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Preparation, corrosion, and wear resistance of Ni-Mo/Al composite coating reinforced with

Al particles

R. Mousavi®*, M. E. Bahrololoom?, F. Deflorian”
? Department of Materials Science and Engineering, Shiraz University, Shiraz, Iran.
b Department of Industrial Engineering, University of Trento, via Sommarive 9, Trento, Italy.
Abstract

In this research, Ni-Mo/Al composite coatings were deposited from a citrate bath containing Al
metallic particles. The impact of Al particle content in the bath on the microstructure, texture,
thickness, current efficiency, wear and corrosion behaviors of Ni-Mo/Al coatings was surveyed.
The [200] preferred orientation developed slowly to the [111] orientation with increasing Al
loadings in the bath. The results showed that electroplating at 40°C and citrate ion concentration
of 0.15M had the highest current efficiency and produced a dense coating free of cracks. Because
of the presence of Mo, the morphology of the matrix changed from a regular pyramidal structure
for Ni-Al composite coatings to cauliflower for Ni-Mo/Al composite coatings. The wear
resistance of coatings decreased due to the increase of Al content in the coating. The polarization
tests indicated that the corrosion resistance of the Ni-Mo/Al composite coating was enhanced by
adding Al metal particles. This was due to the increase of Al content and decrease of the grain

size of the coatings.
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1. Introduction

Electrodeposotion of the nickel and its alloys have excellent wear and corrosion resistance [1-3].

Electrodeposition is an easy, cheap, and low temperature process for preparation of coatings [4,
5]. Composite electrodeposition may be done from a plating solution in which micron- or
submicron-sized particles are suspended; Faradaic and electrophoretic mechanisms move
variable amounts of these particles to the cathode and then they are embedded in the composite

electrodeposit [6].

Many researchers have reported that adding fine solid particles to the nickel electrodeposit
enhances the mechanical properties of coatings and many reviews of this technology are
available [6-10]. Examples of included particles are (Al,O3 [11, 12], CeO, [13], SiC [14]),
tribological characteristics (Al,O3 [11, 12], SiC [14, 15], SisN4 [16]). Corrosion resistance
(Al,05 [11, 17, 18], CeO, [13, 19], SiC [18], Al [20]) and oxidation resistance (Al [20-25]) have
been studied. In addition to increase corrosion and oxidation resistances by adding Al metal
powder to the nickel matrix, as mentioned above, aluminum can also increase the adhesion

between the coating and substrate [21].

According to the results reported by Susan et al. [26], the presence of Al metallic particles leads
to grain refining. They showed that contrary to non-metallic particles, Al metallic particles can

act as nuclei and hinder the grain growth.

Like other operating parameters such as pH, current density, and stirring rate, the amount of
particles in the bath affects the amount of embedded particles in the coatings. Bostani et al. and
Ramesh Bapu et al. have reported that there is a critical amount of particle after which the

amount of deposited particles decreases by increasing the amount of particles in the solution [27,



28]. This characteristic has been observed in different electrodeposited composite coatings and
reported by several researchers [21, 29-33]. Therefore, the particle loading in the bath can induce

different microstructures and properties of the coatings.

Most of the mentioned references have used pure nickel as the matrix. To the authors’
knowledge, Ni-Co/Al and Ni-Cu/Al composite coatings were reported by references [20, 34, 35]
in which Al metal powder was deposited in the Ni-based alloy matrix. The advantage of
choosing Ni-Mo matrix is that alloys containing molybdenum have higher hardness, thermal and
corrosion resistance [3, 36]. A mixture of Ni, Mo and Al powders is also known as self-bonding
composite powders which are usually sprayed by plasma or by flame [37]. It is claimed that
these types of coatings have high bonding strength and excellent resistance to wear and thermal
shock [38, 39], and creep [40]. It has been shown that adding Al element to the Ni-Mo alloys
increases sulfidation resistance at high temperatures. The sulfidation rate of this alloy has been

attributed to the combined presence of both Al,S and AlyssM02S4 [41, 42].

This study has been undertaken to obtain Ni—-Mo coatings, containing Al particle as
additional metallic component from acidic pH using a citrate solution bath. After finding a
proper bath temperature and composition with high current efficiency, Ni-Mo/Al composite
coatings were electrodeposited from an electrolyte containing different loadings of Al particles.
Then, the effect of Al loading in the bath on the microstructure and properties of Ni-Mo/Al

composite coatings was investigated.



