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The optimization of coating parameters was the main focus of earlier research on electroless Ni-B (ENB) coatings; nevertheless,
little is known about how bath composition and heat treatment temperature affect nanoindentation characteristics such scratch
hardness, elastic modulus, and nanohardness. EN8 steel specimens with different concentrations of sodium borohydride
(NaBH4) are coated with ENB and heated at (355, 455 and 555) °C in order to examine these aspects. The results show that a
higher boron content and larger nodules, raising the concentration of NaBH4, improve nanohardness and elastic modulus. Due to
the production of boride phases, which contribute to a more compact shape, these qualities are further enhanced with heat treat-
ment. Additionally, scratch hardness rises with the concentration of NaBH4, peaking at 455 °C, where the hard Ni2B phase is
most noticeable. Due to their homogenous and compact structure, the coatings show better resistance to wear and friction, even
when their surface roughness decreases after being heated.
Keywords: optimization, bath composition, elastic modulus, friction resistance, nodules

V predhodnih raziskavah so se raziskovalci osredoto~ali predvsem na optimizacijo parametrov izdelave prevlek z
brez-elektri~nim postopkom izdelave Ni-B (ENB) prevlek. Malo pa je bilo do sedaj znanega o sestavah kopeli in vplivu temper-
ature toplotne obdelave na nano-trdoto, karakteristike razenja in elasti~ni modul. Da bi osvetlili {e ta aspekt so avtorji v
predstavljeni {tudiji vzorce podlage iz EN8 jekla prevlekli z ENB postopkom in pri tem uporabili razli~ne koncentracije
natrij-borhidrida (NaBH4) ter razli~ne temperature termi~ne obdelave (355 °C, 455 °C in 555 °C). Rezultati raziskave so
pokazali, da se zaradi vi{je vsebnosti bora v prevlekah (vi{je koncentracije NaBH4) izbolj{ata nanotrdota in modul elasti~nosti.
Zaradi tvorbe boridnih faz, ki prispevajo k bolj kompaktni obliki, toplotna obdelava {e dodatno prispeva k izbolj{anju lastnosti
prevlek. Testi razenja prevlek pa so pokazali, da se s pove~evanjem koncentracije NaBH4 pri 455°C najbolj ob~utno poka`e
vpliv NixB faze na trdoto prevleke oziroma njeno odpornosti proti razenju. Zaradi homogene in kompaktne strukture imajo
prevleke bolj{o odpornost proti obrabi in manj{i koeficient trenje, celo ko se njihova povr{inska hrapavost slab{a zaradi
ogrevanja.
Klju~ne besede: optimizacija, sestava kopeli, elasti~ni modul, upor zaradi trenja, nodule

1 INTRODUCTION

The increased tribological qualities of electroless
Ni-B (ENB) alloy coatings are well recognized, mostly
due to their characteristic cauliflower-like surface form,
which reduces the real contact area and improves fric-
tional behavior.1,2 When these coatings are applied to
mild steel substrates, they also help to raise the surface
hardness.3,4 Numerous investigations examined ENB
coatings considering factors such tribological behavior,
surface morphology, hardness, roughness, plating rate,

and coating thickness.3,4 The composition of ENB coat-
ings was found to have a substantial impact on their
qualities; this composition is dependent on temperature,
pH, and bath content. The boron content of the coating
films is highly sensitive to the temperature of bath3–4 and
concentration of NaBH4.3,5 Even small variations in these
factors can influence the coating’s phase structure, sur-
face morphology, and overall characteristics.

