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a b s t r a c t

The study of the roughness and plating rate of electroless nickel-boron (NiB) coatings produced without
stabilizer and the optimization of bath composition based through an experimental design are herein
presented. Experiments were carried out using different combinations of a complexing agent, ethyl-
enediamine, and a pH regulator, sodium hydroxide, used in different concentrations. Sodium hydroxide
addition showed to improve the plating rate while the incorporation of ethylenediamine affected the
roughness of the film in the studied intervals. The optimum combination of bath composition for
minimum roughness with maximum deposition rate was derived from the analysis. In order to obtain a
film with a thickness between 10.0 and 10.7 mm and a roughness (Ra) between 0.22 and 0.25 mm, both
reagents should be combined in the following concentrations: 120.0< Ethylenediamine (g.L�1)< 128.7
and 151.7<NaOH (g.L�1)< 160.0. The surface and cross-section morphology of the resulting coatings did
not present the typical cauliflower-like structure of electroless nickel-boron due to a different mode of
growth. The NiB coatings obtained in this study present 8wt%. Boron in the composition and a surface
hardness of 719 hv20. High corrosion resistance is observed after 240 h of neutral salt spray test.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Electroplating, which is commonly described as the conven-
tional electrolytic plating process, is accomplishedwhenmetal ions
are reduced to the metallic state and deposited as such at the
cathode by use of an external electrical source [1,2]. With some
similarities but many differences, electroless plating is a chemical
reduction process. This process depends upon the catalytic reduc-
tion of metallic ions in an aqueous solution containing a reducing
agent and the subsequent deposition of the metal without the use
of an external source of energy [3e8].

The electroless nickel deposit is formed by the chemical
reduction of nickel, which depends on the reducing agent used.
Baths reduced by hypophosphite provide a nickel phosphorus
coating [9e11] and baths reduced by borohydride [12,13] or ami-
neborane compounds [14] provide nickel boron alloys. The reaction
must be controlled to ensure that the reduction only takes place on
the substrate and not on the tanks and other equipment used for
plating or in the solution far from the samples. In order to control
).
this mechanism, additives can be added to the baths. Complexing
agents, pH regulators and stabilizers are some of these additives.
Stabilizers are the most effective agents used to operate under
adequate and stable conditions over extended periods [15e17].

Different bath compositions have been proposed and success-
fully used to prepare nickel-boron (NiB) coatings for different ap-
plications. The deposition rate, properties of the coated
components and the structural behavior of the deposits depend
mainly on the bath parameters, such as the plating bath constitu-
ents, the type and concentration of the reducing agent, complexing
agent and stabilizer, the pH, temperature and agitation of the bath
[18,19], among others.

Lead has been used as the standard stabilizer for a wide range of
industrial electroless nickel processes over the last 30e40 years
[20e23]. Lead-based baths are well known and understood, mak-
ing the process nowadays extremely reliable [16,24e26]. However,
over the last years, the emergence of new legislation, aiming to-
wards the improvement of the recyclability of electroless plated
products, made the use of lead impracticable and so, new alterna-
tives are required to replace them. In reality, most of the legislation
(RoHs [27], ELV [28] and WEEE [29]) allows the use of lead in the
plating bath, as long as the deposit presents limited amounts of
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lead (about 1000 ppm).
The electroless nickel baths largely applied in the industry in the

last years, although purely lead-stabilized, are controlled by specific
complexing agents thus ensuring that the lead content in the
coating respects the legislations limits [30]. However, as the legis-
lation on environmental issues is progressively strengthening, a
higher demand to completely remove lead from electroless nickel is
being observed in the metal deposition market. Specifications such
as the NSF 61 [29], and some internal corporate rules, for instance
the Volvo Black list STD 100-0002 [31], are appealing for
completely lead-free electroless nickel processes. Some completely
lead-free compositions have been developed for baths reduced by
hypophosphite [10,16,31,32], however, only a few works presented
options for lead-free baths reduced by borohydride [33,34].

