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In this research, NB coatings with different boron content (1.85 to 18.63 at.%) were produced by
direct current electrodeposition technique and from a bath inorgarimethylamineborane (TMAB)

at 0.06M. The influence of deposition current density on the composition, surface morphology, grain
size, hardness, corrosion resistance and wear properties of the coatings was investigated. Our resu
found that the borooontent in the coatings decreases significantly with increasing deposition current
density. The further analysis showed the great influencebafon contenton the grain size and
hardness of the coating. maximum hardness of about 954 Hv was obtained fioanocrystalline Ni

B coating with &oron content of 4.38 at.%, while the amorphiikis Ni-B coating at a boron content

of 18.63 at.% has a lower hardness as compared to thersecrystalline NB coatings The
potentiodynamic polarization measuremesitowed that the NB coatings had higher corrosion
resistance than that of pure nickel coatiBgain size is the main factor affecting corrosion resistance

of the coatingsWear test results show thtite wear resistance of M coatingsis governed by th
microhardness. An increase in the hardness of thB Noating leads to promotion of the wear
resistance.
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1. INTRODUCTION

Surface coatings technology has over the feastyears been widely applied in various sectors,
including electronics, automobiles, aviation, modes, daily necessities, etc. Hard chromium plating, in


http://www.electrochemsci.org/
mailto:khoucloud@gmail.com
mailto:khou@ndu.edu.tw
mailto:jrwang@ctu.edu.tw

Int. J. Electrochem. ScMol. 12, 2017 205¢

particular, has been applied most extensively. Hexavalent chromilff) ¢Gatings, in spite of their
several advantages, such as its high hardness, excellent corrosion resistance and surface smoothne
are hazardous to the human body and environfde8} It is urgent, therefore, to replace hexavalent
chromium coatings. Nickel alloy coatings have longrbeegarded as the best substitute. Traditional
nickel coating is characterized by its corrosion resistance, current efficiency and surface smoothness
However, it is inferior to hard chromium plating in hardness and durability. In response to the call for
better mechanical properties,-bised alloy coatings such as-®Ni Ni-Mo, Ni-W, Ni-Fe and NiCo

have been developed-B}. So far, most alloy coatings have been fabricated by applying wet process
techniques (electroplating and electroless plating), waiehcharacterized by low cost, easy operation

and high deposition rate [115].

Owing to their high hardness, good corrosion resistance, long durability, and suitable solder

ability [16, 17], the NiB alloy coating has been developed in several engimgéglds in recent years.

In addition to work carried out on the preparation ofBNileposits by the electroless mettja8é-20],

Ni-B coating obtained by electrodeposition have been recently repf2te@7]. General speaking,

the properties of the NB coating are affected by the electrodeposition conditibhs.Ni-B coatings

were produced by electroplating from Ni electrolytes in the presence of a reducing agent, such as
dimethylamineborane (DMAB)[21-24], triethylamineborane (TMAB)[22, 25] or sodium
decahydrodecaborate (MBaoH10) [26] which acted as the borne source.

Krishnaveni et al[21] examined the structural characteristics, hardness and wear resistance of
theNbB coatings electrodeposited from a aM¥eetd 6s 1
[22] prepared NiB alloy films by electrodeposition using a conventional Ni plating bath containing
DMAB or TMAB as boron sources. Their results found that the hardness, boron content, and
crystalline structure of electrodeposited-Blifilms were significantly affected by the type of boron
sources and other electrodeposition conditions. It is worth to mention that the electroless deposition of
Ni-B coating will be occurred along with the electrodeposite® dbating when the concentration of
DMAB in the bath is over 3 g/[This observed phenomenon is in agreement with the report by Lépez
et al.[23]. However electroless deposition of NB was not observed in TMAB containing batlang
et al.[24] reported thathe asplated NiB coatings are iierior to hard chrome in hardness, however,
they have higher wear resistance than that of hard chréihdhe literatures mentioned above
believed that the grain size is the main factor determining the hardnes8afddiing. Howevertheir
results of he grain size effect on hardness of the resulting coating are controversial. Ogihara et al. [22]
reported that the Xay amorphous NB alloy films showed high hardness, while highly crystalline
structure showed low hardness. On the other hand, Bekish E6& indicated thatthe highest
hardness was observed for the nanocrystallinB blbating.

