to form a disc. FT-IR spectrum of CNTs was re-
corded in the range of 4000–400 cm−1 wavelength. EQuinox 3000 X-
ray diffraction (XRD), with Cu Kα (λ=1.54187 Å) radiation and
scanning range of 2θ between 5° and 118° and operated at 40 kV and
30mA was utilized to identify the crystal structure of the samples be-
fore and after the plasma nitriding treatment.

The microhardness of the surface was measured for each samples

Fig. 2. SEM images of the (a) pristine CNT powders and (b) ball-milled CNT powders.

Fig. 3. FTIR spectra of functionalized CNTs.

Fig. 4. Aqueous suspensions stability of (a) pristine CNT, (b) acid treated CNT.
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using a Shimadzu tester at a load of 50 g. The lap time for each in-
dentation was 15 s. The reported value represents the average and
standard deviation of five measurements. Surface roughness measure-
ment was carried out for the coated samples using a Hand-held
Roughness Tester TR200 and the average of ten measurements was
recorded. Wear tests were performed on a pin-on-disk wear tester de-
vice with a horizontal rotating disc and a dead-loaded pin according to
ASTM G 99 standard. The device applies a controlled load to the pin
holder and create a circle wear track on the samples’ surface. The pin
was AISI 52100 steel with a 5mm diameter semi-spherical end and
hardness of 62 HRC. The conditions under which the dry wear tests
were performed are a vertical load of 10 N, sliding speed of
0.05m·min−1, sliding distance of 500m, and wear track radius of 7mm
at room temperature (25 °C) and relative humidity of about 40%. The
diagrams of the friction coefficient to distance were drawn auto-
matically by a device. The worn surface of the samples was investigated
by applying FESEM and EDS spectroscopy. The mass loss was calculated
by weighing the samples before and after the wear tests using an A&D

Weighing GR-300 lab balance with an accuracy of up to 0.1 mg. The
specific wear rates were calculated according to Eq. (1).

= ×w w d F/( )s (1)

where ws is the wear rate, w is the mass loss, F is the normal load and d
is the siding distance.

Fig. 5. X-ray diffraction patterns of as-plated Ni-B and Ni-B-CNT samples.

Fig. 6. X-ray diffraction patterns of plasma-nitrided Ni-B and Ni-B-CNT samples.

Table 3
Crystallite size and FWHM of plasma-nitrided samples.

Samples Ni (1 1 1)
FWHM

Ni (1 1 1)
crystal size
(nm)

Ni3B (0 3 1)
FWHM

Ni3B (0 3 1)
crystal size
(nm)

Ni-B 0.2834 86.29 0.4408 34.71
Ni-B-0.2 g·L−1 CNT 0.3779 45.08 0.6298 19.27
Ni-B-0.6 g·L−1 CNT 0.4408 34.21 0.6927 17.66
Ni-B-1 g·L−1 CNT 0.3779 45.08 0.5353 25.48
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3. Result and discussion

3.1. CNT characterization

As indicated in Fig. 2, the ball-milling process, significantly reduced
the length of the carbon nanotubes. The high energy impact of the balls
produced broken and sharp tips of nanotubes and thus their structure
becomes less entangled [41,42].

Functionalization of the ball-milled CNTs in an ultrasonic bath
would enhance the oxidation rate by providing high local shear force to
the nanotube bundle end [43]. Nitronium ion (NO2+) is the product of
the reaction between sulfuric acid and nitric acid [44,45] which could
attack and break some of the C]C bonds and also insert chemical
groups such as hydroxyl, carboxylic and carbonyl on CNTs wall. The
reaction can generate defects on CNTs wall or even make them shor-
tened by cutting them into small pieces.

FTIR spectroscopy of acid treated CNTs in Fig. 3 reveals the dif-
ferent bonding types formed on CNTs surface during the functionalizing
process. The broad peak at 3453 cm−1 wavelength could be associated
with the stretching hydroxyls in the carboxyl groups. The peak at
1640 cm−1 wavelength is attributed to the carbonyl group, the peaks at
1202 cm−1 and 1047 cm−1 are related to CeOH and CeOeC chemical
bonds [38,46]. Due to very low formation of electric dipoles in C]C
bonding [40], the peak associated with this bonding was not observed.

