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ARTICLE INFO ABSTRACT

Keywords: Amorphous materials have unique physical properties but have limited practical use due to their low ductility
AmorP'hOus'nanocrys'falline and thermal instability. A quaternary NisgCo3Mog2Bos amorphous-nanocrystalline plating was prepared by
Corrosion electrodeposition to obtain good hardness, corrosion resistance, and thermal stability. Multiple electrolyte baths
Efccrt;f’}?:g:;?:n with boric acid concentration ranging from 0.3 M to 0.8 M were investigated to study the co-deposition pattern of
Ni-alloy molybdenum (Mo) and boron (B) with iron-group elements. Experimentations suggest that an array of binary,
Recrystallization ternary, and quaternary alloys can be fabricated by adjusting boric acid concentration in an electrolyte bath.

Energy Dispersive X-ray Spectroscopy (EDS) analysis shows that co-deposition of Mo requires sluggish mass
transport of iron group element nickel (Ni) and cobalt (Co) and high boric acid concentration retards Mo
deposition entirely. X-ray diffraction (XRD) patterns were examined to identify the formation of amorphous-
nanocrystalline film deposition. An average hardness for quaternary Ni-Co-Mo-B deposit samples was
measured between the range of 380 HV- 450 HV, and the hardness increases with increased B content. Elec-
trochemical corrosion tests reveal that the addition of Mo in quaternary Ni-Co-Mo-B increases corrosion per-
formance in saline environments but reduces corrosion performance in acidic environments over Ni-Co-B
amorphous alloy. Differential scanning calorimetry (DSC) scan shows that prepared amorphous-nanocrystalline
material has thermal stability up to 346 °C without undergoing phase change.

resistance, soft and hard magnetic properties, catalytic properties) if
their limitations are mitigated [5,6].

1. Introduction

Amorphous metals or metallic glasses also known as undercooled
liquids are generally prepared by rapid quenching of metal melts [1].
Amorphous metals are characterized by their inherent lack of crystal
structure, translational periodicity, and crystalline symmetry. These
characteristics give them mechanical and physical properties like high
hardness, brittleness, and good corrosion resistance [2]. One major
drawback of amorphous metals is poor thermal stability, which is
observed when the metal undergoes repeated heat treatment resulting in
reversible and irreversible changes in their crystalline phases [3]. Two
boundary conditions for amorphous phase formation were found: (I)
free energy difference between amorphous phase and its counterpart
crystalline phase should be negative or small; (II) rate of amorphous
phase formation should be higher than its counterpart crystalline phase
[4]. The unique characteristics of metallic glass make them attractive for
applications requiring specific functional properties (corrosion

In the past few decades, several techniques such as mechanical
alloying, conventional casting, spray deposition, electrodeposition,
electroless deposition, vapor deposition, and precipitation, reduction
have been developed for preparation of amorphous metals [4]. Fabri-
cation of amorphous metals by electrodeposition techniques offers a
wide selection of elements and superior control over the process pa-
rameters. Nickel-boron (Ni—B), cobalt-boron (Co—B), nickel-
phosphorous (Ni—P), nickel-cobalt-boron (Ni-Co-B), iron-phosphorous
(Fe—P), nickel-tungsten (Ni—W) are some of the most studied amor-
phous alloys. These studies reveal that non-metallic alloying elements
like boron (B), phosphorous (P), carbon (C), and nitrogen (N) control
crystallinity of the final product based on their composition [7,8].
Studies reported that Ni with <11 at.% B alloys exhibits crystalline
structures; Ni-11 at.% B alloys contain nanocrystalline grains ranging
from 1 to 3 nm; Ni-20 at.% B alloys exhibit fully amorphous structures
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[9,10]. Studies show that Ni—Co based amorphous alloy can have good
soft magnetic properties, which can have application in magnetic am-
plifiers, magnetic cores, transformers and make them a great candidate
for MEMS devices and sensors [11,12]. Furthermore, amorphous/
nanocrystalline materials are suitable candidates for hydrogen storage
and catalytic application like petrochemical reaction, environmental
remediation, and energy conservation [13,14].

