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The Effect of B,C Nanoparticles on the Corrosion and
Tribological Behavior of Electroless Ni-B-B,C
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In this study, the electroless method was successfully used to deposit composite coatings containing
B4C nanoparticles on Ck45 carbon steel. The characteristics of coatings were investigated with the
X-ray diffraction (XRD) and scanning electron microscopy (SEM). The hardness of coatings was
measured by Vickers micro-hardness test with a load of 1 N. The hardness of the composite coating of
Ni-B-B4C was about 870 Vickers, which increased to 1350 Vickers after heat treatment at 400°C for
1 hour, which was much more than for Ni-B coating and Ck45 steel. The wear test was carried out
using the pin-on-disk test technique. The results indicated an improvement in the wear resistance of
Ni-B-B,C composite coatings compared to that of Ni-B and Ck45. The results obtained from the Tafel
polarization test indicated an increase in the corrosion resistance of Ni-B-B4,C composite coatings

compared to that of Ni-B coatings and Ck45 steel.
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INTRODUCTION

Corrosion and wear are among the most im-
portant reasons for destruction of industrial parts. As
a low price and accessible metal, CK45 steel has
applications in industry, which are numerous but
still limited due to its wear and corrosion resistance
[1]. Hence, extensive bodies of research have been
carried out in order to decrease the costs resulting
from corrosion and wear. The electroless method is
one of the best and most favorable methods in de-
creasing corrosion and increasing wear resistance as
well as increasing the lifetime of the parts [2-4]. In
the electroless coating method, metal sedimentation
is done by the reduction of metal ions in the bath
containing a reducing agent, without employing an
external current [3]. Due to their unique properties
such as high adhesion to the substrate, the uniformi-
ty of thickness, hardness, and high wear resistance,
nickel-phosphorus electroless coatings have occu-
pied an important and extensive position in industri-
al applications [5-8]. Today, the nickel-boron elec-
troless coatings have become more common than
nickel-phosphorus coatings due to higher hardness
and wear resistance [9-11]. The obtained results of
other researchers show that while electroless coat-
ings have a higher hardness and wear resistance in
comparison with Ni-P coatings, their corrosion re-
sistance is lower due to higher degrees of
porosity [11].

Inserting particles to electroless coatings is done
in order to improve their chemical and mechanical
properties [12—15]. In the past, composite electroless

coatings were produced by adding micron particles
to the coatings, but those coatings were often unable
to meet the industrial requirements. The conducted
research into the composite coatings containing par-
ticles such as B.C, SiC and SizN, illustrated that alt-
hough composite coatings generated by micron-
sized particles have higher hardness and wear
resistance compared to those of non-composite
coatings, there can be seen a dramatic decrease in
the corrosion resistance of composite coatings be-
cause of particles known as impurities [16-18].

With the developments in nano-science and the
production of nanoparticles, the production of
electroless coatings containing nanoparticles with a
prolonged lifetime and higher hardness and corro-
sion resistance was taken into consideration [19-20].
The composite coatings developed by other
researchers comprise particles such as TiO,, Al,Os,
ZnO and CNT that not only create a hard and wear
resistant surfaces but also have a higher corrosion
resistance than non-composite coatings [19, 21-23].
With its unique properties such as high hardness
(about 9.3 Mohs scale), excellent chemical
resistance, high melting point and low density, B4C
has a high potential to be used in composite coatings
[14, 16, 24]. By filling the pores in electroless coat-
ings, nanoparticles cause a considerable increase in
hardness and wear resistance in addition to an in-
crease in the corrosion resistance [19].

To date, there have been very limited bodies of
research with regard to Ni-B composite coatings,
this is why the objective of the present study was to
investigate the impact of boron carbide nanoparticles
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on the hardness, the wear and corrosion resistance of
Ni-B coatings.

EXPERIMENTAL

Specimens of Ck45 steel with the dimensions of
15x15%5 mm were prepared and sandblasted by sili-
con particles with an average size of 100 microns in
order to increase the adhesion of the coating to the
substrate before the coating process. To deposit
Ni-B-B4,C composite electroless coatings, a bath
with chemical composition according to Table 1,
containing 1.5 g/l B4,C powder with an average size
of 100 nano-meters, was used.

Table 1. Bath chemical composition and operating condi-
tions of electroless Ni-B-B,C composite coating

Bath composition Quantity
Nickel Chloride 20 g/l
Sodium Borohydride 19/l
Ethylenediamine (98%) 64 ml/l
Sodium Hydroxide 40 g/l
Thallium Acetate 1 mg/l
Parameter Conditions
pH 12
Temperature 90+ 1°C

The bath was placed in an ultrasonic for 2 hours
in order to make the particles even. The pH of the
electroless bath was 12 and the coating temperature
was 90°C. In order to prevent the sedimentation of
B,4C particles and to distribute them uniformly in the
bath, two stirrers with different turning directions
were used. Before adding the B4,C powder to the
bath, it was necessary to pre-treat the powder. The
preparation stages are shown in Fig. 1.