2. Materials and methods

2.1 Composition of electrolytes and plating parameters

All chemical materials mentioned in Table 1 were obtained from Sigma-Aldrich unless

otherwise noted. Different solutions were prepared from analytical grade purity chemicals

dissolved in distilled water. The pH of solutions was adjusted at 4 by adding NaOH and H,SO,.

Electrodeposition was carried out galvanostatically at a constant current density (30 mA/cm?) for

all trials. Planning of the experiments can be seen in Table 2. The electrodeposition was carried

out for 2 hours.

Table 1 Chemical and operating parameters and their values

Parameter Levels
Trisodium Citrate (M) 0.15,0.3
Temperature (°C) 25, 40, 50, 60
Nickel Sulphate (M) 0.5
Sodium Molybdate (M) 0.01

Al Content (g/l) 1,5, 10, 25
CTAB (g/l) 0.3
SDS (g/l) 0.5
Stirring Rate (rpm) 500

pH 4

Table 2 Design of experiments for determining proper bath
temperature and composition

. Citrate ion 0
Trials concentration (M) Temperature ("C)
1 0.15 25
2 0.15 40
3 0.15 50
4 0.3 25
5 0.3 40
6 0.3 50

The morphology of Al powder is shown in Figure 1. It is seen that the average size of Al

powders is about 1pum.
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Figure 1 SEM image of Al powder used in this study.

2.2 Preparation of Substrate

Q-panels of carbon steel (SAE 1008/1010; 0.13 max C, 0.25-0.60 Mn) with dimentions
of 4 cm* 1.5 cm were used as substrates or working electrodes. Before each deposition, the
working electrode was polished with emery paper up to 1200 grade. After mechanical polishing,
the substrate was electropolished in 95 vol.% acetic acid + 5 vol.% perchloric acid for 3 minutes.
Finally, the substrate surface was activated in dilute sulfuric acid for 20s just before
electrodeposition. Between each step, the specimens were washed in distilled water. The other
sides and all side walls of the substrates were covered by a nonconducting epoxy resin, leaving

only one surface of the plate exposed.

2.3 Electrodeposition of Ni-Mo/Al composite coatings

Electrodeposition was carried out in a 250 ml glass beaker with parallel electrodes

positioned horizontally inside the electrolyte (the cathode was positioned under the anode).
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Figure 2 Schematic image of the electrodeposition setup.

Before each trial, the particles were initially blended with a little volume of the
electrolyte and the required volume of the surfactant making it like a paste. Then the volume of
the electrolyte was increased up to the required level, stirred well with a magnetic stirrer for 12
hours for homogenizing before deposition. During deposition, the particles were kept at
suspension by continuous stirring of the solution by a Teflon-coated stir bar at the bottom of the
beaker. In all cases during the preparation of electrodeposited coating, a Q-panel carbon steel
piece (6 cm?) and a piece of pure nickel were used as cathode and anode, respectively. The
distance between the cathode and anode electrodes was kept constant at about 2 cm. The
experimental setup used for preparation of coatings under different conditions can be seen in

Figure 2.

2.4 Physical and chemical characterization

A scanning electron microscope or SEM was used to observe the surface and cross
section morphologies of the electrodeposits. The SEM cross section allowed the determination of
the coating thickness. The coating composition was analyzed by energy dispersive X-ray
spectroscopy (EDS) apparatus attached to the SEM. Three randomly chosen areas were analyzed

at a magnification of 500x, and an average value was calculated.



X-ray diffraction (XRD) is a unique method for determining crystallinity. Structural
analysis was performed by XRD using Cu target, Ka radiation (A= 1.5406 A), and operating at
the scanning rate of 0.05°/s. The scanning angle range was from 20° to 95°.

From the XRD patterns, relative intensity can also be calculated to characterize the

crystalline preferred orientation, using the following equations [43]:

Rty = IS/ 1Py (1)
Relative intensity = Rkiy/> R ki) *100% (2)

Where Isniy and Ipgiy were the diffraction intensities of the (hkl) plane measured for the

coatings and the standard Ni powder, respectively.
2.5 Microhardness measurement

The Vickers hardness of deposited coatings was measured by means of the Vickers
microhardness technique under a load of 50gf for 15 seconds. The values stated in this study are

averages of at least 5 different indentations scattered over the sample.