Fabrication of amorphous alloys using electrochemical techniques
involve co-deposition of a metalloid or non-metallic species (such as B,
or P) with some metallic species (such as Ni, Co, or Fe). Commonly
studied metalloid species like B and P have smaller atomic size than the
metallic species such as Ni, Co, or Fe. It could be possible that the atomic
size mismatch between two classes of element is the dominant factor
that results in the formation of amorphous alloys. On the other hand,
smaller quantities of these metalloid species are often used in crystalline
alloys such as steel, nickel-based alloys produced in metallurgical
methods, as a mean of solid solution strengthening in which they prefer
to take interstitial position [15]. One explanation to relate these con-
tradictions is that co-deposition of metalloid species in larger quantities
forms products with highly disoriented crystals, which would explain
the crystallization of amorphous alloy after hear treatment [3].

Ni—B amorphous alloys prepared by electrodeposition can have a
variety of functional properties depending on the boron content. For
example, low boron content (about 4 at.%) have higher corrosion
resistance, which decreases as the boron content increases. At the same
time, higher microhardness and wear resistance are observed with Ni—B
alloy with higher boron content, suggesting an obvious tradeoff between
hardness and corrosion resistance relating to boron content [9]. On the
other hand, thermal stability of Ni—B alloy increases with higher Boron
content, delaying the irreversible crystallization process [16]. Studies
have reported that Ni—B amorphous nanoparticles of 5 nm size are air
stable while retaining their physical properties as well as their magnetic
properties [17]. Ternary Ni-Co-B amorphous alloys show a different
trend in microhardness and corrosion resistant properties. Studies report
that increased boron content in ternary Ni-Co-B amorphous alloys
significantly improves mechanical properties (20 at.% B and 10 at.% Co)
while improving corrosion properties due to formation of a passive
nickel cobalt hydroxide film [18]. Another study on Ternary Ni-Co-P
amorphous alloys reveal that the presence of cobalt in Ni-Co-P alloys
improves the corrosion resistance in NaCl medium [19]. This study aims
to explore the formation of Ni-Co-Mo-B alloys to investigate the multi-
functionality of amorphous materials as the presence of Mo as an
alloying element is known to improve corrosion performance by for-
mation of similar passive films [20-22].

Non-conventional techniques like electrochemical additive
manufacturing (ECAM) or additive electrochemical micro-
manufacturing (micro-AECM) utilized the principle of localizing elec-
trodeposition to fabricate parts of complex geometry [23-25]. These
techniques often rely on boric acid (H3BOg) as a buffer to maintain the
pH of the electrochemical environment and to speed up the deposition
process. However, H3BOj3 can also act as a source of boron which would
co-deposit with metallic species under certain electrochemical condi-
tions [26]. Such unwanted co-deposition could reduce the ductility of
the manufactured parts. Therefore, the co-deposition behavior of Boron
must be understood to prevent deposition of unwanted amorphous
phase that could promote brittleness when fabricating structural parts.
At the same time, some metallic species like Mo cannot be deposited on
their own, which are co-deposited with species like Ni, Co, Fe etc. [23].
Therefore, it is also necessary to study their deposition behavior in the
presence of H3BOs.

Amorphous materials are inherently brittle, which limits their usage
in structural application. Conversely, engineering amorphous-
nanocrystalline materials can result in materials with a combination of
unique properties that can be very attractive for functional application
such as environmental corrosion protection. For example, nanocrystal-
line metals can show enhanced mechanical properties based on Hall-
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Table 1
List of electrodeposition bath ingredients and operating conditions.

Baseline Concentrations

NaCl (Accelerating Agent) 0.1 M

H,SO4 (Bath control Agent) 0.01M
NiSO4.6H,0 (aqueous solution) 0.5 M
C0S04.7H,0 (aqueous solution) 0.1 M
NayMo04.2H,0 (aqueous solution) 0.025 M
H3BO3 0-0.8 M
Operating Conditions

Temperature 298 K
Deposition duration 1200 s
Current density 1-20 mA/cm?

Table 2
Experiment design of electrodeposition condition and bath concentration (B.A.
stands for boric acid, H3BO3).

Bath  Current Density 1 mA/ 5 mA/ 10 mA/ 20 mA/
Baseline concentration cm? cm? cm? cm?

1 [Ni], [Co], [Mo], NacCl, 0.3 M B. 0.3 M B. 0.3 M B. 0.3 M B.
H,S04 A A A A

2 [Ni], [Co], [Mo], NaCl, 0.4 M B. 0.4 M B. 0.4 M B. 0.4 M B.
H,S04 A. A. A. A.

3 [Ni], [Co], [Mo], NacCl, 0.5 M B. 0.5M B. 0.5 M B. 0.5 M B.
H,S04 A. A. A. A.