As the quantity of boron increases, so does the phase
structure of ENB coatings. At intermediate boron levels,
the coatings change from a crystalline structure at low
boron concentrations to a mixture of crystalline and
amorphous phases.3,5 The structure mostly takes on an
amorphous form as the boron level rises.3 Phase changes
in ENB coatings are said to start at about 300 °C,6,8

where heat treatment causes crystalline phases like Ni,
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Ni2B, and Ni3B to develop.6,7 Compared to their amor-
phous counterparts, coatings with a crystalline structure
have shown better corrosion resistance.3 A compact and
uniform surface shape is probably the reason why hard-
ness and wear resistance increase as boron content rises.3

Heat treatment enhances these properties9 by promoting
the formation of hard phases such as Ni2B and Ni3B.6,10

Significantly, hardness rises sharply at a 6 % boron con-
centration threshold but is largely constant above it.11

Moreover, hardness increases with prolonged heat treat-
ment, peaking at about 455 °C as a result of the develop-
ment of hard boride phases.12

By adding hard particles like Mo and W, the perfor-
mance of binary alloy coatings can be further im-
proved.10,13,14 When nano- or micro-sized particles are
added to a metal matrix, the properties of the coating are
changed. For example, nickel-based binary and ternary
coatings use nanoparticles such as ZrO2 and Al2O3 to en-
hance the surface hardness and Young’s modulus, refin-
ing the grain structure.15 The incorporation of nano-
particles such as TiO2 and nanodiamonds (ND) into an
Ni-B matrix was shown to improve its hardness, corro-
sion resistance, and wear properties.16

The chemical makeup, phase structure, and surface
morphology of ENB coatings are all significantly influ-
enced by the bath composition and operation circum-
stances. These parameters also affect phase transitions,
morphology, and plating rate. Prior research employed
nanoindentation techniques to assess the mechanical be-
havior of ENB coatings at specified bath concentrations.
The influence of variations in the heat treatment temper-
ature and the concentration of the reducing agent on
scratch hardness, elastic modulus, and nanohardness re-
mains largely unexplored. In order to close this gap,
ENB coatings with varying concentrations of NaBH4

were deposited and then heat-treated at varied tempera-
tures. The variations in scratch hardness, elastic modu-
lus, and nanohardness were correlated with the resulting
transformations in the phase structure and surface mor-
phology.

2 EXPERIMENTAL METHODOLOGY

2.1 Deposition process for coatings

ENB coatings were deposited onto EN8 steel sub-
strates. The substrates were mostly composed of
0.68–0.85 weight percent Mn, 0.03 w/% S, 0.06 w/% P,
0.32–0.43 w/% C, and 0.10–0.25 w/% Si, with the re-
maining percentage being Fe. For the examination of
mechanical properties, square specimens measuring (20
× 20 × 3) mm were made, and for friction and wear test-
ing, cylindrical samples measuring Ø8 × 35 mm were
utilized. After first being cleaned and smoothed with
soap water, the specimens were rinsed with acetone to
get rid of any remaining oil. The rust and oxide coatings
were removed by treating them with a 50 % HCl solu-
tion. The flawless specimens were washed and then sub-

merged in a chemical solution to deposit the coating. A
steel surface is catalytically active for deposition, thus a
second pre-treatment in a lukewarm PdCl2 solution was
used to expedite the process.

The coating deposition process was carried out in a
200 mL bath with a bath load maintained between
29.5 cm2/L and 32.1. In this investigation, bath replen-
ishment was used to maintain the bath stability and depo-
sition efficiency rather than mechanical or ultrasonic agi-
tation. After two hours, the bath solution was changed to
avoid a diffused layer forming as a result of the reactive
species being depleted. Four hours was the set amount of
time for the deposition process. The concentrations of
NiCl2 (20 g/L) and NaBH4 (0.60, 0.90, and 1.20) g/L in
the coating bath were classified as low, medium, and
high for the nickel and boron sources, respectively. The
buffer was NaOH (40 g/L), and the complexing agent
was C2H8N2 (59 g/L). We added PbNO3 (0.0145 g/L) as
the stabilizer. A pH of 12.5 and a bath temperature of
95 ± 2 °C were maintained. After being coated, the spec-
imens were heated for one hour at 355 °C (HT355),
455 °C (HT455), and 555 °C (HT555) before being
cooled within the furnace.