Fig. 4 provides a comparison between dispersibility of ball-milled
functionalized CNTs and the pristine CNTs in aqueous solution for a
period of 24 h. As it can be observed, due to repulsive force between the
negatively charged carbon nanotubes, the suspension of functionalized

CNTs became stabilized. The strong tension of water in pristine CNTs is
one of the factors that could hinder their dispersion [25].

3.2. XRD characterization

X-ray diffraction analysis of as-plated Ni-B shows a significantly
broad peak around 45° corresponding to (1 1 1) plane of nickel phase,
which indicates the amorphous nature of the coating (Fig. 5). The
dominant (1 1 1) plane in the X-ray diffraction results is associated with
the low surface energy of this plane [20]. Numerous researchers have
reported an amorphous or semi-crystalline structure for as-plated Ni-B.
Boron as an amorphous element prevents the nucleation of nickel phase
[2]. By adding CNTs to the electroless bath, it was observed that the
peak broadening was reduced and thus the peak became sharper as the
CNTs concentration increased in the electroless bath. It can be con-
cluded by the results in Ni-B-CNT samples H+ ions are released from
carboxylic groups at the surface of CNTs and the remaining HCOOe
ions act as a reducing agent and thus reduces the Ni ions. Therefore, Ni
starts to nucleate on the crystal defects of CNTs which act as the nu-
cleation site and the structure of as-plated Ni-B-CNT with increasing
CNTs concentration became more semi-crystalline. Similar phenomena
have been observed by adding SiC particles [11].

Fig. 6 shows the XRD patterns of plasma-nitrided samples. Ac-
cording to these patterns, after the plasma nitriding treatment, the
structure of as-plated samples was changed from amorphous to crys-
talline state due to formation of Ni2B and Ni3B intermetallic com-
pounds. It can be claimed that the presence of the Ni3B phase is due to
the decomposition of the unstable Ni2B phase or it could be the result of

(a) (b)

(c) (d)

CNT 

CNT agglomeration 

nodules 

Fig. 7. FSEM images of electroless coated (a) Ni-B, (b) Ni-B-0.2 g·L−1 CNT, (c) Ni-B-0.6 g·L−1 CNT, (d) Ni-B-1 g·L−1 CNT surface.
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the asymmetric distribution of boron with low concentration. The
presence of local concentrations of boron higher than 6% by weight has
probably caused the Ni2B phase formation to occur. Plus, continuous
bombardment of the cathodic stage with the positively charged ions led
to an increase in the surface temperature of samples and ultimately to
the growth of the Ni2B and Ni3B phases.

The peak observed around 26° in all samples can probably be at-
tributed to hexagonal boron nitride (BN) structure [14]. It can be
claimed that sputtered boron atoms react with active nitrogen in
plasma atmosphere and forms BN which is then deposited on the
sample surface. For all samples, the XRD patterns illustrate that the Ni
peak was shifted to lower angles. This change might be an indication of
interstitial diffusion of the nitrogen atoms in the Ni matrix which could
ultimately lead to an increase in the d-spacing by inducing the residual
stress during the plasma nitriding process. Another reason could be the
substitution of boron with nickel atoms during the treatment [47].

As can be noticed, the relative intensity of Ni (1 1 1)/Ni3B (0 3 1) in
the Ni-B-CNT coatings, around 45° was significantly increased as the
CNTs concentration raised up to 1 g·L−1. This is probably due to the fact
that CNTs act as the nucleation sites for Ni. This may facilitate the
nucleation and thus cause the Ni peak intensity to rise in the dif-
fractogram.

Due to low incorporation of CNTs, no CNT was detected in the
diffractograms. Increasing CNTs concentration caused peak broadening
to be observed which is the evidence of grain refinement. By applying

Scherrer equation (Eq. (2)) on the XRD pattern, the calculation of the
crystallite size was carried out. The final results are summarized in
Table 3.