This study presents a completely lead-free plating bath and
deposit. The novelty of this work is based on the fact that the
achieved bath is completely free of stabilizers. As described before,
NiB coatings are traditionally stabilized by toxic heavy metals (like
Pb, Tl and Sb). A bath free of stabilizers, without addition of other
components, generates an easy recyclability of the coated compo-
nents. The complexing agent and the pH adjustment, using ele-
ments already present in the bath, guarantee the bath stabilization.
An experimental designwas applied to determine themost suitable
bath composition to provide the optimized surface roughness and
plating rate in electroless NiB coatings. These two outcomes have
been chosen due to different characteristics. The surface roughness
provides information about the bath stability: stable baths generate
less rough coatings, free of nickel particles adsorbed on the surface
of the coating. Additionally, optimization of the plating rate was
carried out in order to maintain productivity. As the new bath so-
lutionwill generate some changes in coating properties, the surface
morphology, composition, hardness, tribology and corrosion
properties were also addressed in the present work.

2. Ethylenediamine and pH influence on the bath stability
and plating rate

Nickel(II) (Ni(II)) is the most stable oxidation state in the
aqueous and non-aqueous solution of nickel. In the absence of
strong interacting ligands, in pure water, Ni(II) salts dissolve in
water to form the complex [Ni(H2O)6]2þ. Then, ethylenediamine
(en) (with two donor atoms per molecule) leads to a sequential
replacement of the coordinated water molecules and to the for-
mation of mono-, bis- and tris-ligated dications of the general form
[Ni(en)n]2þ (n¼ 1e3) [36,37].

NiB alloys are synthesized by chemical reduction of the nickel
ethylenediamine complex. The nickel ethylenediamine complex
was found to delay and prevent an abrupt formation and agglom-
eration of NiB catalysts during the bath preparation [19]. In fact, the
metal complex controls the number of free ions that are available
participate in the deposition reaction. Additionally, these compo-
nents prevent the precipitation of alkaline metal salts [18].

Mallory G.O. (2009) [19] presented the relation between the
ethylenediamine/nickel molar ratio and the solution stability.
When stabilizers are completely removed from the plating solution,
higher stabilities are reached for an ethylenediamine/nickel molar
ratio between 6 and 7. However, for these values of molar ratio, the
plating rate considerably decreases.

In order to avoid low deposition rates, the pH of the solution can
be increased [38]. The following reaction (Eq. (1)) displays the
reduction of nickel by sodium borohydride [3].

2Ni2þ þ NaBH4 þ 4OH� / 2Ni þ NaBO2 þ 2H2O þ 2H2 (1)

As shown in Eq. (1), the reduction of Ni generates a decrease in
the pH of the solution. So, by increasing the pH of the solution, the
tendency for Hþ production increases because of the decrease in Hþ

content and, as a result, the deposition rate can be improved. In
addition, when nickel ions are reduced, the pH of the solution de-
creases continuously, generating an increase of the equilibrium
potential of the reducing agent couple, thus leading to a diminution
of the potential gap between the equilibrium couples of the metal
and the reducing agent, all this resulting in a reduction of the
deposition rate [18].

The addition of complexing agents in the solution and the pH
are relevant factors that affect the nucleation processes of elec-
troless deposits. The pH augmentation probably also influences the
composition and microstructure of electroless deposits. However,
there is a limited knowledge concerning the effect of complexing
agents on the properties of Ni electroless deposits. In the present
work, the effect of complexing agents and pH on bath stabilization,
deposition rate and coatings properties were studied.

3. Materials and methods

3.1. Sample preparation

The substrate used in these experiments was ST 37-DIN 17100
mild steel with dimensions of 50� 25� 1mm3. A hole of 2mm in
diameter was drilled close to one edge of each piece for convenient
handling. Sample surface was polished with emery paper up to
1200 grit to insure uniform surface state between samples. It is
important to note that the present study does not consider sub-
strate roughness as an input variable. All samples after different
stages of processing and prior to coating should thus have the same
roughness. The substrates were prepared for plating by acetone
degreasing and etching in a 30 vol % hydrochloric acid solution at
room temperature for 3min.

3.2. Electroless nickel baths

Electroless plating solution (1 L) was prepared on a regulated
hot plate with magnetic stirring. Temperature was maintained at
95± 1 �C for all samples during the complete plating process. The
NiB bath was composed of sodium borohydride, NaBH4 (99.9% -
Acros organics), as reducing agent, in the concentration of
0.602 g L�1, nickel chloride hexahydrate, NiCl2$6H2O (99% - VWR
chemicals), as nickel source, in the concentration of 24 g L�1. Eth-
ylenediamine, NH2eCH2eCH2eNH2 (99%- VWR chemicals), and
sodium hydroxide, NaOH (VWR chemicals), were used as com-
plexing agent and pH regulator, respectively. Different concentra-
tions of these two components were used in the present tests.