2.6 Wear test condition

To determine the wear resistance of the coatings, the wear tests were done using a pin-on-
disc machine (POD) under unlubricated conditions. All the wear tests were performed at room
temperature in the air and a chromium coated steel pin of 6mm diameter having hemispherical
tip was used as the counter body. The pin and the coated sample were weighed by a balance with
an accuracy of 0.1 mg before each wear test. Then they were fixed to their appropriate positions
in the wear testing machine, so that the pin was vertical above the horizontal sample and
touching its surface. Samples coated under different conditions were rotated for 9554 revolutions
which gave a sliding distance of 180 m for the wear track diameter (6 mm) used. The sliding
velocity of the machine was kept at 0.02 m/s for all the experimental runs. The stationary pin
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was pressed with the load of 200gf to the disk rotating in a horizontal plane. After wear test, the
pin and coated samples were weighted to determine the wear weight loss using an electrical
balance with the weight scale accuracy of 0.1 mg. Eventually, the difference between their
weight before and after each test was measured. The weight loss of the coated samples was taken
as a criterion for their wear behavior. The wear rate (WR) of the samples which is presented in
equation (4) was acquired using the Al particle concentration measured by EDS with the
assumption that the density of the coatings obeys the rule of mixtures:
1/(peomposite)= Xni /pnit Xmo/ pmot Xai/pai (3)
Where X, is the weight fraction of Al particles in the coating and pni, pmo and paj are taken as

8.9, 10.2, and 2.7 g/cm®, respectively.

WR (m*N.m) = m/p.F.L (4)
Where m is the average mass loss (), F is the applied force (N), L is the sliding distance
(m), and p is the density of the materials (g/m®). F and L were constant in all the tests and were
not considered in the calculation. The weight change of the pin was very small in all the

experiments and assuming that it was negligible, it has not been reported here.

2.7 Roughness measurement

In this study, the surface roughness parameter employed to assess surface roughness is
the roughness average (Ra). Ra is internationally recognized as the commonest parameter of
roughness. The roughness of the composite coatings was measured using a Mitutoyo Roughness

testing instrument.



2.8 Cathodic polarization test

All the electrochemical tests such as potentiodynamic and cathodic polarization tests
were done using a potentiostat/galvanostat (EG&G model 273A) set controlled by PC. Power
suite software was used to analyze this information. The working electrode was controlled by the
potentiostat in a three-electrode cell equipped with a Pt counter electrode and an Ag/AgCl

electrode as the reference electrode. All potentials were measured in relation to this electrode.

Potentiodynamic cathodic polarization measurements were done on the two kinds of bath
solution with and without metallic ions. A Q-panel (Area = 1 cm?) was utilized as the working
electrode. Potentiodynamic cathodic polarization curves were swept from the rest potential (zero
current potential) toward the more negative direction with a scan rate of 5.0 mV/sec. Figure 3
demonstrates how to acquire the partial current of hydrogen evolution (inydrogen) and the total

current (inydrogen+Ni+Mo) USING potentiodynamic cathodic polarization curves.

T

T
——The solution containing metallic ions

Potentials (V, Ag/AgCl)
o

=25

3
0.0001 0.001 0.01 0.1 1
Current density (mA/cm?)

Figure 3 Schematic cathodic polarization curve for obtaining current efficiency

The current efficiency was calculated from equation (5), where n is the cathodic current

efficiency, inyarogen+ni+mo 1S the total current density consumed by hydrogen, nickel, and



molybdenum ions, and inismo IS the partial current density only consumed by nickel and
molybdenum metallic ions. A power suite software was used to analyze this information.

Ne = (Ini+Mo) I(Hydrogen+Ni+mo)) X 100 & iNi+Mo=l(Hydrogen+Ni+Mo) —I(Hydrogen) (%)
2.9 Potentiodynamic polarization Test

To assess the corrosion resistance of the samples, measurements were done in a 3.5wt%
NaCl solution at ambient temperature in non-stirred and air free conditions using an

electrochemical apparatus. Polarization curves were done at 0.5 mV/s.

The Ni-Mo/Al composite coating was the working electrode (WE). The potentiodynamic
measurement was done in a range of —250 mV to +1000 mV. The surface area (0.283 cm?) was
exposed to the corrosive solution and the potentiodynamic polarization curves were recorded
after 25 minutes of immersion. The corrosion potential (Ecor) and corrosion current density (icor)
of coatings were calculated from the intersection of the cathodic and anodic Tafel curves by
using the Tafel extrapolation method. The configuration of experimental setup can be observed

in Figure 4.

