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Electroless nickel-boron (Ni-B) was synthesized on mild steel. Coating thickness was approximately
30 wm. Some of the coatings were submitted to a hardening heat treatment at 400°C for 1h in an
atmosphere containing 95% Ar and 5% H, to improve their mechanical performance.

Heat treated and untreated samples were submitted to the Taber abrasion test to assess their wear
resistance. The wear track was then examined by SEM and roughness measurement. The Taber Wear
Index of untreated samples was slightly better than that of steel but heat treated samples attained TWI
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solution. Electroless Ni-B coating increases the corrosion resistance of steel and heat treatments allow
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1. Introduction

Electroless deposition processes experienced numerous modi-
fications to meet the challenging needs of a variety of industrial
applications [1]. The electroless nickel coatings may provide a pos-
sible solution for the low-cost hard surface layers, operating under
adverse working conditions. Electroless nickel-boron plating is
a chemical reduction process which depends upon the catalytic
reduction of nickel ions in aqueous solution and the subsequent
deposition of nickel metal without the use of electrical energy [2,3].
The coating may be surface-finished although the inherent geomet-
ric uniformity of the coating allows the coating to be used, in many
cases, without further surface finishing.

It has been applied successfully in chemical, mechanical and
electronic industries due to their desirable physical, mechanical
properties and uniformity in thickness [4]. The corrosion resis-
tance of coatings depends on the physicochemical properties of
the coating such as the adherence, hardness and roughness of the
substrate mainly. Recently, much attention is being paid towards
borohydride-reduced electroless nickel plating. The properties of
sodium borohydride-reduced electroless nickel coatings are often
superior to those of deposits reduced with sodium hypophosphite
[1]. The principal advantages of borohydride-reduced electroless
nickel deposits are its hardness and superior wear resistance in
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the as-deposited condition [5]. Electroless Ni-B coatings are more
wear resistant than tool steel and hard chromium coatings [1]. The
major limitation of Ni-B coating is its relatively poor corrosion
resistance compared to electroless Ni-P deposits. The difference in
corrosion resistance between Ni-P and Ni-B coatings is due to the
difference in their structure. Since borohydride-reduced electroless
nickel deposit is not totally amorphous, the passivation films that
form on its surface are not as glassy or protective as those that form
on high-phosphorous coatings.

The corrosion behaviour of Ni-B deposits has not been exten-
sively studied, thus only limited information is available for Ni-B
deposits. Similarly to nickel-phosphorus, the corrosion behaviour
of nickel-boron deposit can be dependent on many parameters
such asits B content [6-8], the homogeneity of element distribution
in the coating surface [6] and throughout the deposit, the sur-
face morphology of the deposit (i.e. whether it is smooth, nodular,
or possesses a cauliflower-like morphology) [9], the microstruc-
ture of the deposit (i.e. whether it is crystalline, amorphous,
or composed of mixed phases) [10], the presence of impurity
inclusions and their distribution in the deposit (e.g., Pb or S
inclusions) [6,11], the nature of the substrate under the deposit,
etc.

The present work intends to deposit Ni-B on steel substrates
and to evaluate its microhardness, roughness, wear resistance
and corrosion properties. The effect of heat treatment was stud-
ied. The surface morphologies following heat treatment, wear and
corrosion testing were studied by scanning electron microscopy
(SEM).
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Fig. 1. SEM of Ni-B coating with replenishment: (a) surface morphology; (b) cross section morphology; (c) heat treated coating.

2. Experimental setups
2.1. Plating

ST 37 mild steel substrates (disc coupons with 10 cm diameter, 1 mm thick) were
used for the deposition of Ni-B films. Before coating, the samples were mechanically
cleaned. Subsequently, they were first manually ground on 1200 and 4000 grade SiC
paper successively, degreased with acetone, rinsed in distilled water and air-dried.
The sample surface was finally activated with a solution of HCI (30 vol.%) for 1 min,
rinsed in distilled water and immersed in the deposition bath.