4 [Ni], [Co], [Mo], NaCl, 0.8 M B. 0.8 M B. 0.8 M B. 0.8 M B.
HyS0,4 A A A A

5 [Ni], [Col, [Mo], NaCl, N/A N/A 0.0 M B. N/A
H,S04 A.

6 [Ni], [Co], NaCl, H>SO4 N/A N/A 0.0 M B. N/A

A.

Petch relationships, which states that reduction in grain size results in
stronger material [27]. However, after reaching a critical threshold
value, further reduction in grain size weakens the material [28]. Addi-
tive manufacturing techniques such as ECAM or micro-AECM that has
the capabilities to form amorphous alloys can be used reinforce crys-
talline alloys (cores that provide ductility) with amorphous-
nanocrystalline alloys as coating providing hardness and superior
corrosion resistance. Electrodeposition based techniques has a high
degree of control in manipulating the dissolution and deposition envi-
ronment, has the potential to offer a diverse array of amorphous-
nanocrystalline alloys.

Electrodeposition of multiple elements can be complicated and un-
predictable compared to conventional metallurgical methods (i.e.,
melting-solidification). Each element has their own deposition rate that
can vary depending on the electrochemical environment such as pH,
temperature, applied potential, presence of other depositing species,
electrode material, interelectrode gap and much more [29-31]. Studies
reported that Ni-based surface nanocrystals in steel substrate can
improve corrosion resistant properties by forming passive layer then
crystalline counterparts [32]. Ni and Co surface alloying has also been
proven to improve galvanic corrosion resistance at high temperature
[33,34]. The presence of Mo in an alloy can increase the corrosion
resistance as Mo can form passive oxide film in the outer surface which
can resist corrosion against Cl~ ion adsorption in saline environment
[20-22]. Therefore, investigating the co-deposition behavior of B and
Mo is required to fabricate amorphous-nanocrystalline alloys with high
corrosion resistance and high hardness. Thus, this study aims to fabri-
cate Ni-Co-Mo-B amorphous-nanocrystalline alloys and characterize
their physical and functional properties.

2. Materials and methods

A sulphate-chloride electrolyte bath was prepared, and the chemical
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content is listed in Table 1. Chemical supporting agent such as Sodium
chloride (NaCl) and sulfuric acid (H,SO4) were included in the bath to
improve the deposition rate and the conductivity respectively. Sources
of metallic elements consist of nickel sulphide hexahydrate
(NiSO4.6H50), cobalt sulphate heptahydrate (CoSO4.7H20) and Sodium
molybdate dihydrate (NazMo0O4.2H50). Boric acid (H3BO3) was added
as a source of boron and as a buffer to maintain pH of bath and to
improve deposition speed. Supporting bath mixture was prepared prior
to addition of alloying element sources. Six electrodeposition baths were
prepared as listed in Table 2 along with applied current density condi-
tions. Bath 1-4 is targeted to investigate formation of amorphous-
nanocrystalline materials and bath 5-6 were prepared for formation of
Ni-Co-Mo alloy and Ni—Co alloy respectively.

An in-house build electrode setup (shown in Fig. 1) was used to
perform electrochemical deposition. Copper sheets were used as sub-
strate in each experiment, while a set of three parallel 0.25 mm plati-
num-iridium wire tools were used as anode. The interelectrode gap was
5 mm, which was kept constant for every trial. Electrodeposition was
performed on galvanostatic mode using at constant current densities for
each experiment for 20 min. Multiple deposition was performed with
current densities ranging from 1 to 20 mA/cm? for each discrete solu-
tion. The weight of the substrate before and after the deposition was
measured accurately with a resolution of 0.1 mg for calculation of
deposition layer thickness and growth rate.

The composition analysis was done by energy dispersive x-ray
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Fig. 2. Elemental composition (at.%) vs. current density deposited at (a) 0.3 M H3BO3 solution (b) 0.4 M H3BO3 solution (¢) 0.5 M H3BO3 solution (d) 0.8 M
H3BO3 solution.
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Fig. 3. Micrograph of deposit at 0.5 M boric acid at 10 mA/cm? and the location of EDS points.

spectroscopy (EDS) in a SCIOS dual beam scanning electron microscope
(SEM) equipped with Octane Elite EDS detector. The presence of ele-
ments in the deposition was determined by analyzing EDS spectra, while
quantitatively taking them into consideration. The differential scanning
calorimetry (DSC) test was conducted on DSC D2500 (TA Instruments)
with a temperature range of —90 °C to 550 °C. Surface morphology of
the deposited alloys was examined by SEM and the crystal structure
analyzed by Rigaku Smartlab XRD equipped with copper x-ray source
(wavelength = 1.54056 ;\). The hardness of the electrodeposited sam-
ples was measured by Wilson VH1202 micro hardness tester. Vickers
indenter tool was used with a 10 g-force load to make indentation on
sample surface.