In order to establish a basis of comparison with stabilizer-free
coatings, electroless nickel-boron samples, stabilized with Pb
(NiB-Pb) were prepared following the exact same procedure. The
NiB-Pb bath was composed of NaBH4 (0.602 g L�1), NiCl2$6H2O
(24 g L�1), NH2eCH2eCH2eNH (59 g L�1), NaOH (39 g L�1) and
PbWO4 (0.021 g L�1 _ 99.9% - MaTeck GmbH).

3.3. Experimental design for bath optimization

A full factorial design with central point was used to determine
the optimal composition of the electroless nickel bath. Two inde-
pendent factors, also called variables, namely sodium hydroxide
and ethylenediamine, were studied. For these two factors, three
concentration levels were considered, low (�1), central (0), and
high (þ1), which were respectively,120,140 and 160 g L�1 (Table 1).
The selection of the low and high levels for the factors was per-
formed based on preliminary experiments. A total of ten indepen-
dent bath combinations was generated by the experimental design



Table 1
Factors and levels used in the full factorial design.

Factors Low level (�1) Central level (0) High level (þ1)

Sodium hydroxide (g.L�1) 120 140 160
Ethylenediamine (g.L�1) 120 140 160
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(Table 2), which were performed randomly by two different oper-
ators (all the assays were performed in duplicate). The responses of
the experiments considered the maximization of the thickness and
the minimization of the roughness of the final coating on the sur-
face of the mild steel.

The experimental design and regression analysis of the experi-
mental data were performed using JMP®12.2.0 e The Statistical
Discovery Software. The quality of the fitting model was evaluated
by the regression coefficient (R2) and the statistical significance of
each factor studied was evaluated by the F-test analysis of variance
(ANOVA) for each response variable. The coefficients of the
response surface were evaluated using the student t-test.

3.4. Characterization of the electroless NiB coatings

The coating thickness after one hour of deposition was used to
determine the effect of the optimal composition on the deposition
rate. The coating thickness (mm) was calculated, from the weight
gain (W), by the equation below:

R ¼ W � 104

A� r
(2)

where:

W¼weight of plated layer (g)
A¼ plating area (cm2)
r¼ 8.3 g cm�2 (density of Ni-B alloy by assuming a B-content of
approximately 6%).

Roughness measurements (mm) were carried out using a Zeiss
119 Surfcom 1400D-3DF apparatus and the results were analysed
using the Zeiss brand software. The presented values are the
average of ten measurements.

The surface and cross section morphology of each sample were
observed using a Hitachi SU8020 scanning electron microscope.
Cross sections were prepared and polished with silicon carbide
paper, followed by polishing with diamond paste up to mirror
finish and etching with Nital 10%.

The composition of the coatings was determined by Glow
Discharge Optical Emission Spectroscopy (GDOES). GDOES analyses
were carried out using a HORIBA Scientific GD Profiler 2. The
Table 2
Experimental design matrix and response variables values.

Pattern Ethylenediamine
(g.L�1)

Sodium Hydroxide
(g.L�1)

Ex
Th
(m

1 þþ 160 160 11
2 þ � 160 120 9.5
3 00 140 140 10
4 � � 120 120 6.9
5 þþ 160 160 11
6 þ � 160 120 8.7
7 � þ 120 160 10
8 � þ 120 160 10
9 � � 120 120 7.3
10 00 140 140 10
analysis was carried out in the HORIBA SAS demo lab in Palaiseau
(France).

Instrumented indentation micro hardness testing was per-
formed on the samples surface using a standard Vickers four-sided
pyramid diamond indenter. The cross section hardness was deter-
mined using a Knoop pyramidal diamond point. Hardness tests
were conducted on the samples with a load of 20 gf and a holding
time of 20 s, for each coating configuration. The results are the
average of ten measurements.

A CSEM scratch tester machine with a diamond Rockwell stylus
with a radius of 200 mm was used to perform scratch tests. A line-
arly increasing load from 0 to 150 N was used in all cases, with a
scratch velocity of 6.75mmmin�1; the scratch distance was set to
be 10mm. Acoustic emission and friction coefficient were moni-
tored during the experiment. A good notion of the deposit adhesion
can be derived with optical analyses on the scratched substrate.