= × × =D k λ β θ k/ cos ( 0.9)D (2)

where D is the crystallite size, λ is a wavelength (Cu Kα
λ=1.54187 Å), D is Scherrer's constant (in this case 0.9), β is peak
broadening and θ is diffraction angle. To remove aberrations and line
broadening of peaks, standard material (terbium oxide) was used to
determine the instrumental broadening. The instrument-corrected
broadening βD peak was estimated using Eq. (3).

= −β β βD measures instrumental
2 2 2 (3)

As can be observed in Table 3, owing to the inhibition of crystal
growth, by increasing the CNTs concentration the crystallite size was
decreased. The crystallite size in Ni-B-0.6 g·L−1 CNT sample was found
to be lower than the other samples. This could be due to the homo-
genous distribution of the CNTs in this sample in comparison with the
others [48].

3.3. Surface morphology

The surface morphology of the as-plated samples is illustrated in
Fig. 7. The smooth structure with some crevices and cracks can be
observed in Ni-B sample image (Fig. 7a). The presence of crevices and

(a) (b)

(c) (d)

coarse particle small particles 

Fig. 8. FSEM images of plasma-nitrided (a) Ni-B, (b) Ni-B-0.2 g·L−1 CNT, (c) Ni-B-0.6 g·L−1 CNT, (d) Ni-B-1 g·L−1 CNT surface.
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cracks is a result of hydrogen evolution during the Ni-B deposition
process. Some authors have reported that the main mechanism for the
Ni-B electroless deposition is spontaneous catalytic oxidation of the
reducing agent due to the activity of the substrate [49]. A more
homogeneous particles distribution in the Ni matrix was observed by
increasing the CNTs concentration from 0.2 g·L−1 to 0.6 g·L−1. During
the particle distribution, a bigger portion of the CNTs were embedded
in the matrix while the smaller portion were protruded from the coated
surface; However, CNTs were hardly observed at the surface of the
samples containing 0.2 and 0.6 g·L−1 CNT, which could be due to the
low concentration of CNTs (Fig. 7b, c). Moreover, in the sample con-
taining 0.2 g·L−1 of CNTs, no significant change in the morphology was
witnessed, which seems logical due to the low concentration of nano-
tubes. Raising the CNTs concentration up to 0.6 g·L−1 caused a more
uniformly coated surface to be achieved since CNTs have the ability to
fill the gaps and the crevices. By increasing the concentration of CNTs
to 1 g·L−1, the size of the nodules grew. This could be associated with
the raised concentration of reduced Ni in the electroless bath which
could cause the crystal growth to overshadow nucleation (Fig. 7d). The
existence of large particles in Ni-B-1 g·L−1 CNT sample could be the
result of the CNTs aggregation owing to the high concentration of them.
The aggregation could lead to agglomeration of CNTs on the substrate
and subsequently large particles at the surface of the samples could be
formed owing to the nucleation of Ni on the agglomerated CNTs. In
order to demonstrate the CNTs distribution more clearly, an image with
higher magnification of the sample is also added to this figure (Fig. 7d).

According to Fig. 8, FESEM observations of the plasma-nitrided
samples show that the surface morphology of Ni-B was changed into a
cauliflower-like structure and became more densified (Fig. 8a). Similar
observation has been made by numerous researchers after heat treat-
ment in 95%Ar-5%H2 atmosphere. The preferential deposition on de-
fect sites of the surface at the beginning of the process might be the
possible reason for the type of the structure seen [4,8,49]. In samples
containing 0.2 and 0.6 g·L−1 CNT similar densification was occurred. In
fact, the growth of crystals which were initially nucleated at different
preferred sites has caused Ni2B, Ni3B, and BN particles to coincide and
cover the surface of the sample. Also, sputtering and re-deposition of
the atoms have possibly caused the re-deposited compounds to fill the
holes during the plasma nitriding treatment. Higher magnification of
the Ni-B-0.6 g·L−1 CNT sample shows homogenous distribution of small
particles in comparison to other samples (Fig. 8c). This is probably due
to the fact that, CNTs uniform distribution restricted the bonding be-
tween the particles by forming a barrier. The sample containing 1 g·L−1