3. Results and discussion
3.1. Electrodeposition results

The effects of the current density on the alloy composition are pre-
sented in Fig. 2. It was observed that an array of binary, ternary and
quaternary alloys were formed, including Ni—Co, Ni-Co-B, Ni-Co-Mo
and Ni-Co-Mo-B alloys. Bath 1 (0.3 M boric acid solution) is unable to
deposit B. This suggests that 0.3 M H3BOj is an insufficient quantity for B
deposition. Bath 1 is however capable of depositing Ni-Co-Mo alloy with
1 mA/cm? current density. Mo is known to deposit at the presence of
iron group elements, which is known as induced co-deposition [35]. It
was observed that higher current densities in bath 1 is unable to deposit
Mo. The experimental results suggest at exceptionally low current
density, transportation of cation is slow enabling Mo to co-deposit with
Ni and Co. Although source of boron was present in the bath 1, the
concentration of H3BOj3 is not strong enough to simultaneously co-

Composition of elements in micrograph

Composition of elements (at%)

Point1 Point2 Point3

50
40
30
20 o I I
I I
10 ! 1
g L

Point4 Point 5

Point 6 Point7 Point8 Point9

Points on corresponding micrograph

ENi mCo =B

Fig. 4. Composition analysis at 0.5 M boric acid at 10 mA/cm?
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Volume growth rate vs. current density
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Fig. 5. (a) Film growth rate vs. Boric acid concentration (b) volume growth rate vs. Boric acid concentration.
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Fig. 6. Surface morphology of (a) 0.3 M H3BOs solution-1 mA/cm? current density (b) 0.4 M H3BOj3 solution-5 mA/cm? current density (c) 0.3 M H3BOs solution-10
mA/cm? current density (d) 0.5 M H3BOs solution-20 mA/cm? current density.

deposit B and Mo; suggesting it is only acting as a buffer for the elec-
trochemical environment.

Fig. 2(b) shows that bath 2 (0.4 M boric acid solution) is capable of
fabricating quaternary Ni-Co-Mo-B alloy. No robust trend was identified
within the range of studied parameters. An initial increase in current
density (from 1 to 10 mA/cm?) increases Ni and Co composition. The
iron group elements (Ni and Co) promote Mo deposition in low current
density (5 mA/cmz), because Mo co-deposition in the studied baths
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requires sluggish deposition rate, which was also observed in bath 1. At
higher current density, B deposition is promoted, indicating, Ni has a
higher tendency to co-deposit B compared to Co.

Bath 3 and 4 has sufficient boric acid for steady B co-deposition with
Ni and Co metals. Bath 3 and 4 are unable to deposit Mo, suggesting that
Mo co-deposition requires sluggish mass transport of Ni and Co. This
observation agrees with the Mo co-deposition patterns in bath 1 and 2.
High concentration of boric acid promotes B deposition while retarding
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Table 3
Micro-hardness test results.
Bath and operating Alloy Deposition layer Average
condition thickness (pm) hardness
0.4 M Solution-1 NigeCo1Mo42B11 6.45 HV385.88
mA/cm2
0.4 M Solution-5 NisgCo3Mo022B2g 8.11 HV447.93
mA/cm2
0.4 M Solution-10 Nis;Co28Mo017B4 11.57 HV378.43
mA/cm2

Mo deposition. Therefore, it can be perceived that Mo can alloy with Ni
and Co at 0.4 M concentration of boric acid while simultaneously co-
depositing with B.

3.2. SEM and EDS results

It is important to understand how the element of deposition is
distributed within the composition to justify the accuracy of data in
Fig. 2. Thus, one deposition condition was randomly selected and pre-
pared to perform multiple composition measurements. Fig. 3 shows a
micrograph of Ni-Co-B alloy (prepared using bath 3, 0.5 M Boric acid
solution at 10 mA/cm? current density) with 9 points for EDS mea-
surements, each separated by 30 um gaps. It was noticed from Fig. 4 that
composition variation was insignificant. It was observed that at point 3
and 4 at.% of B had bigger error margin than initial observation. This
observation can imply that using multiple small anodes does not disrupt
the deposition quality compared to anodes with large surface area.