Tribological behavior was investigated using pin-on-disk CSM
microtribometer (without lubricant). The samples served as the
disks and the counterparts (pins) were 6mm diameter alumina
balls (1400 HV). The sliding speed, sliding distance and normal
load, were respectively, 10 cm/s, 100m and 5 N. The specific wear
rate (Ws) was calculated following the European standard EN 1017-
13:2008, where the volume wear loss DV is divided by the applied
load FN and the sliding distance S. The digital optical microscope
Hirox KH-8700 was used for the surface analyses. Surface compo-
sition after pin-on-disk was analyzed with an Energy-dispersive X-
ray Spectroscopy (EDX) - SEM Hitachi SU8020.

Corrosion characterization was performed by Potentiodynamic
polarization in 0.1M NaCl solution with a Bio-logic SP-50 poten-
tiostat. Before the polarization analysis, the open circuit potential
(OCP) was recorded for 20min. Platinum plate and Ag/AgCl (KCl
saturated) electrodes were used as counter and reference elec-
trodes, respectively. A potential range of ±0.25 V Vs OCP, at 1mV/s
scan rate, was used.

Additionally, salt spray tests were performed in a Q-FOG Cyclic
corrosion tester. Neutral salt spray test was done according to ASTM
B117-07. Samples were suspended in a cabinet and exposed to
50 g L�1 ± 5 g L�1 NaCl solution. The air pressure of the atomized
saline solution was maintained in the range of 6e8 bar. The tests
were conducted for a variety of time periods ranging from 0.5 h to
10 days with intermediate periods of 1 h, 4 h, 8 h and 1, 2, 3, 4, 5, 7
days.

The corroded surfaces after salt spray testing were quantified by
image analysis, using the open source image processing and anal-
ysis program ImageJ. In order to extract and analyse features of a
digital image, it is first necessary to identify and separate the
different regions. The original images were first transformed in
grey-level images. Next, thresholding was used to segment the
pixels darker than the threshold value. The ImageJ algorithm was
perimental
ickness
m)

Experimental
Roughness (Ra) (mm)

Predicted
Thickness
(mm)

Predicted
Roughness
(mm)

.20 0.38 11.75 0.35
0 0.30 9.17 0.35
.50 0.27 9.65 0.28
7 0.20 7.54 0.28
.50 0.36 11.75 0.35
0 0.35 9.17 0.35
.03 0.21 10.13 0.28
.10 0.22 10.13 0.28
0 0.24 7.54 0.28
.70 0.31 9.65 0.28
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used along with the semi-automatic thresholding option. This
process resulted in a binary file containing only black and white
pixels, where the black pixels corresponding to the regions above
the threshold value represented the corroded areas. In sequence,
the software provided the quantification of the binary images.
4. Results and discussion

The control of electroless nickel coatings can be performed us-
ing a large number of factors, such as, bath temperature, concen-
tration of reducing agent, concentration of nickel source,
concentration of stabilizer, solution pH, substrate roughness,
among others. However, taking into account all these factors in a
single study would not be possible, as it would make the size of the
design matrix too large. Moreover, the interactions of so many
factors when taken into consideration would further complicate
the analysis. The aim of this study was to maximize the plating rate,
that is, the coating thickness, and minimize the surface roughness
of the coating at the same time. Table 2 shows the ten assays
generated by the experimental design, combining different con-
centrations of the complexing agent e ethylenediamine - and the
pH regulator - sodium hydroxide -, and the respective experimental
and predicted responses for coating thickness and roughness.

Standard least squares analysis was used to evaluate the re-
sponses obtained for each assay. Experimental and predicted
response values were quite similar (Table 2), showing good corre-
lation factors for thickness (R2¼ 0.88) and roughness (R2¼ 0.92).
The significance of each coefficient was verified by the p-value
resulting from the student's t-test (see appendices). The increase of
both ethylenediamine and sodium hydroxide concentrations pro-
vided an improvement on the coating thickness, although a higher
significant effect was verified when increasing the sodium hy-
droxide concentration (p-value< 0.01). In this context, it is possible
to correlate the coating thickness with the pH effect. On the other
hand, it was also observed that the decrease of the ethylenediamine
reduces significantly the roughness of the coating (p-
value< 0.001), meaning that this parameter is more correlated
with the complexing mechanism occurring. The statistically sig-
nificant effects, presenting p-values lower than 0.05 were used to
represent the simplified models for the maximization of each
response variable, as summarized in Eqs. (3) and (4).