In order to study the effect of the heat treatment
on Ni-B-B,C composite coatings, a number of coa-
ted samples were heat-treated at 400°C for 1 hour in
the argon atmosphere. In order to survey the surface
morphology and phases of samples, the scanning
electron microscopy (SEM) and X-Ray diffraction
(XRD) were used. The hardness of coatings was
measured by the Buehler-Vickers micro-hardness
test with a load of 1N. For the evaluation of tribolo-
gical behavior of samples, a pin-on-disc wear set
was used. In all tests, a 52100 steel pin with a hard-
ness of about 65RC and a diameter of 5mm was
used as the abrasive. The wear test was conducted in
the air atmosphere with a slippage velocity of
0.1 m.s™, under a force of 5N and maximum slip-
page distance of 1000 meters. The corrosion
resistance was studied by the Tafel polarization test
in 3.5% NaCl solution. The samples were in contact
with the electrolyte at a surface of 1 cm? The plati-
num electrode was used as the reference electrode
and the saturated calomel electrode (SCE) was used
as the reference electrode. Via the extrapolation
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method, the Tafel potential and corrosion current
density were extracted from the Tafel curves. The
duration for equilibrium was chosen as 1 hour for all
samples.

RESULTS AND DISCUSSION
Coating morphology and structure

Figures 2a and 2b show the morphology of the
electroless Ni-B and Ni-B-B4C composite coatings
deposited on the Ck45 steel substrates. These
Figures illustrate the cauliflower structure of the
coatings. The electroless Ni-B coatings have many
pores. The existence of B,C particles causes new
nucleation areas, which, in turn, makes the structure
finer and the porosity less. Figure 2c is indicative of
B,C particles and their distributions in the Ni-B
coatings.

Figure 2d shows the cross section of the
Ni-B-B,C composite coating layer on the surface. As
seen in this Figure, the coating deposited on the sub-
strate is very uniform and well adhered to the sub-
strate.

The thickness of the Ni-B-B,C composite coa-
ting layer is 30 um. The dark areas on the coating
are indicative of B4C particles accumulated in the
coating in the form of agglomerations.

Figure 3 illustrates the XRD patterns of the
Ni-B-B.C composite coatings in as-deposited and
heat-treated states at 400°C for 1 hour. This Figure
shows that the Ni-B-B,C composite coating has an
amorphous and semi-crystal structure before heat
treatment [24]. The peaks obtained for the as-
deposited state have been obtained from overlapping
a wide matrix peak in dispersion angles from 35 to
55 and two smaller peaks. The wide peak is related
to the amorphous phase of the coating and small
peaks are related to the nano-crystal phase of the
nickel. The results of the XRD of the heat-treated
Ni-B-B,C composite coating indicated a complete
change in the structure of this coating compared to
that in the as-deposited state; that is, instead of the
amorphous phase, clear peaks are noticed from the
nickel-crystal phase (with the FCC lattice) and Ni,B
(with the orthorhombic lattice) along with B.C peaks
in the diffraction pattern.

Hardness of coatings

The hardness of the electroless Ni-B-B,C compo-
site coating in the as-deposited state is equal to
870 Vickers, which means a considerable increase
compared to Ni-B coating (620 Vickers) and Ck45
steel (325 Vickers), as a result of adding B,C parti-
cles to the matrix. Apart from very high inherent
hardness, B,C particles serve as an obstacle in the
coating and cause a decrease in the plastic deforma-
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Fig. 1. Steps of preparation of B,C.

Fig. 2. SEM surface images of Ni-B and Ni-B-B4C coatings:

(a) Ni-B; (b and c) Ni-B-B4C; (d) Ni-B-B,4C cross-section morphology.
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Fig. 3. XRD patterns of Ni-B-B4C composite coatings.

tion in the Ni-B coating matrix ultimately increasing
hardness of the coating. Moreover, heat treatment of
the Ni-B-B,C composite coating at 400°C for 1 hour
has caused an increase of hardness up to 1350 Vic-
kers. This increase in hardness is related to the pre-
cipitation of the Ni3B inter metallic table phase dur-
ing the crystallization of the amorphous phase. It has
been reported that NizB phase has a high firmness
and shear module, which brings about some effect
on the electroless coating hardness [10]. The image
of the microhardness test is presented in Fig. 4.