2.2 Properties of the coating

A secondary electron detector-equipped scanning
electron microscope (HITACHI SU3800, Japan) was
used to examine the ENB coating surface morphology.
Energy-dispersive X-ray analysis operating at 10–15 keV
was used to determine the elemental composition of the
material. Low-energy X-rays were transmitted through a
super-thin window. A silicon (Si) standard was used to
calibrate the EDAX system. Comparing a typical boron
sample spectrum to the untreated coating spectrum al-
lowed us to determine the coating’s boron concentra-
tion.7,17 Cu-K	 radiation was used for the XRD analysis,
spanning over a diffraction angle range (2�) of 20–90° at
a scanning speed of 0.02° per second.

2.3 Measurement of wear and friction

The wear and friction characteristics of the coated
specimens were evaluated using a pin-on-disc multi-ca-
pacity tribotester (Model: POD 4.0, DUCOM, India) in
dry sliding conditions. The tests were conducted in com-
pliance with ASTM G99-05 (Reapproved in 2010) re-
quirements. For the tribological evaluation, cylindrical
specimens with a diameter of Ø8 mm and a length of
35 mm were utilized. The revolving disc was composed
of EN31 steel (58-68 HRC), measuring 11.5 cm in diam-
eter and 8 mm in thickness. The specimens were forced
up against the rotating disk and subjected to a standard
load of 50 N during the testing process. The track diame-
ter was 6 cm, the entire sliding distance was 471 m, and
the slip velocity was kept at 0.4010 m/s. A computer-in-
tegrated data acquisition system was utilized to measure
the frictional force at the interface where the rotating
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disc comes into contact with the coated specimen. A pre-
cision weighing balance with an accuracy of 0.01 mg
was used to measure the mass of each specimen both be-
fore and after testing. Using the formula provided, which
is based on the mass loss seen during these observations,
the precise wear rate was calculated.

Ws = M/S × P (1)

where M signifies the amount of material loss (kg), S
represents the total distance covered (m), and P indi-
cates the applied load (N).

2.4 Load-bearing properties

A triangular pyramidal diamond-tipped Berkovich in-
denter was connected to a nanoindentation test apparatus
(Nano Indenter® G200 by Labindia Instruments, India)
to conduct nanoindentation testing. 500 nm was the
greatest depth of indentation.12 The rate of loading and
unloading remained steady at 40 mN per minute, with a
pause of two seconds between two processes. The Oliver
and Pharr technique was utilized to determine both the
hardness and Young’s modulus.12 To lessen the sub-
strate’s influence on the results, the indentation depth
was kept below a minimum coating thickness of 1/10th.6

To reduce the impact of surface roughness, the coated
samples were polished using an ultra-fine diamond paste
before testing. Each sample was measured at ten points
along a line, and the tests were conducted on three sam-

ples produced from an identical bath mixture. The mean
values of different measurements were recorded.

Micro-scratch test equipment (Model: BGS 520 Au-
tomatic Scratch Tester, Make: CALTECH, India) was
used to assess the scratch hardness in compliance with
ASTM G171-03 standard. In the testing setup, a 200 μm
Rockwell C-type diamond tip radius indenter was used.
The experiments were conducted with a consistent
scratch speed of 0.1 mm/sec over a scratch length of
5 mm, while applying a load of 20 N. The scratch width
was measured 10 times, and the following formula was
used to calculate the scratch hardness based on the aver-
age value:

HSP = 24.98 N/Y2 (GPA) (2)

HSP signifies the scratch hardness, N represents the ap-
plied load measured in grams, and Y corresponds to the
scratch width expressed in micrometers.