Fig. 5(a) shows the effects of boric acid concentration on the alloy
film growth rate. It is apparent that the rate of film growth rate increases
with increasing current density agreeing with Faraday’s law. However, a
significant reduction in film growth rate was observed at 0.8 M H3BO3
solution at 20 mA/cm? applied current density. This is because higher
current density resulted in high hydrogen evolution, which is a
phenomenal where hydrogen ions (H") in aqueous solution generate
hydrogen gas (Hy), reducing Faradaic current efficiency. Fig. 5(b) shows
that for tested samples, increasing boric acid concentration results in an
increase in volume growth rate. However, increasing the H3BO3 con-
centration from 0.3 M to 0.4 M elevates the volume growth curve to a
higher level. This is because, at 0.4 M H3BO3 solution all 4 elements
were deposited simultaneously, resulting in a higher Faradaic efficiency
and higher volume growth rate.

()

jk NiCo at 1OmA/<:m2
AN
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Fig. 6 shows SEM images of the surface features observed in several
types of alloys, (a) Ni-Co-Mo (b) Ni-Co-Mo-B (c) Ni—Mo and (d) Ni-Co-
B. Ni-Co-Mo-B and Ni—Mo alloy have brittle fractures, which are pre-
sent throughout the coating. Amorphous materials such as Ni-Co-Mo-B
lack periodic repeating crystal structure. As movement of dislocation
is a signification source of plastic deformation, lack of long-range peri-
odic structures in amorphous metals significantly obstructs dislocation
movements are making them brittle. The film deposited at 1 mA/cm?
current density seems to have incomplete coverage on substrate surface,
which could be justified by its low film growth rate among the tested
samples. Also, it is observed that higher current density provides a better
surface finish seen at Ni-Co-B micrograph.

3.3. Characterization results

Average hardness values are shown in Table 3. It is to be noted that
0.4 M solution-20 mA/cm? sample was not characterized by hardness
tester because of its brittleness and low adhesion to substrate. It can be
observed that increase in boron content increases the Vicker micro-
hardness value of quaternary Ni-Co-Mo-B alloy. The X-ray diffraction
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Corrosion test at 0.5M H,SO, solution
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Fig. 9. Tafel polarization (E-logl) plots a) at 5 % NaCl solution b) at 0.5 M H,SO, solution.

patterns for samples with various stoichiometry are shown in Fig. 7(a).
The XRD pattern of the copper substrate was considered as reference for
comparing the crystalline peaks. It can be observed that Ni-Co-Mo-B and
Ni-Co-B alloys show sharp crystalline peaks located at approximately
42°, 50° and 72° which are in fact peaks diffracted by copper substrate
and not the alloys themselves. These peaks are being generated by FCC
copper substrate for (111), (200) and (220) crystal plane, respectively.
The broader amorphous-nanocrystalline peaks can be observed after
isolating the sharp crystalline peak of the substrate in Fig. 7(b). These
low intensity peaks have a width of 3° (from 37° to 40°). Whereas
Ni—Co alloy, which was prepared at the absence of boric acid, does not
show wide amorphous peaks. It can be concluded that the absence of
sharp and defined peaks throughout the scan of deposits Ni-Co-Mo-B
alloys and Ni-Co-B alloy can be defined as amorphous-nanocrystalline
materials, while Ni—Co alloy is crystalline.

Fig. 8 shows the DSC scan which was conducted to measure heat flow
difference between sample and reference, keeping rate of change of
temperature constant such that,

d—H sample — d—H reference
at ) SamP at

The heating rate was kept at 10 °C/min while scanning from 35 °C to
550 °C. The sample pan contained copper foil substrate, and a deposition
of Ni-Co-Mo-B alloy prepared at 10 mA/cm? and the reference pan
contained only copper foil substrate without any deposit. An exothermic
process will release heat which is represented in the upper half of the
plot. In any crystallization process material will move towards a lower
energy state which releases heat energy. The crystallization process
observed during the scan starts at an onset temperature of 346 °C. This
suggests that the amorphous phase of Ni-Co-Mo-B alloy went through an
irreversible recrystallization process.