Coating wear

Results obtained from wear tests as the weight
loss are summarized in Fig. 5. The data are indica-
tive of improvements in the wear resistance of Ck45
steel after the employment of Ni-B and Ni-B-B,C
composite coatings with a thickness of 30 um. The
attained results show that electroless Ni-B-B,C
composite coatings have a higher wear resistance
compared to that of Ni-B coatings under two condi-
tions: both as-plated and at heat treatment.
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Fig. 4. Image of microhardness of Ni-B-B4C-HT.

The presence of the Ni-B-B4C composite coating,
because of its high hardness, and of B,C particles
cause an increase in the wear resistance. B,C Nano-
particles, firstly, have a strong effect on preventing
the movement of the existing cracks in the whole
coating matrix,ng nomaki the change in the plastic
form. Secondly, B4C particles cause a separation
between the coating and the metal while the wear
test is being carried out; the B,C particles cause a
decrease in the load from the pin side on the coating
surface preventing the destruction of the coating by
the pin to a large extent. Moreover, heat treatment
causes an increase in the wear resistance of the
Ni-B-B,C composite coating, which is due to the
complete permutation of the amorphous phase to
crystal and an increase in the coating hardness.

SEM pictures of the worn surfaces of the samples
are illustrated in Figs. 6a—6¢. As can be seen in
Fig. 6a, the worn surface of Ck45 steel has deep
scratches confirming the dominance of a wear
mechanism of the abrasive wear. This is why the
scratches on the worn surface of the Ni-B-B,C com-
posite coating (Fig. 6b) have become less pro-
nounced and the composite coating surface has not
been destroyed as a result of the pin contact; certain
(limited in number) parts of the coating have been
crushed as a result of the load caused by the pin. In
the heat-treated Ni-B-B,C composite coating
(Fig. 6¢) the scratches and crush have decreased due
to an increase of the coating hardness. The micro-
scopic picture of the pin surface prior to and after
wear is provided in Fig. 7. The pictures mentioned
above illustrate that, according to the wear test, a
part of the wear has been separated from the surface
and got stuck to the surface of the steel pin. The ob-
tained results were also proved by the EDX test. The
presence of a high level of nickel on the surface is an
eloquent proof of this fact.

Tafel polarization test

Tafel polarization test graphs for Ck45 steel,
Ni-B and Ni-B-B,C composite coatings in NaCl
3.5% solution are given in Fig. 8. Corrosion parame-

22

14
A Ck45
12} ® Ni-B-as deposited
X Ni-B-HT R?=0,9425
010} M Ni-B-B4C-as deposited
Eh ¢ NiB-B4C-HT
=
5 Of
= 41
2.
0 1 1 1 1
0 200 400 600 800 1000

Sliding distance, m
Fig. 5. Weight loss vs. sliding distance for Ck45 steel, Ni-B and
Ni-B-B,4C coatings.

ters like corrosion potential (E...), corrosion current
density (i), Obtained from the Tafel polarization
graphs by extrapolation are shown in Table 2. Ck45
steel has a very low corrosion resistance in corrosive
environments, but by employing an appropriate
coating its corrosion resistance can be considerably
increased. As noticed in the results obtained from
the Tafel polarization test, the density of the corro-
sion current has remarkably decreased as a result of
employing Ni-B and Ni-B-B,C composite coatings
with a thickness of 30 um.

According to the obtained results, the electroless
nickel coating has demonstrated a moderate corro-
sion resistance in 3.5% sodium chloride solution.
Additionally, the coatings developed in the frame-
work of the present research have shown no reac-
tion. Which is in accord with the results of other re-
searchers [25].

Moreover, one of the reasons of the increased
corrosion resistance of the Ni-B-B,C composite
coating can be the result of pressing a layer of B4C
with an excellent corrosion resistance and low che-
mical reactivity in the joint between the coating and
electrolyte, which can act as a physical dam against
corrosion. Furthermore, even distribution of B4C
particles can help in improving the corrosion re-
sistance by limiting the corrosion area [16]. By
filling the scratches and pores existing in the Ni-B
coating, B4C nanoparticles cause a decrease in the
corrosion prone areas, which results in an increase of
the corrosion resistance in the electroless Ni-B-B,C
composite coatings [16].

In order to investigate the effect of heat treatment
on corrosion of a composite coating, a sample of it
was exposed to heat treatment at 400°C for 1 hour
and subsequently, under identical conditions, along
with the previous samples, was placed under polari-
zation tests. The investigation of the Tafel diagram
of such a coating illustrates that the heated coating
(cover) was clearly influenced by the corrosion in
the saltwater zone, which led to a substantial de-
crease of the corrosion current density and corrosion
potential of the heated sample in comparison to the
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Fig. 7. Morphology of the pin surface: (a) prior to wear; (b) after wear, and (c) analysis of EDX of pin surface.