3 ANALYSIS OF RESULTS

3.1 Coating characterization

Equivalent images obtained with a SEM analysis of
the ENB samples’ cross-sectional thickness are shown in
Figure 1. At low concentrations of NaBH4, the minimum
coating thickness is 13 μm.3 For medium and high doses
of NaBH4, the thickness values are 27.89 μm and
30.69 μm, respectively. An increase in the NaBH4 con-
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Figure 1: Cross-sectional SEM pictures depict the thickness of untreated ENB coatings formed at varying NaBH4 concentrations: (i) 0.60 g/L;
(ii) 0.90 g/L; and (iii) 1.20 g/L
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Figure 3: SEM pictures of electroless Ni-B coating with 0.90 g/L of NaBH4, captured under different conditions: (i) untreated; (ii) HT355;
(iii) HT455; (iv) HT555

Figure 2: SEM pictures of electroless Ni-B coating with 0.60 g/L of NaBH4, captured under different conditions: (i) untreated; (ii) HT355;
(iii) HT455; (iv) HT555



centration leads to a corresponding growth in the coating
thickness. To obtain reliable results, each sample is de-
posited for four hours. A higher NaBH4 concentration
accelerates the rate of reduction, which accelerates the
rate of deposition and thickens the coating. The coating
thicknesses for borohydride concentrations of 0.60–1 g/L
ranged from 9 μm to 22 μm, in line with the earlier study,
which showed a similar tendency.4

Low, medium, and high concentrations of NaBH4 re-
sulted in coatings with boron contents of (3.5±0.40,
6.60±0.50 and 8.70±0.40) %, respectively. The concen-
tration of NaBH4 and boron content are directly corre-
lated, which is in line with the earlier study.7 A greater
boron incorporation in the coating layers is the result of
an improved reduction reaction made possible by higher
NaBH4 levels. The boron content of the coatings with a
medium NaBH4 concentration is 6.5–7 %, which is con-
sistent with previous findings.18

In Figures 2–4, the examination of the surface char-
acteristics of ENB coatings is presented. A homogeneous
surface morphology and an even distribution of nodules
throughout the studied area are revealed by the SEM im-
ages of the untreated specimens, displayed in Figures 2i,
3i, and 4i show the coatings in their untreated condition,
exhibiting a surface morphology resembling cauliflowers
or broccoli.1,2 The nodules are larger and more pro-
nounced at higher doses of NaBH4, giving them a broc-
coli-like appearance (Figure 4i). This structure is usually

made up of tiny grains.19 Figures 2i, 2iii, 3i, and 3iii
show that even after heat treatment, the coatings main-
tain their cauliflower-like appearance.

Starting at the metal surface, the deposition process
moves vertically, producing columnar growth, which
predominates over horizontal expansion.14 As illustrated
in Figure 1, this columnar growth aids in the develop-
ment of a cauliflower-like shape. The transformation
from a cauliflower-like morphology to a nodular struc-
ture is attributed to grain interaction and fusion, leading
to formations resembling blackberries or grape clusters.19

This structural evolution is evident in Figures 2ii, 2iv,
3iv, 4ii, 4iii, and 4iv. Due to improved grain contact, the
coatings acquire a nodular surface shape when the con-
centration of NaBH4 increases and heat treatment is ap-
plied.19 There are clear grain boundaries and a compact
morphology in Figure 3iii. Localized fusion causes some
noticeable grain boundaries to become visible, even if
the grains combine to produce a dense structure.

X-ray diffraction (XRD) patterns of the ENB coat-
ings are displayed in Figure 5. There is a hump in the
untreated condition and a noticeable broad peak is ob-
served at 53° for the coatings with a low concentration of
NaBH4.11 This implies the existence of both nano-
crystalline and amorphous phases.1,10,11 In the untreated
state, the XRD pattern exhibits a broad hump, indicating
the presence of predominantly amorphous and nano-
crystalline phases. Upon heat treatment at 355 °C, the
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Figure 4: SEM pictures of electroless Ni-B coating with 1.20 g/L of NaBH4, captured under different conditions: (i) untreated; (ii) HT355;
(iii) HT455; (iv) HT555