ThicknessðmmÞ ¼ 9:65þ 0:81� ½Ethylenediamine� þ 1:30

� ½Sodium hydroxide�
(3)

RoughnessðmmÞ ¼ 0:284þ 0:065� ½Ethylenediamine� (4)

In order to provide an optimised mixture of ethylenediamine
and sodium hydroxide in the electroless nickel bath, a contour
profile was performed (Fig. 1). In this figure, it is possible to observe
the variation of the thickness and the roughness of the coating,
according concentration range of the two components used. In this
context, in order to achieve a thickness range between 10.0 and
10.6 mm and a roughness range between 0.20 and 0.23 mm, the bath
should contain amounts of sodium hydroxide and ethylenediamine
ranging between 151.7 and 160.0 g L�1 and 120.0 and 128.7 g L�1,
respectively. In our preliminary studies (results not shown), sodium
hydroxide concentrations higher than 160.0 g L�1 resulted in the
precipitation of nickel hydroxide in the bath which leads to a
decrease of the plating rate (samples with 180 g L�1 of sodium
hydroxide and 120.0 g L�1 of ethylenediamine present a 4.16 mm
thickness). Also, for an ethylenediamine concentration lower than
120.0 g L�1 the bath was not sufficiently stabilized, and so, some
colloidal nickel was formed, increasing the roughness of the coating
(samples with 160.0 g L�1 of sodium hydroxide and 100.0 g L�1 of
ethylenediamine presented a 0.32 mm roughness).

The final coating that resulted from the optimised electroless
nickel bath, containing 160.0 g L�1 of ethylenediamine and
120.0 g L�1 of sodium hydroxide, was afterwards characterised in
terms of morphology, chemical profile, hardness, scratching and
corrosion resistance.

4.1. Morphological properties of the NiB coatings

The morphological properties of NiB coatings produced by the
optimised bath mixture composition (without stabilizer, with
increased complexing agent concentration and higher pH) are
presented in this section. The morphological properties of a con-
ventional NiB-Pb coating produced with lead stabilizer are also
used as comparison.

SEM micrographs of the electroless NiB deposits produced with
the optimized composition are presented in Fig. 2 (a) and (b). In this
figure, it is possible to observe the effects of the removal of the
stabilizer on the morphology. The NiB coating synthesized without
stabilizer revealed a more uniform and smooth surface
morphology, Fig. 2(a), and a featureless dense cross section
morphology, after etching with Nital 10%, Fig. 2(b). The morpho-
logical variations might be explained by modifications of growth
mode during the plating process. Heavy metal stabilizers, such as
Pb2þ, Cd2þ, Tl1þ, when added to the plating bath, deposit on the
active metal surface through displacement reaction. The presence
of stabilizers, adsorbed on the substrate, limited the lateral growth
of electroless Ni, resulting in a columnar form of deposit [40]
(Fig. 2(d)). The absence of stabilizers in the new bath allowed a
uniform and dense growth, as no obstacles were created to the
lateral growth of Ni, generating a featureless cross section.

The presence of stabilizers was also responsible for the
cauliflower-like superficial structure (Fig. 2(c)) in NiB-Pb samples.
The stabilizer obstacles generated a columnar growth and conse-
quently, a superficial structure formed by the column tips. Once
more, in the case of a bath free of stabilizer, such structure was not
observed and a flat surface was detected instead.

In conclusion, compared with the NiB-Pb cross section obser-
vation, significant morphologic variations were caused by the
absence of stabilizer. The columnar structure was typically
observed for electroless NiB-Pb coatings [25,39], while the NiB
showed a featureless morphology. The influence of these
morphology changes in the coatings composition are addressed in
the next sections.

4.2. Profile chemistry

Depth profile chemical analysis, obtained by Glow-discharge
optical emission spectroscopy (GDOES), is presented in Fig. 3. The
chemistry of the nickel-boron coatings, free of stabilizers, varied
during the plating process and the boron content was close to
9.1 wt% at the beginning of deposition. After the first 2 mm, the
boron concentration stabilized at values close to 8wt%. In the case
of NiB-Pb, results of depth profile chemical analysis showed that
the boron content did not change with time and was close to 6.2wt
%, while the lead content remained around 0.5wt%. The NiB-Pb
bath was optimized for conservation of chemistry, which was not
the case of this new bath.