In addition to hardness and wear resistance, corrosion resistance is also an important
characteristic in practical application of coatinGsie tothe hydrogerrelease from theeduction of
hydrogen ions during the electrodeposition proggslsls the high internal stress, resulting in the crack
formation on the surfacgl]. It will deteriorate the corrosion propertiKrishnaveni et al. [Z]
compared the corramn resistance of electroplated-Bliand NiB-SisN, composite coatings and
reported that the incorporatiaf SisN4 particles into NiB matrix resulted in marginal improvement in
corrosion resistanceSeveral baths have been used for electrodeposition @ndliNibased alloy
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films. Among themthe use of nickel sulfamate bath allows depositing smootB bbating with a
low intrinsic stress [@]. However, it has been reported thlaé corrosion resistance of 4Bi coating
electrodeposited from sulfamate b at pH of 3.03.5 with DMAB as the boron source was low due
to the presence of crack®3]. With the addition of saccharin into the electrolyte, the cracks were
successfully eliminate[24].

In this study, we aimed at preparing the crlrele Ni-B coatings with different boron contet
from a TMAB containing sulfamate bath at a high pH value Of 6.5. The hydrogen evolution will be
decreased and eliminate the crack formation at high pH, which favored the corrosion resistance. The
effect of depositioncurrent densityon deposition efficiency, surface morphology, grain size and
hardness waslarified. And their influences on the wear propesandcorrosion resistance were also
elucidated.

2. EXPERIMENTAL DETAILS

2.1 Preplating treatment

The NiB alloy coatings were electrodeposited a {oarbon steel sheet (40x30x0.5 mm). The
stainless steel was degreased with a 1 M NaOH solution rat 5 30 s, pickled in a 10%

hydrochloric acid solution for 2.5 min, and cleaned by deionized water prior to electrgpoialNi-B.

2.2 Control of plating bath composition and greatment

Table 1. Composition and operating conditions of the plating bath used to proctBedditings

Bath composition Operating conditions
Ni(SOs.NHy),.4H,0 0.80M Deposition Current desity 1 3 5 10 A/dn?
NiCI,A 6,8 0.15 M Temperature 45
B(OH)3 0.52 M pH 6.5
A-Complexing agent 0.18 M Stirring speed 450 rpm
TMAB 0.06 M Time 120 min

The plating baths and operating conditions used in the electroplating process are listed on Table
1. The mckel sulfamate (Ni(S@NH,)..4H,O) was used as the main salt of the electrplgtekel
chrolide (NiChA 6,8) was used to increase the solution conductivity and boric acid (B®ld}s
utilized to stabilize the solution pH value. TMAB (Trimethylamine Ipejawith a fixed concentration
of 0.06 M was the main source of boron ions in the batboplexing agent was added to enhance
bath stability and control deposition rate. The plating solution was poured iditiea beaker, which
was then stirred by magnetic stirrer (E65122 Mainz) with stirring rate of 450 rpm and heated to
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45 with an infrared heat source. The deposition current density was set at 1, 3, 5 and 10 A/dm

respectively.
2.3 Characterizations analyses and mechanical properties tests

The surface and crossectional morpholags of the NiB coatings werebservedoy scanning
electron microscope (SEM, Jeol model J8BD0). The thickness of the-Bl film was measureat
five randomly chosen locations of each samfsglan the crossectional SE! micrograph The
reportedvalue of thethickness waswveragedThe compositiorof the NiB coating was measured by
an electron probe -Xay micreanalyzer (EPMA, JEOL JX#200). Surface roughness (Ra) of the Ni
B coatings was measured using a surface noegghtester (KOSAKASURFCORDER SE1700). The
roughness measuremefus each sample were carried @ifour different positions with a scan rate of
0.1mm/s and through length 12.5 mm, and the results were averaged. The texture and grain size of th
Ni-B coatings were decided using a RigeRIMT 2000/PC Xray diffractometer. The hardness of the
deposited coatings were determined using a Vi
10 s, and the reported value was tatkee average for 10 measurents.