CNT was consisted of coarser particles (Fig. 8d). The agglomerated
particles were observed to become 2 or 3 times larger after the plasma
nitriding treatment owing to high concentration of CNTs which causes
more nucleation of the nanoclusters and more growth rate in this
sample. However, no evidence of the CNTs at the surface of this sample
was observed. This could be attributed to the fact that, the continuous
ion bombardment during the plasma nitriding process has removed the
excessive amount of CNTs from the surface.

Fig. 9 shows the FESEM images of cross-sections of as-plated and
plasma-nitrided samples. Results of thickness indicates after plasma
nitriding treatment the structure of samples becomes compact and
denser without significant dimensional change. As reported by Vitry
et al. [14] ammonia nitriding of as-plated Ni-B coating present a dual
structure with a dense inner layer and a porous outer layer while va-
cuum nitriding presents a uniform dense layer. Results of Fig. 9 are in
good agreement with their observation of vacuum-nitrided Ni-B
sample. Moreover, increasing CNTs concentration caused higher
thickness value of coated surface in both as-plated and plasma-nitrided
samples, which indicated the deposition rate increases with increasing
CNTs concentration.

Fig. 9. Cross-sectional FESEM images of the (a) Ni-B, (b) Ni-B-0.2 g·L−1 CNT,
(c) Ni-B-0.6 g·L−1 CNT, (d) Ni-B-1 g·L−1 CNT as-plated, and (e) Ni-B, (f) Ni-B-
0.2 g·L−1 CNT, (g) Ni-B-0.6 g·L−1 CNT, (h) Ni-B-1 g·L−1 CNT plasma-nitrided
samples.

Table 4
Results of samples surface roughness.

Sample Ra (µm)

Substrate 0.02
Ni-B as-plated 0.04
Ni-B-0.2 g·L−1 CNT as-plated 0.09
Ni-B-0.6 g·L−1 CNT as-plated 0.15
Ni-B-1CNT as-plated 0.41
Ni-B plasma-nitrided 0.34
Ni-B-0.2 g·L−1 CNT plasma-nitrided 0.41
Ni-B-0.6 g·L−1 CNT plasma-nitrided 0.53
Ni-B-1CNT g·L−1 plasma-nitrided 0.71
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3.4. Surface roughness and microhardness

Table 4 provides data on the roughness of the substrate, as-plated
and plasma-nitrided samples. As it is indicated, raising CNTs con-
centration up to 1 g·L−1 has led to a significant increase in the rough-
ness. This is on the grounds that CNTs inhibit uniform growth of Ni and
create asperities. In Ni-B-1 g·L−1 CNT sample the roughness was noticed
to be much higher in comparison with the other samples, owing to the
high concentration of CNTs which could causes agglomeration. After
plasma nitriding, the roughness of all as-plated samples were increased.
Three possible explanations could be provided for this result. First, after
the plasma nitriding process, the crystal growth of Ni2B, Ni3B and BN
phases in the Ni matrix created asperities and thus the surface rough-
ness increased. Second, the sputtering effect during the plasma-ni-
triding process, caused by the positive nitrogen and hydrogen ion
bombardment, affected the roughness of the samples. Third, this re-
sulted due to the re-deposition of sputtered material on the surface.

Fig. 10 shows the surface microhardness of the as-plated samples. As
can be observed, the reinforcing ability of CNTs had an impact on in-
creasing the surface microhardness, especially in Ni-B-0.6 g·L−1 CNT
sample. This can be attributed to the uniform distribution and re-
inforcement of CNTs in this sample. In Ni-B-1 g·L−1 CNT the hardness
was found to be lower in comparison with the sample containing
0.6 g·L−1 CNT because of the higher concentration of CNTs, segregation
which occurred in the composite caused a reduction in the micro-
hardness of composite coated layer [50].