The difference in boron variation between the two coatings, NiB
without stabilizer and NiB-Pb, can be explained by presence of the
complexing agent which influences the rate of nickel reduction
reaction. So, whenmore complete nickel-ethylenediamine chelates
were formed, the kinetics of nickel deposition and consequently



Fig. 1. Contour profile of the thickness (red lines) and the roughness (black lines) of the NiB coatings, according to the concentrations of ethylenediamine and sodium hydroxide in
the bath mixture. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Morphology of NiB samples: (a) surface morphology of the coated samples and (b) SEM cross section morphology. Morphology of NiB-Pb samples: (c) surface morphology of
the coated samples and (d) SEM cross section morphology.

Fig. 3. Depth profile chemical analysis of electroless NiB coatings (a) free of stabilizers and (b) stabilized by lead.

L. Bonin et al. / Journal of Alloys and Compounds 767 (2018) 276e284280



Table 3
Hardness for NiB coating.

NiB NiB-Pb

Surface Hardness (hv50) 719± 13 842± 35
Cross section Hardness (hk50) 704± 25 854± 40
Critical load Lc (N) 20 25
Friction coefficient m 0.48 0.45
Specific wear rate Ws (mm2.N�1) 0.81 0.63
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the plating rate decreased. However, the borohydride oxidation and
the boron reduction reactions were not affected, resulting in a
perceptible increase of the total boron content in the coatings.

4.3. Hardness

Surface and cross-section microhardness of the coated systems
are presented in Table 3. Nickel-boron coatings are generally
considerably harder than nickel-phosphorus. Compared with NiB-
Pb coatings [25,40], which presented surface and cross-section
hardness of 842 hv50 and 854 hk50, respectively, the new coating
presented a less impressive hardness, with 719 hv50 (surface) and
704 hk50 (cross-section). This fact proves that the presence of sta-
bilizer has an influence on the high hardness of NiB-Pb coatings,
although the hardness values of stabilizer-free NiB coatings
remained superior to those of NiP ones.

4.4. Scratching test

Adhesion of electroless nickel-boron under external solicita-
tions were estimated by scratch test. The method uses an indenter
similar to that of a Rockwell hardness tester. In the scratch test, this
indenter is used to generate a scratch on the coated system with a
determined load and a determined length. In most cases, the load
increases continuously with distance and it is possible to observe
and identify damage in the coated system for a critical load. The
scratched coating surface was analysed by a Hirox KH-8700 Digital
Microscope in order to assess the damage features; the distance
from the test beginning is used to calculate the critical load.

Fig. 4 shows the scratched coating surface and the detail of the
main damaged features, obtained by a combination of acoustic
emission and microscopic observations. The first damage was
chevron cracks that appeared at 20 N, and transverse semi-circular
cracks appeared at 23 N. Complete failure of the coating did not
occur for 11 mm thick coatings. In the case of NiB-Pb samples, the
first damage induced by scratch testing occurred as chevron cracks
from 25N, then as transverse semi-cracks at 53 N. Moreover, the
two damages observed in both deposits were cohesive failures and
Fig. 4. Electroless NiB free of stabilizer coatings: (a) scratched coating surface; (b) chevron
coating surface.
a complete failure did not occur for the 15 mm thick coatings.
4.5. Tribology properties

The wear properties for electroless NiB deposits obtained using
pin-on-disc apparatus are presented in this section. Tests were
realized with a 5 N load, 10 cm s�1 of sliding speed and 100m of
sliding distance. After 100m of test in non-lubricated conditions,
the friction coefficient value was about 0.48 for samples without
stabilizer. In addition, this friction coefficient was relatively con-
stant from 40m (Fig. 5). In the case of NiB-Pb, the friction coeffi-
cient was generally low (0.45 at 100m) due to the small effective
surface of contact generated by the columnar structure (stabiliza-
tion was not achieved due to the constant surface area variations).
Therefore, when compared with NiB-Pb, NiB presented a superior
friction coefficient that reached a steady state earlier. The superior
boron concentration of the NiB coatings certainly contribute to the
relatively low friction coefficient achieved.