Corrosion characteristic of the 48i coatings wagested bypotentiodynamic polarization tests
in a3.5 wt.% NaClaqueous solution at room temperatwith a threeelectrode cell system, in which
the NiB coatingwasset as the working electrodeplatinum sheet and saturated calomel electrode
(SCE) were used as the counter and reference electrodes respedivéltl 660 electrochemical
analyzer with computer control was used in the electrochemical experiments.

The wear tests were conducted wahhighfrequency reciprocating wear testing machine
(SENSES). The frictional count pairs were adopting the Joaiidisk type, in which th&\i-B coatings
deposited on the disk surface and ball material i %@ the hardness of 1200 H&ll the tests vere
carried out in the dry sliding conditiaand at ambient temperature 258, relative humidity 55%z5
%. The sliding frictional condition was fixed athormal load of 10 N, stroke of 1 mm, an average
velocity of 0.032m/s, andhe sliding distance vgaaround 57.6 m.

3. RESULTS AND DISCUSSION

3.1 Morphology and compositions of-Blicoatings related to the operating parameters

Dependence of the boron content in the coatings as well as the deposition rate on deposition
current density are shown in Fid. The boron content shows a tendency to decrease with the
deposition current density. Ogihaeand his ceworkers [22] investigated the effect of deposition
current density on the boron content irBlcoating electrodeposited from TMAB containing bati a
reported that the boron contemis remarkably decreased by increasing deposition cutessities,
which is in good agreement with our present result. The decrease of boron content with increasing
deposition current density can be explained by theuamof boron cedeposited with nickel becomes
constant regardless of the applied deposition current density due to the concentration of TMAB is kept
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constant in the bath (0.6 g/L), whereas the amount of nickel increases with increase in deposition
currentdensity [21], and as a result the boron content decreases.
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Figure 1. Effect of thedeposition current density orosition ratend boron content in NB coating.

The minimum boron content, about 1.85 at.%, was obtained at the deposition cursdgtaten
10 A/dnf and maximumboron contentof about18.63 at.%was obtained at deposition current
densityof 1 A/dm?. Since the boron content is low in the-Blideposits, it suggests that the deposition
rate is mainly governed by the reduction rate okei ions.

Hence, the deposition rate of-Rialloy coatings increases with the deposition current density,
as also shown in Fig. 1. Fig. 2 shows surface morphology @8 Boatings obtained at different
deposition current densities. It shows from Figh& the all deposits are crack free and exhibit nodular
morphology regardless of the deposition current density at which they were deposited. Fig. 3 displays
the averagedurfaceroughnes®f the Ni-B coatings as a function of deposition current denHityan
be seen fromFig. 3 thatthe roughnes®of Ni-B coating dereases with the deposition current density
rise.
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Figure 2. Surface morphology of NB coatings electrodeposited at differenrrentdensities:(a) 1,
(b) 3, (c) 5, and (d}0 A/dm?,
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Figure 3. The relationship betweesurface roughnessmddeposition current densitf Ni-B coatings.
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The roughess of eletrodeposited NB decreased slightly from
deposition current density rose from 1 to 10 Afdithe results of deposition current density effect on
surface roughness at different studies withedéht baths and deposition conditionsre distinct.
AbdelKarim et al.[29] has investigated the effect of deposition current density effect on surface
roughness of NMo composite coating, their results showed that increasing deposition current density
increased the surface roughneksng and Hwang[30], in this regard, reported that the surface
roughness of electrodepositedWi coatings decreased as the deposition current density increased.

3.2 Analysis of grain size and micro construction

Table 2. The properties andocrosion parameterof pure Ni and NB coatings electrodeposited at
different deposition current densities

Deposition Coatings properties Polarization data
mpl rren
Scilsgse ggnseit; roSuugTwarllceess Hardness cBocr)1rt%rr]1t |°°”2 Ba Be Rp
(Adm)  Ra( & m (Hv) (at%) (Alcm®)  mV)  (mV) ( q&n
1 0.5912 802 18.63 5.84x10° 103.43 133.46 4,338
Ni-B 3 0.5784 939 7.84 6.13x10° 155.21 105.12 44,545
5 0.54466 954 4.38 3.22x10°  73.02 79.48 51,349
10 0.5120 927 1.85 4.15x10° 75.65 57.82 34,310
Pure Ni 5 0.3559 245 Full 1.43x10° 123.14 298.05 2,640