onset of crystallization occurs with the emergence of mi-
nor Ni and Ni3B phases. Further heating to 455 °C re-
sults in the appearance of clear and sharp peaks of Ni2B,
corresponding to the maximum hardness and enhanced
scratch resistance of the coating. However, at 555 °C, the
intensity of Ni2B peaks diminishes, while Ni3B phases
become more dominant, leading to a slight reduction in
hardness. During heating, boron atoms initially diffuse
into the nickel lattice, resulting in the formation of a
Ni–B solid solution. With further increase in thermal ac-
tivation, the excess boron atoms tend to segregate, pro-
moting the nucleation of Ni2B at around 455 °C. As the
temperature increases further to approximately 555 °C,
the thermodynamic stability shifts, leading to the trans-
formation and growth of Ni3B phases. This sequence
highlights the progressive evolution from the solid solu-
tion to stable boride phases under varying heat treatment
conditions. In general, the coatings that contain less than
4.3 % boron have an amorphous structure.8,20 On the
other hand, the coatings created with medium and high
concentrations of NaBH4 only show one hump in their
untreated state,1,8,11 suggesting a more noticeable amor-
phous character. A structural shift to an amorphous
phase is shown by the lack of a broad crystallinity peak
when the boron content rises with increasing NaBH4

concentrations.3,4

3.2 Mechanical properties

ENB coatings increase the hardness of steel, as
shown in Table 1, summarizing the nanoindentation test
results. In the untreated state, higher concentrations of
NaBH4 increase the hardness and elastic modulus. The
boron content impacts the coating hardness, with higher
NaBH4 concentrations resulting in higher hardness. With
the NaBH4 concentration, nanohardness also increases;
however, it stays relatively steady until the medium level.
This study’s medium boron content of roughly 6.6 %
places these coatings under the category of mid-boron
content. The results fit nicely with earlier research. As
different hard crystalline phases precipitate after heat
treatment, nanohardness improves across the working
range. When low NaBH4 coatings are heated to 455 °C,
the Ni2B phase, distinguished by its compact structure,
forms and yields the maximum hardness value. However,
at an elevated temperature of 555 °C, the Ni2B phase is
no longer present, leading to a slight reduction in hard-
ness.

On the other hand, medium and high NaBH4 coatings
continue to get harder after heat treatment, most likely as
a result of the additional crystalline phases that were
found in previous research. Additionally, coatings with
boron contents below 4.5 % have been seen to not fully
crystallize, which could account for the reduced hardness
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Figure 5: X-ray diffraction patterns of electroless Ni-B coating: (i) untreated; (ii) heat-treated with 0.60 g/L NaBH4; (iii) heat-treated with
0.90 g/L NaBH4; (iv) heat-treated with 1.20 g/L NaBH4



seen at low heat-treatment temperatures and low NaBH4

concentrations. Due to hard crystalline phases and the in-
creased boron concentration, medium and high NaBH4

coatings become harder after heat treatment up to
555 °C.

The increase in the elastic modulus of the untreated
ENB coatings with greater concentrations of NaBH4 can
be linked to the relationship between elastic modulus and
particle size since larger grains tend to enhance the elas-
tic modulus.23 Both the heat treatment duration and tem-
perature affect these coatings’ elastic modulus. Grain
size expansion with extended heat treatment was re-
ported in previous investigations, and Table 1 demon-
strates a rising trend in the elastic modulus with higher
heat treatment temperatures. The enhancement of elastic
modulus at elevated temperatures is likely attributed to
the growth in the particle size. In accordance with earlier
studies, the development of different crystalline phases
also plays a role in this surge. The elastic modulus of
heat-treated coatings appears to be enhanced due to the
grain growth and the formation of boride phases.

For the untreated condition, the computed scratch
hardness values are shown in Table 1, indicating an im-
provement with increasing NaBH4 concentration. Like in
the case of nanohardness, this rise in scratch hardness
can be explained with the coatings’ increased boron con-
centration. The highest scratch hardness is recorded at
455 °C, most likely as a result of the Ni2B phase precipi-
tating at this temperature, which increases the hardness
of heat-treated coatings.12 Values for nanohardness show
a comparable pattern.