The specific wear rates of these coatings presented in Table 3 are
directly related to their hardness. The coatings produced without
stabilizer presented an inferior hardness value when compared
with the traditional borohydride reduced ones. Consequently, the
presented wear behavior of NiB was inferior (0.63 mm2N�1) to the
one from NiB-Pb (0.81 mm2N�1).

Thewear mechanismswere determined from observation of the
worn surfaces after the pin-on-disk test. Fig. 6 presents the worn
surface of the coatings after test with 5 N load. After wear, NiB
experienced a superior plastic deformation. Due to the plastic
deformation, tribological debris stayed in the wear track and were
not present in the neighboring regions. The intermittent load
supported by the debris induced a local temperature rise and
consequently their oxidation. Debris composition was analyzed by
EDX and proved the oxidation of these parts.

The worn surface of the Ni-B coating in Fig. 6(a) shows that the
wear groves were almost completely covered by attached debris.
The surface analyses also showed the presence of chevrons in the
debris block as a result of its low adhesion with the coating.
Adhesion between debris and Ni coatings should not be expected
due to their chemical incompatibilities, even though debris were
formed from the wear out of the coating, they were constituted of
nickel oxidized compounds. For instance, the presence of a layer of
debris on the alumina ball can be observed in Fig. 6(b). The
oxidation of Ni induces the greater adhesion between the coating
debris and Al oxide counter body. In the case of NiB-Pb samples
Fig. 6(c), coating exhibited a relatively bright and smooth finishing,
with fine abrasion grooves along the sliding direction and a central
region with attached debris. The presence of debris in the center of
cracks and transverse semi-circular cracks. (c) Electroless NiB-Pb coatings: scratched



Fig. 5. Friction coefficient evolution of NiB and NiB-Pb samples.
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the worn surface can be explained by the columnar texture of these
coatings which is able to retain the worn out body. Once gain, due
to the chemical affinity, adhesion between the alumina ball and
debris can be observed Fig. 6(d).

It is important to observe that delamination and cracking are
barely observed for both considered systems. Indeed, composition
analyses of the worn surface proved that the wear grooves did not
reach the substrates. The overall wear mechanism can be identified
as a combination between abrasive wear (alumina ball vs coating)
and adhesive wear (alumina ball vs oxidized debris).
4.6. Corrosion

Results of potentiodynamic polarization tests are presented in
Fig. 7. The tests were performed on NiB coatings produced using the
new composition, on NiB-Pb coatings with the same thickness
(10 mm) and on the bare substrate (mild steel), using a 0.1M NaCl
solution. When compared to the bare steel, all the coated samples
Fig. 6. Optical micrographs of: (a) the wear tracks from electroless NiB free of stabilizer and
surface of: (c) the wear tracks from electroless NiB-Pb and (d) the surface of alumina balls
presented a better behaviour: a positive shift in the corrosion po-
tential (Ecorr) and a decrease in the corrosion current densities
(Icorr). The difference found in polarization behaviour between the
coatings and the mild steel suggests that the deposited layers
completely cover the substrate and act as barrier coatings [56].

Undoubtedly, differences exist in the surface area of the samples
and, in fact, this trend is revealed by the observed differences in the
rate of the cathodic reactions; namely, the reduction of oxygen and
the evolution of hydrogen (at more negative potentials). In agree-
ment with the surface morphology results, the polarization curves
revealed that the higher the surface area the higher the cathodic
current densities. Indeed, the NiB-Pb coating, which has the highest
surface area (due to the cauliflower-like morphology), presented
the highest rates of cathodic reactions, while the NiB coating, with a
much smoother surface, presented lower current densities values.
Although the coatings presented higher surface area than the bare
substrate, they yielded much lower anodic reactions suggesting
that, indeed, anodic dissolution was greatly reduced in the case of
the coated systems.

Due to the issue of having dissimilar surface areas, a direct
comparison of current density values from different coatings is not
straightforward. For that reason, when comparing the different
systems, only the differences in shape (presence of plateau) of the
anodic curves are discussed. Comparing the anodic polarization
curves, the shape for the bare steel was similar to the shape for NiB-
Pb samples, while the curves for the new NiB coatings presented a
less intense increase in the current density. The slower increase for
NiB leads to better corrosion resistance and may be explained by
the absence of columnar features (intercolumnar zones have been
shown to be preferential initiation sites for corrosion on NiB-Pb
[41]).

The corrosion potential, Ecorr, is generally independent of the
surface area. The increase in the Ecorr for the coated systems can
then be attributed to the presence of coatings covering the steel
surface (Ni is nobler than Fe).