Fig. 11 illustrates the surface microhardness of the plasma-nitrided
samples. After the plasma-nitriding process the value of microhardness
increased. This is due to the formation of Ni2B (between 5.8 and 8.5 wt
% of B content), Ni3B (less than 5.8 wt% of B content) and BN phases
[5,9]. Grain refinement due to the presence of the CNTs could also be
another reason for the high microhardness value of the coated surface

[51]. Raising the concentration of CNTs up to 0.6 g·L−1, led to increase
in microhardness; However, the microhardness value in Ni-B-1 g·L−1

CNT was observed to be decreased which could be attributed to the
agglomeration of CNTs in this sample that led to a non-uniform parti-
cles distribution in Ni matrix and ultimately reduced the microhardness
value of the coated surface.

3.5. Wear behavior

The diagrams of friction coefficient of as-plated samples are given in
Fig. 12. A dramatic fluctuation of the friction coefficient was observed
in Ni-B sample. This is associated with the high mutual solubility of iron
and nickel which caused an increase in the contact area of the coated
surface with the counterpart and also in high material removal. Another
logical explanation for this behavior could be the crystallization of the
amorphous coated sample during the wear test, due to the heat gen-
eration which can finally result in appearance of tensile stresses at the
interface of amorphous and crystalline phases. Moreover, the cracks
generated on the surface during the hydrogen evolution, led to stress
concentration which facilitate delamination during the wear test and
also increased fluctuation [7,32,47].

The coefficient of friction was decreased by raising the CNTs con-
centration up to 0.6 g·L−1 This might be ascribed to easy shear and
rolling of lubricating carbon film that reduce the direct contact between
the samples surface and the counterpart [21]. In Ni-B-1 g·L−1 CNT as-
plated sample, at an initial distance of around 50m, the coefficient of
friction first increased and subsequently decreased (Fig. 12d). The
reasons for this phenomenon is probably detachment of the agglomer-
ated CNTs, in fact their poor cohesion with the Ni matrix led to an
increase in wear rate of the sample. After that because of the oxide
patches motion which could create a tribo-layer and CNTs rolling which
acts as a separator, the coefficient of friction was declined [33].
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Fig. 11. Microhardness results of plasma-nitrided samples surface.
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Another factor which might effects samples wear behavior is surface
roughness. Higher surface roughness could cause the abrasive interac-
tions between the asperities on the surface of the Ni-B-1 g−1·L CNT
sample and the counterpart to be prevailed. Indeed, smaller contact
area causes maximum local pressure between the pin and surface of the
sample which resulted to higher wear rate and coefficient of friction. At
the same time, in case of a lower coating roughness, the adhesive in-
teraction between the pin and disc strongly grows which induces an

increase in the friction coefficient as it is shown by the result of the
friction coefficient for Ni-B as-plated sample.

Fig. 13 shows the friction coefficient diagrams of plasma-nitrided
samples. In Ni-B sample after the plasma nitriding treatment, the
coefficient of friction was markedly decreased. High microhardness
value which requires more friction force for plastic deformation and
also lower solubility of iron in Ni2B, Ni3B and BN particles are the
reasons for this result. In Ni-B containing CNTs samples a similar

Fig. 12. Variations of the coefficient of friction against distance for (a) Ni-B, (b) Ni-B-0.2 g·L−1 CNT, (c) Ni-B-0.6 g·L−1 CNT, (d) Ni-B-1 g·L−1 CNT electroless coated
samples.
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decreasing trend for the coefficient of friction was noticed after the
plasma nitriding treatment. The basic causes for this behavior were
firstly the increased microhardness value as well as the grain refine-
ment. Secondly, the CNTs easily filled in the micro-holes of the surface
during the electroless deposition process which are the active sites for
tensile stress. Therefore, CNTs can prevent rapid plastic deformation.
Thirdly, CNTs act as a major obstacle to the movement of dislocations.
Increasing CNTs concentration up to 0.6 g·L−1 leads to higher reduction
in the coefficient of friction and improved wear resistance properties. In
addition, some authors have mentioned that CNTs could help retain