After the different pre-treatments the samples were put into the bath which is
based on nickel chloride (NiCl,-6H,0), sodium borohydride ethylene diamine and
sodium hydroxide and small amounts of lead tungstate. This bath composition was
described in detail elsewhere [3]. The volume of the bath was 8 dm?. The plating
solution was agitated.

To realize deposits with important thickness, the experiment was conducted
without interruption for 90 min with an addition of reactive after the first 30 min
(i.e. bath replenishment). The coatings obtained have average boron content close
to 6 wt.% [12]. The coating thickness was calculated from the weight gain.

Some samples were subsequently heat treated at 400°C for 1h under a con-
trolled atmosphere containing 95% Ar and 5% H. This is a standard treatment for
the enhancement of the mechanical properties of electroless nickel-boron coatings
[13].

2.2. Characterization methods

X-ray diffraction (XRD), using a Siemens D500 X-rays 0-0 apparatus applying
Cu Ko, was employed to analyze the crystal structure of the coated film.

The abrasion resistance of the coatings was determined using Taber 5155 (Taber
Industries, North Tonawanda, NY) apparatus. During this test, the coated sample is
submitted to a steady speed rotation, under a weight inflicted by two wheels of hard
material embedded in rubber which are rotating in the opposite direction. The test
was carried out using CS17 abrasive rubber wheels, with a weight of 1000g and a
rotation speed of 70 rpm.

Philips XL 20 scanning electron microscopy (SEM) apparatus was used to char-
acterize the structure and morphology of the coatings.

Roughness measurements were carried out using a Zeiss 119 Surfcom 1400D-
3DF apparatus.

Microhardness measurements were carried out by Vickers technical. It was car-
ried out in the growth direction of the coating and any damage occurring during this
test will remain unseen because it will take place inside the coating.

The electrochemical properties were investigated using a Parstat 2273 poten-
tiostat (including a frequency response analyzer, FRA). For all measurements, the

coatings were masked with silicone so that only a 1cm? area was exposed to the
electrolyte. The electrochemical experiments were measured in 0.1 M NaCl aerated
solution, at room temperature with a conventional three-electrode cell. The work-
ing electrode consists of the coated specimen, a platinum grid was used as a counter
electrode and an Ag, AgCl/KCI (saturated) electrode as a reference electrode.

The anodic polarization curves were measured by a dynamic potential scanning
technique. The electrode potential was raised from —250 to +600 mV/OCP at the
rate of 10mV min~'. This large interval of scanning permits to detect if there are
passivation phenomena.

EIS measurements were carried out in the frequency range 10°-10-2 Hz, with
a sinusoidal signal perturbation of 5mV (root mean square). In order to minimize
external interference, the electrochemical cell was placed in a Faraday cage.

3. Results and discussions
3.1. Morphology and composition of the coatings

Deposition of the coating is non-line-of-sight so all surfaces are
coated with an even thickness including inside and outside corners
and blind holes. As it can be observed in Fig. 1a, the coating is com-
pact and, as a consequence, good behaviour of the coating towards
mechanical and corrosion solicitations should be expected [1]. The
film is formed by columnar, nodular structures (i.e. intercolumnar
interstices and small Ni-B nodules), Fig. 1b.

Bath regeneration (i.e. addition of fresh reactive in the bath)
induced a new germination phase (represented by a white line
on the micrograph) and the structure presents several layers of
columns similar in the first step of Ni-B deposition, Fig. 1b. The hor-
izontal lines observed in the deposit correspond to the beginning
of a new growth phase after the bath replenishment. The coating
thickness calculated from the weight gain, was 30+ 2 pum.

After heat treatment (Fig. 1c) the structure becomes denser.
Some pores in the coatings at the initial deposition stage may result
from the evolution of hydrogen during the electroless deposition.

As-deposited Ni-B films are considered to be a mixture of micro-
crystalline nickel and amorphous Ni-B phases in the as-deposited
condition [14,15].
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Table 1
Ni-B coating characteristics.