With the aim of further characterizing the corrosion properties,
neutral salt spray test was carried out, according to ASTM B117-07.
There was no noticeable corrosion pits on the surface of the mild
steel-coated samples until 48 h, after which the NiB-Pb samples
(b) the surface of alumina balls after the dry sliding friction test. Optical micrographs
after the dry sliding friction test.



Fig. 7. Potentiodynamic polarization curves, 0.1M NaCl, mild steel, electroless NiB and
electroless NiB-Pb.

Fig. 8. Surface aspect of electroless NiB and NiB-Pb 15±1 mm coatings after 168 h and
240 h salt spray testing.

Table A1
Results of the Standard least squares analysis - Effect of the ethylenediamine and
sodium hydroxide in the coating thickness. * Results statistically significant. ** Re-
sults with no statistical relevance (more experiments needed).

Term Coefficient t-value p-value

Ethylenediamine 0.813 3.430 0.0140**

Sodium hydroxide 1.295 5.460 0.0016*

Ethylenediamine * Sodium hydroxide �0.170 �0.720 0.500

Table A2
Results of the Standard least squares analysis - Effect of the ethylenediamine and
sodium hydroxide in the coating roughness. * Results statistically significant.

Term Coefficient t-value p-value

Ethylenediamine 0.065 7.970 0.0002*

Sodium hydroxide 0.010 1.230 0.2659
Ethylenediamine * Sodium hydroxide 0.012 1.530 0.1761
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started to corrode, while the corrosion of NiB coatings started just
after 96 h. Concerning the bare mild steel, corrosion started after
1 h and the surface was completely corroded after 8 h [42]. The
aspect of the coated samples after 168 and 240 h of salt spray
exposure is shown in Fig. 8. After 7 days (168 h) in neutral salt
spray, the NiB samples presented only 0.8% of its surface corroded
and this value increased to 3.6% after 240 h. After the same periods
of testing, the Nib-Pb coatings presented 18.0 and 21.2% of corroded
surface, respectively. The difference in the results obtained for both
systems is in accordance with the polarization tests. Furthermore,
they highlight the increase of the barrier properties of the NiB
coatings when compared with the NiB-Pb system. The corrosion
initiation time and the percentage of corroded surface are affected
by the surface conditions, which explains the fact that smoother
samples absent in columns present a better corrosion behavior.

5. Conclusion

Electroless NiB coating was developed by a completely new bath
free of stabilizer. The same equipment and conditions employed for
obtaining traditional NiB coatings were considered. The composi-
tion of these new coatings comprises only Ni and B, thus not pre-
senting co-deposition of heavy metals, which constitutes an
essential aspect for the recyclability of Ni-B coatings. The plating
bath without added stabilizer was optimized using an experi-
mental design approach. In order to provide a coating thickness in a
range of 10.0e10.6 mm (in one hour) and a roughness ranging be-
tween 0.22 and 0.25 mm, it was found that the concentrations of
ethylenediamine and sodium hydroxide should stay between 120.0
and 128.7 g L�1, and 151.7 and 160.0 g L�1, respectively. The
adjustment of pH using higher concentrations of sodium hydroxide
was found to improve the coating thickness, while the decrease of
ethylenediamine was found to reduce the roughness of the film.

The optimized NiB bath mixture consisted of 120 g L�1 of eth-
ylenediamine and 160 g L�1 of sodium hydroxide, in the absence of
lead, nor thallium nor other stabilizers. The resulting coatings,
when compared with reference coatings obtained with a conven-
tional bath (NiB-Pb), showed modified chemical composition and
presented different growth mode, morphology, mechanical,
tribology and corrosion behavior. Changes in the cross section
morphology were also observed, as the new coatings present a
featureless cross section due to the new growth mode. The surface
morphology of the coatings did not present the cauliflower-like
surface texture generally presented by electroless nickel boron
coatings. Furthermore, the coatings presented an increase in the
boron concentration that ensured a low friction coefficient in a flat
surface. Regarding the mechanical properties, the new coatings
presented quite interesting values of roughness (0.2 mm) and sta-
bilizers showed to have an influence on the high hardness of NiB-Pb
coatings. The most promising results obtained were related to the
corrosion behavior, as the new coatings generated an efficient
barrier between the environment and the protected steel.
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