hardness of the composite at high temperatures, this is an important
factor due to the heat generation during the wear test. Others believe
that the dissociation of hydrogen and hydroxyl from water vapor and
their reaction with C atoms would form a passive layer and thus de-
crease the coefficient of friction [35,52]. However, it should not be
neglected that CNTs rolling by cutting and reconnecting SP2 covalent
bonds is the main reason for the improved wear behavior which pre-
vented direct contact with the counterpart [53]. At the initiation of the
wear test period, it was witnessed that for both as-plated and plasma-
nitrided Ni-B-1 g·L−1 CNT samples, the coefficient of friction increased.

Fig. 13. Variations of the coefficient of friction against distance for (a) Ni-B, (b) Ni-B-0.2 g·L−1 CNT, (c) Ni-B-0.6 g·L−1 CNT, (d) Ni-B-1 g·L−1 CNT plasma-nitrided
samples.
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However, in plasma-nitrided sample after an about 100m sliding dis-
tance the coefficient of friction was declined (Fig. 13d). This is mainly
affiliated with separation of the poor coherent conglomerate particles
which nucleated and grew during CNTs agglomeration, and due to the
high microhardness of sample, more shear stress or sliding distance is
needed to remove these particles.

Table 5 shows the average coefficient of friction and specific wear
rate of both as-plated and plasma-nitrided samples. It can be observed
that the friction coefficient has a direct relation with the specific wear
rate. Plasma-nitrided Ni-B-0.6 g·L−1 CNT had the lowest specific wear
rate in comparison with the other samples due to several reasons such
as higher microhardness, lower coefficient of friction, smaller grain size
and most importantly homogenous distribution of Ni2B, Ni3B and BN
particles.

Fig. 14 illustrates FESEM analysis of the samples worn surfaces. In
Ni-B as-plated sample lamellar debris particles indicate the delamina-
tion occurred during the wear test (Fig. 14a). The high solubility of iron
from the counterpart in nickel from the coated surface resulted in
successive welding and detaching of surface and counterpart which
ultimately caused delamination in the sample. As has been reported by
numerous researchers, abrasion and adhesion might be the main me-
chanism affecting the sample [54,55]. By increasing the CNTs con-
centration up to 0.6 g·L−1

fine grooves along the sliding direction, was
observed (Fig. 14b, c). According to Fig. 15, Chemical analysis of the
elements remained on the wear track illustrated a decreased amount of
iron in comparison with Ni-B sample. This might be due to the fact that
the cut off CNTs act as ball bearing spacer and could prevent direct
contact of the coated surface and the counterpart and thus the diffusion
of the iron element into the coated surface could decrease [52].
Therefore, by increasing the concentration of CNTs up to 0.6, due to the
presence of a more lubricated surface, the contact of the surface and the
counterpart lessens and the wear resistance could increase. Studying Ni-
B-1 g·L−1 CNT sample (Fig. 14d), deeper groves were observed owing to
the separation of conglomerate particles that had weak bonding energy
with the surface during the wear test [56].

Microfractures and particles flaking off from the surface were ob-
served in Ni-B plasma-nitrided sample (Fig. 14e). Due to higher hard-
ness of the sample, the shear stress and friction heating between the
counterpart and the coated surface were larger which resulted in higher
oxidation of the surface. The EDS results proves that the amount of
oxygen in the plasma-nitrided Ni-B-CNT samples was lower in com-
parison with the Ni-B sample. This could be ascribed to the fact that
CNTs could prevent excessive heat generation during the wear test;
thus, the plastic deformation was decreased and a smooth surface with
fine grooves and lower debris were observed in the FESEM images

(Fig. 14f, g). Higher microhardness values and the uniform distribution
of particles in Ni matrix which helped transfer the counterpart force
from Ni to the CNTs ultimately resulted in higher wear resistance in the

Table 5
Results of average coefficient of friction, mass loss and specific wear rate of
coated samples.