Roughness parameters [m]

Wear parameter Hardness

Ra Rq Rz TWI Vickers (hvioo)
As-plated 0.898 + 0.063 1.143 £ 0.089 6.318 + 0.967 28.827 + 1.244 888 + 20
Heat treated 0.592 + 0.082 0.760 + 0.110 4.069 + 0.752 13.744 £+ 1.950 1302 + 40

Fig. 2. OCP evolution during 24 h.

Heat treatment at 400°C for 1h induces crystallization of the
Ni-B deposit and the Ni3B phase appears. The deposit is then totally
crystallized into Ni3B (and possibly some residual Ni) [16]. Heat
treatment strongly influences the microstructural and thus the
mechanical properties of Ni-B films [17].

3.2. Mechanical tests

The abrasive wear resistance is expressed by the Taber wear
index (TWI), which is the weight loss in mg per 1000 wear cycles.
The wear index was defined following:

_ (A—B) x 1000

TWI C

Fig. 3. EIS Bode-Z and phase diagrams of Ni-B coated for several hours.

where A (mg) and B (mg) were the weight for the sample before
and after a series of tests of 1000 cycles each. C was the number of
rotation cycles which was fixed at 10,000 in this study.

Table 1 summarizes the wear and roughness characteristics.
TWI was calculated to evaluate the wear resistance. Smaller wear
index represents higher wear resistance. The result proves that
the abrasion resistance of the heat treated coating is higher than
that of the coatings which are not treated. It appears also that
heat treatment tends to make the surface smoother. Heat treat-
ment affects the abrasive wear resistance and the roughness by an
important modification of the microstructural properties of Ni-B
films [17]. The abrasive wear resistance is increased by hardness
increases through grain size refinement, alloying with B and heat
treatment.

Fig. 4. EIS phase and Nyquist evolutions of Ni-B coated for 7 days.
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Fig. 5. EIS phase and Nyquist evolutions of as-plated, wearied and heat treated samples after 2 days.

3.3. Corrosion test

3.3.1. Electrochemical impedance spectroscopy

Fig. 2 illustrates the OCP measurement as a function of immer-
sion time in 0.1 M NaCl solution. For each step, it appears that
the OCP was stable after 15 min from the beginning of the mea-
surement. However the potential values decrease in time. This
behaviour indicates that the corrosion resistance decreases as a
function of immersion time.

Fig. 3 shows simultaneously bode phase and Z modulus diagram
evolutions versus time of immersion for Ni-B coating.

At the beginning (i.e. less than 5h of immersion), the Bode-
modulus diagram presents a single inflection point (Fig. 3). The
single loop is related to the coating.

After 6 h ofimmersion in solution, the phase diagram shows two
loops at low and high frequencies. The high frequency response
represents the electrical capacitance of the coated film and the
low frequency response is related to corrosion phenomena proba-
bly due to the penetration of electrolyte through grain boundaries
or defects. Contreras et al. [2] explain the part of the phenom-
ena; however these authors did not indicate information about the
immersion time.

Fig. 4a shows Bode phase diagram evolutions after 2, 4 and 7
days of immersion in NaCl solution for as-plated coatings. The sec-
ond time constant is accompanied by a non-negligible decrease of
the modulus at low frequency, Fig. 4b. The impedance decrease
indicates a loss of protection capacity of the coating, due to elec-
trolyte penetration in defects or grain boundaries [18,19]. Also,
boron is not homogeneously distributed throughout the coating,
areas of different corrosion potential could be produced on the
surface which could explain local attacks of the coating [1].

Fig. 5 compared EIS spectra for as-plated, worn and heat treated
sample after 2 days of immersion in 0.1 M NaCl solution. The diam-
eter of the EIS loops is different for each sample and the presence
of several inflexion points in the Bode phase diagram confirms that
the corrosion process involves more than one time constant [18],
Fig. 5a.

Upon heat treatment, the size of the capacitive loop decreases,
Fig. 5b. Taking into account the charge transfer resistance val-
ues with the loops, it can be noted that the dissolution process
is more intense after heat treatment than in the case of as-plated.
Heat treatments induce crystallization of the coating [17] that first
presents an amorphous-like character and this causes the corrosion
resistance of the film to decrease.