When heat treatment is applied at 455 °C, both the
nanohardness and the scratch hardness of the crystalline
phases, including Ni and Ni3B, are higher than in their
untreated state.9 At 555 °C, however, the scratch hard-
ness decreases, presumably as a result of a less compact
Ni3B phase forming in place of Ni3B. The existence of a
clustered surface morphology with clear grain bound-

aries may further contribute to the decrease in the scratch
hardness.

The coatings analysed in this study exhibit lower
scratch hardness compared to untreated Ni-B-W coat-
ings.14 Adding tungsten to the Ni-B matrix is known to
increase hardness by strengthening the solid solution.14

Even though the current study shows that heat treatment
increases scratch hardness by precipitating crystalline
phases and forming a dense coating structure, the values
are still lower than those of the as-deposited Ni-B-W
specimens.14

The strain hardening effects in the coatings are linked
to the rise in scratch hardness.14 According to the earlier
study by Nemane and Chatterjee,14 strain hardening en-
hances scratch resistance in multi-pass scratch testing.
The heat-treated ENB coatings may have had reduced
scratch hardness values as a result of the single-pass
scratch test used in this investigation.

3.3 Tribological behaviour

Table 1 displays the ENB coatings’ coefficient of
friction (COF) values. As the concentration of NaBH4

rises, the coated specimen’s coefficient of friction (COF)
falls. It is commonly known that surfaces that resemble
cauliflowers lessen friction between surfaces that come
into contact with one another. An increased nodule size
and the formation of a cauliflower-like surface structure
may be the cause of the decrease in COF values with in-
creased NaBH4 concentrations.3,4 A lower COF value re-
sults from improved lubrication caused by larger nodules
with such surface characteristics.3,4 A rougher coated
surface is another effect of a sharp drop in COF with ris-
ing NaBH4 concentration.1,24 Nevertheless, the COF
value keeps declining at high concentrations of NaBH4.24

The tendency of surface asperities to break into debris,
filling roughness valleys, smoothing the surface, and re-
ducing the average COF, explains this occurrence.24
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Table 1: Friction and wear performance

Parameters Vickers hardness
(Hv)

Young’s modulus
(E) in GPa

Scratch hardness
(HSp) in GPa COF Specific wear rate (Ws)

in x 10–8 kg/N.m
Nickel-boron (Ni-B) coatings with a NaBH4 concentration of 0.60 g/L

As-deposited 390 83.70 0.90 0.55 24
HT 355°C 850 125 3.65 0.70 46.95
HT 455°C 1190 147 3.65 0.66 106.72
HT 555°C 1084 154 2.78 0.60 99.69

Nickel-boron (Ni-B) coatings with a NaBH4 concentration of 0.90 g/L
As-deposited 459.28 94.40 2.70 0.35 36

HT 355°C 996 135 3.76 0.78 34.90
HT 455°C 1158 180 4.46 0.76 20.60
HT 555°C 1210 200 3.50 0.80 11.18

Nickel-boron (Ni-B) coatings with a NaBH4 concentration of 1.20 g/L
As-deposited 868.80 122.80 3.75 0.26 84

HT 355°C 1034 145 4.95 0.75 16.64
HT 455°C 1255 205 7.35 0.77 18.89
HT 555°C 1395 220 4.66 0.65 40.90
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Figure 7: SEM pictures illustrating the worn surface morphologies of ENB coatings with a NaBH4 concentration of 0.90 g/L in the following
conditions: (i) the untreated state; after heat treatment at (ii) 355 °C; (iii) 455 °C; (iv) 555 °C

Figure 6: SEM pictures illustrating the worn surface morphologies of ENB coatings with a NaBH4 concentration of 0.60 g/L in the following
conditions: (i) the untreated state; after heat treatment at (ii) 355 °C; (iii) 455 °C; (iv) 555