Sample Coefficient of
friction

Mass loss
(mg)

Specific wear rate
(kg/N·m)× 10−6

Ni-B as-plated 0.6943 3.5 7E−4
Ni-B-0.2 g·L−1 CNT as-plated 0.5901 2.4 4.8E−4
Ni-B-0.6 g·L−1 CNT as-plated 0.5143 2.1 4.2E−4
Ni-B-1 g·L−1 CNT as-plated 0.5468 2.8 5.6E−4
Ni-B plasma nitrided 0.5424 1.9 3.8E−4
Ni-B-0.2 g·L−1 CNT plasma-nitrided 0.4765 1.6 3.2E−4
Ni-B-0.6 g·L−1 CNT plasma-nitrided 0.3352 1.2 2.4E−4
Ni-B-1 g·L−1 CNT plasma-nitrided 0.4651 1.7 3.4E−4
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(e) (f)
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Fig. 14. FESEM micrographs of worn surfaces of the (a) Ni-B, (b) Ni-B-0.2 g·L−1

CNT, (c) Ni-B-0.6 g·L−1 CNT, (d) Ni-B-1 g·L−1 CNT as-plated, and (e) Ni-B, (f)
Ni-B-0.2 g·L−1 CNT, (g) Ni-B-0.6 g·L−1 CNT, (h) Ni-B-1 g·L−1 CNT plasma-ni-
trided samples.
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plasma-nitrided Ni-B-0.6 g·L−1 CNT sample [52]. Moreover, lower
grain size in comparison with the other plasma-nitrided samples,
caused the grain peeling mechanism to be decreased owing to high
interfacial strength [57], was another reason why Ni-B-0.6 g·L−1 CNT
had the smoothest wear trace (Fig. 14g). Studying the Ni-B-1 g·L−1 CNT
sample, indicated that the presence of fine debris after the wear test can
be ascribed to the coarse particles cut from the surface and crushed due
to the pin continuously move on the surface (Fig. 14h). The particles
movement leaves some scratch on the surface of the sample which ul-
timately reduces the wear properties.

4. Conclusions

In the present work, the wear behavior of the as-plated and plasma-
nitrided Ni-B-CNT coatings was taken into investigation. The results
indicated that carbon nanotubes could effectively influence the crys-
tallographic structure of Ni-B electroless through facilitating the Ni
nucleation. Increasing the CNTs concentration led to a transition from
amorphous to semi-crystalline structure.

Homogenous CNTs distribution changed the morphology of the
coated surface by filling the crevices and cracks formed during the
hydrogen evolution reaction. CNTs restraining crystal and particle
growth resulted in the formation of small nodules except for the Ni-B-

1 g·L−1 CNT sample in which agglomeration occurred due to the high
level of CNTs concentration and therefore a value of higher surface
roughness was achieved.

Increasing CNTs concentration in as-plated samples caused the
friction coefficient and the specific wear rate to fall which was mainly
due to the self-lubricating mechanism of CNTs. In the Ni-B-1 g·L−1 CNT,
owing to the non-uniform distribution and agglomeration of CNTs, the
friction coefficient increased. Plasma nitriding of electroless Ni–B and
Ni-B-CNT, resulted in the interstitial diffusion of nitrogen atoms in the
Ni matrix and formation of Ni3B, Ni2B and BN phases, therefore, the
microhardness increased.

The presence of CNTs decreased the plastic deformation in plasma-
nitrided samples, as excessive heat generation was prevented during the
wear test. Therefore, the wear resistance was improved. The highest
wear resistance belonged to the Ni-B-0.6 g·L−1 CNT sample. This could
be affiliated to the lower grain size, higher microhardness and uniform
distribution of the CNTs.

Since, only a handful of studies have investigated the heat treatment
of nickel-boron coatings using the plasma-nitriding treatment, and also
as CNTs have not yet been applied as nanocomposite in nickel-boron
coating the present investigation could pave the way to further re-
search.
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Fig. 15. EDS analysis of worn surface of samples.
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