The corrosion resistance behaviour can be attributed to the
structural modification of the coating: the crystallization that

occurs during heat treatment can be accompanied by the forma-
tion of defects and grain boundaries that are of lesser importance
in as-plated coatings [13,20].

Wear increases significantly surface roughness, induces cracks
and finally modifies the coating structure. The decrease in corrosion
properties is directly linked to the surface characteristics.

3.3.2. Potentiodynamic polarization curves

Polarization curve of the as-plated Ni-B deposit is shown in
Fig. 6. The samples were first immersed into the electrolyte for
about 15min to stabilize the open-circuit potential (OCP). The
cathode reaction in the polarization curves corresponds to reduc-
tion of dissolved oxygen, and the anodic polarization curve is
the most important feature related to the corrosion resistance
[21]. The polarization curves of as-plated Ni-B layer showed no
passive behaviour of the nickel-boron coating, as is expected of
nickel-based alloys. The same phenomenon is observed on curves
obtained for heat treated and worn samples. As shown on Fig. 6,
Ni-B coating increases significantly the corrosion resistance of the
steel. However, the immersion in NaCl solution attacks the grain
boundaries and may induce a modification of the deposit struc-
ture (such as intercolumnar cracks apparition) by the diffusion
phenomena. Consequently the corrosion resistance decreases after
immersion in solution (after 19h of immersion). This was con-
firmed by impedance test.

Fig. 6. Potentiodynamic polarization curves.
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Fig. 7. Morphology of surfaces after EIS tests: (a) after 24 h of immersion; (b) after 21 days of immersion.

Fig. 8. Morphology of surfaces: (a) after polarization; (b) after 19 h of EIS cycle + polarization test.

3.3.3. Corrosion process

Fig. 7a and b presents respectively SEM micrographs of the sur-
face after 24 h and 21 days of immersion in solution. One notes
the presence of localized cracks (Fig. 7a), i.e. that dissolution is
preferential at the boundaries of adjacent grains and columns.

Fig. 7b denotes the presence of “black spots” on surface. These
could be explained by the important aggressiveness of the chloride
ions present in the solution. However the lack of passive behaviour
in the polarization curve of the coatings indicates that the pres-
ence of chloride cannot imply pitting. This phenomenon can be
attributed to galvanic coupling due to composition heterogeneities
in the coating [22].

Fig. 8a and b presents respectively the worn surfaces of samples
after polarization and after successively 19 h of EIS and polarization
corrosion testing.

The surface state of Ni-B deposits is strongly altered after tests:
localized corrosion features can be observed. In Fig. 8a the structure
is very spongy compared with Fig. 7b (after 21 days) and in the same
time attacks are significantly discernible.

The immersion in NaCl solution makes the process more severe,
Fig. 8b. Cross section analyze showed that the cracks were limited
in depth and do not reach the substrate. Those phenomena could
be due to the relatively important deposit thickness (~30 pm).

4. Conclusion

Ni-B coatings are mainly formed by small nodules. SEM of the
cross-sectional view of the coatings reveals that the coatings are
uniform and the compatibility between the layers is good.

Ni-B coating improves the corrosion resistance of steel sample.
The mechanical properties of as-deposited coatings are enhanced
by heat treatment. Upon heat treatment, Ni-B coatings crystallize
into nickel borides. SEM cross-sectional view of the coatings reveals

that the coatings are uniform and the compatibility between the
layers is good.

The corrosion resistance evaluation showed that electroless
Ni-B coating suffered from severe attacks in 0.1 M NaCl solution
in both as-deposited and heat treated coatings.

Observation of corroded coatings after polarization tests and
immersion in saline solution showed that the coating’s sensitiv-
ity to corrosion was linked to the intercolumnar zones, probably
because of their lesser density and slightly different chemistry that
could lead to the establishment of galvanic coupling between nickel
and iron.
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