When comparing heat-treated coatings to their un-
treated equivalents, the average COF values tend to rise
over the operational range. The compact surface topol-
ogy causes a modest decrease in the COF at 455 °C.
Nonetheless, the aggregate clusters that provide a
grape-like surface structure at 355 and 555 °C may help
to raise the average COF of the coatings made with low
NaBH4 concentrations. After heat treatment, the coatings
made with a medium concentration of NaBH4 show
higher COF values, most likely as a result of their rough
surface revealing clear grain boundaries. Cluster forma-
tions might also be a factor in this increase in the COF.
When compared to the untreated coatings, the heat-
treated ENB coatings’ COF significantly increases at
higher concentrations of NaBH4. The surface roughness
of high-NaBH4 ENB coatings is naturally high and gets
much rougher after heat treatment, increasing the COF.
Nodule fusion and expansion can provide a texture re-
sembling blackberries. Although this roughness should
theoretically increase the COF, the surface smoothing
eventually results from the compression of the asperity
peaks and the filling of the roughness valleys. This
smoothing effect stabilizes and sometimes reduces the
COF over the temperature range for heat treatment.

Table 1 provides particular information about ENB
coating wear rates. Low quantities of NaBH4 in the coat-
ings heat-treated at 455 °C show an increasing wear rate.
The wear rate is still higher than that in the untreated

state, notwithstanding a minor decrease at 555 °C. While
rougher surfaces tend to accelerate wear, improved sur-
face hardness often lessens it.3 Larger nodules in low-bo-
ron coatings result in greater roughness and decreased
hardness following heat treatment, which could account
for the higher specific wear rate. As the heat treatment
temperature rises, the wear rate decreases in the coatings
that contain medium to high concentrations of NaBH4. In
contrast to the COF, in the untreated ENB coatings, the
wear rate first rises with the concentration of NaBH4.11

Elevated NaBH4concentrations have the potential to ac-
celerate wear by breaking down surface asperities.24 At a
temperature of 555 °C, the wear rate of the coatings con-
taining moderate to high levels of NaBH4 shows a notice-
able decrease. This may be attributed to the higher boron
concentration and the grain structure undergoing
recrystallization following heat treatment.8 The reduction
in the specific wear rate can be attributed to the en-
hanced surface hardness resulting from higher boron lev-
els in the ENB coatings,3,4 which occur as the NaBH4

concentration increases.3,4,11

Figures 6, 7, and 8 present SEM images highlighting
the damaged regions of the ENB coatings. The observa-
tion of wear debris distributed along the wear path, as il-
lustrated in Figures 6i and 8i, indicates that adhesive
wear is the prevailing mechanism in the untreated coat-
ings. Wear grooves form along the sliding direction, in
part due to repetitive sliding loads.17,24 As seen in Fig-

D. R. P. RAJARATHNAM et al.: ENHANCED SURFACE ENGINEERING OF ENB ALLOY COATINGS: TRIBO-MECHANICAL ...

Materiali in tehnologije / Materials and technology 59 (2025) 5, 717–727 725

Figure 8: SEM pictures illustrating the worn surface morphologies of ENB coatings with a NaBH4 concentration of 1.20 g/L in the following
conditions: (i) the untreated state; after heat treatment at (ii) 355 °C; (iii) 455 °C; (iv) 555 °C



ures 6ii and 7i, plowing effects can cause the top layer of
coatings to delaminate in some areas. Heat-treated coat-
ings, on the other hand, have a rougher surface because
the asperities have been significantly fragmented and
compressed. Furthermore, worn debris acts as a load-
bearing zone by adhering to the sliding surface or build-
ing up along the sliding route. In these circumstances,
the wear resistance increases as the heat-treatment tem-
perature rises8,11 and COF values may fall.23

In borohydride-reduced ENB coatings, adhesive wear
is the predominant wear mechanism, outperforming
abrasive and delamination wear. Significant mass loss
happens during the first sliding phase as a result of the
removal of surface roughness peaks, increasing the wear
rate. But during tribological testing, some wear debris
adheres to the sliding surface, forming a layer that sepa-
rates it from the counter surface.11 The particular wear
rate of heat-treated coatings may be lowered as a result
of this phenomenon.8 Furthermore, in the sliding direc-
tion, spalling or pitting is visible, most likely as a result
of accumulated debris and adhesive wear. Adhesive wear
is thus identified as the primary and most common wear
mechanism in borohydride-reduced ENB coatings, in
both their untreated and heat-treated states.