AdH

o = (€)]

3.4. Potentiodynamic polarization results

Fig. 9 shows the potentiodynamic polarization plots of amorphous-
nanocrystalline alloys and crystalline alloys in 5 % NaCl solution and
0.5 M HySO4 solution. The potentiodynamic polarization scan was
conducted using an Ag/AgCl reference electrode and Platinum counter
electrode in both solutions. The scan was performed from —1 to +1.5V
vs Vief with a sweep speed of 0.25 mV/s. Electrochemical corrosion rate
measurements and mass loss rate measurements are performed in terms
of corrosion current density based on Faraday’s law. Standardized test

1875

Table 4
Corrosion properties of amorphous-nanocrystalline and counterpart crystalline
alloys.

Alloy Solution Corrosion Potential, Corrosion current density
Ecorr (mV) Leorr (MA)
Ni-Co- 5 % NaCl —253.7 1.84
Mo-B
Ni-Co-B 5 % NaCl -176.2 3.58
Ni-Co- 5 % NaCl -171.4 1.03
Mo
Ni-Co 5 % NaCl —-179.2 1.22
Ni-Co- 0.5M —18.35 7.39
Mo-B H,S04
Ni-Co-B 0.5M —220.2 2.83
H,S04
Ni-Co- 0.5M 14.91 19.77
Mo H,S04
Ni-Co 0.5M —339.4 12.78
H,S04

methods such as ASTM G-102 provides corrosion rate measurement
equations and constants for repeatable calculation as shown in Egs. (2)-
4.

I corr

Corrosion rate (mm/year) = 3.27 x 1073 x x EW

@

Mass loss rate (gm/m*day) = 0.8953 x L, x EW 3)
where, .o is the corrosion current density, p is the density of the alloy
and EW is the equivalent weight defined as.

>

where Wj, nj, F; are the atomic weight, valence, and mass fraction of the
alloy, respectively. The corrosion current density and corrosion poten-
tial are extracted from polarization plots by identifying convergence
point of anodic and cathodic slope. However, measuring the equivalent
weight for elements having multiple valencies can be problematic and
unreliable, hence measuring the corrosion rate is also unreliable. On the
other hand, fair comparison can be conducted for materials having
similar elements fabricated from similar electrolyte baths as their
equivalent weight would be similar. Therefore, materials having lower

Wi
TliF i

Equivalent weight (gm) “@
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corrosion current density will lower corrosion rate and higher corrosion
performance based on Egs. (2)-(3).

It can be observed from Table 4 that for 5 % NaCl solution, quater-
nary Ni-Co-Mo-B alloy had lower corrosion current density than ternary
Ni-Co-B alloy and ternary Ni-Co-Mo have lower corrosion current than
binary Ni—Co alloy. The results clearly suggest that addition of Mo in
amorphous-nanocrystalline alloys improve corrosion performance. This
is because Mo is known to form passivation films in Cl~ environment,
which retards further corrosion [20-22]. On the other hand, in acidic
environment quaternary Ni-Co-Mo-B alloy had Higher corrosion current
density than ternary Ni-Co-B. This is because Mo does not form passiv-
ation film in SOz2 ion. In this situation, Ni and Co tends to form their
hydroxide films with retards corrosion process [18]. The results suggests
that amorphous-nanocrystalline alloys have better corrosion perfor-
mance in saline environment and poor corrosion performance in acidic
environment than their crystalline counterpart.

4. Conclusion

The study on electrodeposition of Ni-Co-Mo-B amorphous-nano-
crystalline alloy was conducted with boric acid in galvanostatic mode.
The results showed that electroplating parameters such as current den-
sity and boric acid concentration have a considerable influence on the
formation of different alloys with compositional variations. The co-
deposition of Mo and B takes place in 0.4 M H3BOgs solution along
with iron group element Ni and Co. Lowering the H3BO3 concentration
does not result in co-deposition of B and raising the concentration of
H3BO3 does not result in the co-deposition of Mo. The optimum
composition of the quaternary alloy is NiggCosMog2Bge alloy. The
hardness of the quaternary alloy depends on boron content, increase of B
leads to an increase of Vicker’s microhardness ranging from 380 to 450
HV. The absence of sharp and defined peaks in the Ni-Co-Mo-B and Ni-
Co-B alloy deposits suggests that they are amorphous-nanocrystalline
materials while Ni—Co alloy is crystalline. The Presence of Mo was
found to improve the corrosion resistance of the Ni-based alloy in a
saline environment but reduces corrosion resistance in an acidic envi-
ronment compared to its crystalline counterpart due to the formation of
a passive oxide film on the outer surface. The prepared quaternary
materials have thermal stability up to 346 °C.
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