Table2 compares the characteristics suctbason content, surface roughness, micro hardness
and corrosion current density of the-Blicoatings electrodeposited at different deposition current
densities. Althouglit was reported thahe hardness of NB coating electrodeposited from a TMAB
Watt bathincreased linearly until 3 at.% of boron content and the hardness was stable&&0780
when boron content was higher than 3 at.% [22]. However, it can be dearyfrom Tabl@ that the
hardness of electrodepositedi Ri coating is 802 Hv at 18.63 at.% boron. As the boron content
decreases to 4.38 at.%, the hardness of electrodepositBdcdbiting increases to 954 Hv. When the
boron content further reduces t@3.at.%, however, the hardness decreases slightly to 927 Hv. Both
results suggested that the variation of hardness is not directly related to boron content in the coatings
The effect of other factors such as microstructure and grain size on the harboekbs Il
investigated.

The structures of the NB deposits were characterized byray diffraction (XRD) in this
research. The XRD patterns of theBlcoatings are displayed in Fig. 4. It can be clearly observed that
the microstructure of NB coating isdependent on the boron content. Two diffraction peaks located at
45° and 52° were detected for-Ricoding with boron content of 1.8&t%, which were assigned as
the Ni (1 1 1) and Ni (2 2 2) flection planes. Due to no peak corresponding to B @8 iWas seen, it
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implies that boron atoms are finely deposited in the crystalline lattice of Ni. Similar results were
reported by Ogihara et al. [22] and Lépez et al. [23], respectively. The width at half height of
diffraction line assigned to Ni (1 1 1) inases and its intensity decreases with increasing boron

content, which might be attributed to a decrease in the nickel crystallite size caused by the co

deposition of the boron. It indicates that the structure of th& Noating changes from crystal stéde
amorphoudike.

a) NiB - 1 A/dm’
b) NiB - 3 A/dm’
c) NiB - 5 A/dm’
d) NiB -10 A/dm’
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Figure 4. XRD patterns of the NB coatings deposited at different deposition current densities, and
the resultant NB coatings having different boron contents: (a) 1 Afd#8.63 at.%, (b) 3
Aldm? 7.84 at.%, (c) 5 A/df 4.38 at%, and (d) 10 A/drf) 1.85 at.%.
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Figure 5. Depositioncurrent densityeffects on the grain sizand boron conterdf Ni-B alloy coating
electrodeposited.

On the other hand, the peak assigned to Ni (2 2 2) disappears with the boron content-in the Ni
B coating increasing boron content from 1.85 to 4.8%.afhe grain size of the NB coatings was
calculated from the width of the Ni (111) peak observed in thiayXdiffractograms using Scherrer's
equation. The variation of grain size with boron contemtNi-B coating is displayed in Fig. 5. It
shows that the grain size of Ni reduces with increasing boron content in-Biedditings. The NB
coating electrodeposited atAldm? having the highest boron contel$.63at% exhibits the finest
grain size aapproximately 1.8 nm, which is very close to amorpHikes This result is consistent
with that reported by Onoda et all]JXhatthe deposition current density will affect boron content in
Ni-B coating, a decrease in the deposition current densig-déposited boron induces the formation
of more amorphous structure.

3.4 Evaluation of corrosion resistance

Figure 6. Polarization curves of Ni and NB coatings that obtained with scan rate0d mvs?! in
3.5% aqueous NaCl solutioNii B coatingswith different boron contentga) 18.63at.% (b)
7.84 at.%(c) 4.38 at.%(d) 1.85at.%, ande) Ni coating

The polarization curves obtained for the pure Ni coating ar8 dbatings related to the boron
contents in coatings are shown in FigT6e values of electrochemical corrosion parameters, such as
corrosion current densityc(k) and polarization resistance Ryre also show in Tabl2 in which are
derived from the polarization curvédlowing the method described in R¢B2]. In contrast with the
pure Ni coating, the polarization curves of allBlicoatings exhibit the formation of a passive film on
the surface of specimen in the beginning of corrosion process. The corrosion current dexsdly (I
these NiB coatings is at least one order of magnitude lower than that of pure Ni coating. Moreover,