SEM images and tribological data indicate that heat
treatment reduces surface asperities by fusing nodules
into a compact structure, which in turn decreases rough-
ness valleys. This structural densification minimizes
stress concentration points, thereby reducing the proba-
bility of crack initiation, and also providing smoother
sliding conditions that lead to reduced abrasive wear.
However, the influence of heat treatment is strongly tem-
perature dependent. At 355 °C, the reduction in rough-
ness is only partial, and the wear rate remains higher due
to grain boundary weakness. At 455 °C, a significant de-
crease in roughness is observed, along with the forma-
tion of hard Ni2B phases, resulting in the lowest wear
rate and the highest scratch hardness. At 555 °C, al-
though the surface roughness decreases further, the
coarsening of Ni3B phases reduces the compactness of
the coating, causing a slight increase in wear.

Coatings based on electroless nickel are frequently
used to modify surfaces. However, the disposal of haz-
ardous materials employed in the coating bath makes the
electroless deposition technique problematic for the en-
vironment. Some baths use PbNO3, a stabilizer that has
been banned in a number of countries. Cleaner produc-
tion methods, including physical and chemical vapour
deposition, are being investigated in response to environ-
mental regulations. However, due to its better mechani-
cal and tribological qualities, electroless deposition is
still important despite these developments.25,26 Alterna-
tive stabilizers like bismuth and tin are being studied as
possible replacements for lead-based compounds, and re-
searchers are striving to create lead-free baths.27,28 Con-
sequently, the scientific community is increasingly fo-
cusing on initiatives to make electroless coating

techniques more ecologically friendly.29 Ceramic-coated
Al6061 alloys, produced by thermal plasma deposition to
enhance wear resistance in engine applications, improve
durability but face challenges like microcracks and po-
rosity.30 TiC and WC coatings applied via ESD can im-
prove AISI 1040 steel’s wear and corrosion resistance.
WC coatings show superior wear resistance, while TiC
provides better corrosion protection. Both coatings ex-
hibit uniform microstructures including carbides like
M23C6 and M7C3.31 A plasma-sprayed 99 % Cr2O3 coat-
ing on AISI 1040 forged steel shows the highest micro-
hardness and wear resistance due to its dense, defect-free
structure and strong adhesion. Increasing the TiO2 con-
tent reduces hardness. Coating performance correlates
with microhardness. Cr2O3 is ideal for enhancing the
wear resistance of sugar mill roll shafts.32

4 CONCLUSIONS

Untreated ENB coatings initially exhibit an amor-
phous or mixed amorphous-nanocrystalline structure that
gradually transforms into a crystalline phase during op-
eration.

A larger boron percentage causes the nanohardness to
grow with NaBH4 concentration.

Heat treatment enhances hardness not only through
the development of a dense surface structure but also by
promoting the formation of hard crystalline phases such
as Ni, Ni2B, and Ni3B.

An increase in NaBH4 concentration in the untreated
state leads to a larger nodule formation, which in turn en-
hances the elastic modulus. Upon heat treatment, these
nodules expand significantly and form cluster-like struc-
tures, contributing to a further rise in the elastic modu-
lus.

With an increase in the NaBH4 concentration, the
COF in the untreated state exhibits a declining trend.
However, across all temperature ranges and irrespective
of the NaBH4 concentration, the COF values after heat
treatment remain consistently higher than those observed
in the untreated coatings.

The enhanced hardness, wear resistance, and scratch
durability of heat-treated Ni-B coatings underscore their
strong industrial relevance, making them well-suited for
critical applications in automotive and aerospace compo-
nents, sugar mills and food processing equipment, mould
and die tooling, as well as oil and gas equipment.
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