Table 2. Corrosion resistance of coatings in 3.5% NaCl solution, evaluated by Potentiodynamic polarization technique

Coating Ecorr (MV) leorr (A-cm®)
Ck45 -413 5.5x10™
Ni-B -362 1.8x10°®
Ni-B-B,C-as-plated -305 4.1x10®
Ni-B-B,C-heat treated -310 2x1077
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Fig. 8. Polarization curves of coatings in 3.5% NaCl solution.

as-plated sample. This phenomenon could be a result
of the crystallization of the coating and the for-
mation of grains in the coating under heat. Due to a
higher energy of the grain boundaries than of the
grains themselves, grain boundaries result in the cre-
ation of the areas prone to the corrosion in the
coating, which are much more influenced than other
parts by corrosive environments. Heat treatment and
the formation of the hard phases of Ni3B result in the
reduction of the boron distribution uniformity. This
process can cause the development of different areas
with different corrosion potentials in the coating sur-
face, which can result in the formation of the active/
passive corrosion cells, the final result of which will
be the formation of pores in the coating. However,
the probability of the development of pores is really
low, which was demonstrated by the polarization
diagram that showed no reaction/passivity [25].

CONCLUSIONS

The aim of the present research was to improve
the tribiological properties and corrosion of Ck45
steel by creating Ni-B-B,C composite coating. The
results obtained from this research are as follows.

The Ni-B composite coating containing B4C na-
noparticles was successfully created on the Ck45
steel substrate. This coating is very uniform on the
substrate surface. Moreover, B4C nanoparticles have
been evenly distributed in the electroless coating
matrix. The presence of B,C nanoparticles in the
electroless coating matrix caused a remarkable in-
crease in hardness and subsequently the wear re-
sistance of this coating compared to that of Ck45
steel. Heat treatment at 400°C for 1 hour caused an
increase in hardness and wear resistance of the com-
posite coating. The creation of the electroless coat-
ing can increase the corrosion resistance of the steel
substrate. In the meantime, B,C particles with re-
duced porosity of Ni-B coating and its increased co-
herence as well as the development of a surface with
a high chemical resistance against corrosive envi-
ronment resulted in the improvement of the corro-

sion resistance of Ni-B-B,C composite coatings.
Furthermore, the heat treatment due to the crystalli-
zation of the cover and the formation of the grains in
it diminished the corrosion resistance of the cover.
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B HacrosiimeM HccieoBaHHU YCIICITHO OBLT HCIIOJb-
30BaH METOJ XHMHYECKOTO OCXKICHHS IUIS ITONYYCHHUS
KOMIO3UTHBIX ITOKPBITHI € BKIIOYCHHEM HAHOYACTHI]
B,C na yrmepoamcroii cramun Ck45. XapakTepucTuku
HOKPBITHH HCCIEAOBAIH METONAMH 3HEPIrOJUCIEePCHOH-
HOM CHEKTPOMETPUM U CKAHUPYIOIIEH 3JEKTPOHHON MUK-
pockoruu. TBEpIOCTh MOKPHITUS M3MEpPSIACh C IPHMe-
HEHMEM MHUKpOTBepJoMpa Buxepca mox nHarpyskoi 1H.
Teepaocts  kommo3utHoro — mokpeitus — Ni-B-B,C
Hy ~ 870 nocie tepmoodpadotku mpu 400°C B TeueHue
1 gaca yBemuuuBanacek 10 Hy = 1350, uto ropasmo 60ib-
11, YeM TBEPIOCTb MOKPBITHI HUKeb-00p U cTamu Ck4b.
[Tpn ncmbpITaHUAX HAa M3HOC HMCHOJIB30BAJlaCh METOAMKA
wWTHGT-AUCK. Pe3ynbTaThl MOKa3ad yaydlIeHHEe U3HOCO-
CTOMKOCTH KOMIO3UTHBIX TOKpeITHit Ni-B-B4C o cpas-
HEHHIO C TIOKPBITHAMH HUKENb-60p u cramsio Ck45. Pe-
3yJbTAThl, IOJYyYEHHbIE IPH HCIOIb30BAHUU METOJa
TaddeneBckoil MONMApHU3ALNY, TOKa3ald yBEIHYCHUE
KOPPO3UOHHON CTOMKOCTH 10 CPAaBHEHUIO C MOKPBITUAMU
HUKeNb-00p u crambio Ck45.

Kniouesvie cnosa: HaHnovyacmuybvl B4C, Xxumuveckoe
ocaofcdeyue, KOMno3ummbsvle NnOKpblmusl, mpu60ﬂ02uqe-
CKUue xapaxkmepucmuKku, Koppo3us.