O] | [

(4) g
)

® A
()

Figure 4 The configuration of experimental setup for corrosion test. (1) Counter electrode, (2) Reference
electrode (3) Ni-Mo/Al composite coating as working electrode, (4) Funnel as container of corrosion
solution, (5) Saline solution (3.5 wt%) as corrosion solution, (6) potentiostat/galvanostat (EG&G model
273A) set, (7) computer set (PC).

The corrosion rate was calculated according to the following equation (6) [44]:

(CR)= 3.27*107(-3) (icorr * EW/p) (6)
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Where CR, icor, EW, and p are the corrosion rate in mm/year, corrosion current in

uAlcm?, alloy equivalent weight in g equivalent and density in g/cm?®, respectively.

3. Results and Discussion
3.1 Determining proper bath temperature and composition

The potentiodynamic cathodic polarization curves of Ni-Mo/Al electrodeposition from
the citrate baths were recorded under different bath composition and temperature conditions.
Then the effect of those parameters on the cathodic current efficiency of Ni-Mo/Al composite
coating bath was determined. The obtained results are shown in Figure 5. In general, the current
efficiency of bath solutions containing 0.15 M citrate is much more than that of bath solutions
containing 0.30 M citrate at any temperature. As seen in Figure 5, the current efficiency is not
much affected by increasing temperature up to 50 °C. The highest current efficiency occurs at
temperature 40°C and 0.15 M citrate concentration.

70

60 r---- - ®@0.15MCit. -

#0.30M Cit.
50 f---- - .

40 f----

30 f----

20 F----

Relative current efficiency (%)

5 | 40
Temperature (°C)
Figure 5 Current efficiency of different baths at different temperatures.

Figures 6(A) - (C) illustrate the SEM micrographs for the sample obtained at 40°C and

0.15 M citrate concentration. It can be seen that Al particles were embedded in the Ni-Mo
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matrix. As is seen in Figure 7, EDS diagram demonstrates the amount of Al particles and Mo
deposited in the coating. According to Figure 6, the morphology of the coating obtained at 40°C
is more dense and without cracks. Consequently, it seems that the nickel sulphate (0.5M) to
sodium citrate (0.15M) molar ratio 3.3 is the optimum condition for obtaining nickel-based
composite coatings via citrate solution bath which has also been produced and reported by

Virdine and Podlaha [45].

The morphology of Ni-Mo/Al composite coatings electrodeposited under an optimum condition
i.e. trial2, appears as a cauliflower structure with spherical black and white particles distributed
throughout. The black and white particles were recognized by localized EDS as aluminum. The

colors of aluminum particles will be discussed later.
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Figures 6(A)-(C) SEM micrographor the sample obtained at citrate 0.15M and temperature 40°C at
different magnifications: (A) 1000x, (B) 5000x, and (C) 10000x.

The surface morphology of the Ni-Al composite coating is also given in Figure 8. Because of the
presence of Mo, the morphology of the matrix changes from a regular pyramidal structure for Ni-
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Al composite coatings (Figure 8) to a cauliflower structure for Ni-Mo/Al composite coatings
(Figure 6). Pitting and cracks were not observed in any of the coatings, even at a high

magnification (10000x).

Ni

Al

z.00 4.00 6.00 8.00 10.00 1z.00 keV

Figure 7 EDS analysis for the sample obtained at citrate 0.15M and temperature 40°C.
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Figure 8 SEM micrograph of Ni/Al composite coating obtained identical to the conditions of trial2
(Without sodium molybdate).

The Ni-Mo/Al composite coating has a structure with finer grain sizes than the Ni-Al composite
coating. An identical change in the morphology by adding Co to the Ni-Co/Al composite coating

has been announced by other researchers [20]. The morphology of the matrix acquired under the
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conditions of trial2 is very identical to the matrix morphology of the Ni-Mo-Co alloy coating

reported by Srivastava et al. [46].

As it was mentioned above, the spherical black and white particles distributed throughout the
Ni/Al and Ni-Mo/Al composite coatings are Al particles. In addition to the reason suggested by
Srivastava et al. and Bostani et al. [20, 27] (That some Al microparticles on the surface are
covered with nickel deposit), it is demonstrated that the different colors of particles are caused by
the position of particles in the coatings. Al particles were withdrawn from the surface leaving
holes behind [34]. As shown in Figure 9, Al particles at different sites can be found in the
coating which are incompletely surrounded by the matrix. As seen in Figure 9(B), it is clear that
there is a less working distance between particle E and SEM detector compared to that of particle
A. For this reason, more secondary electrons will be recognized by the detector from particle E
compared to particle A. In addition to the mentioned reason, the holes on the top of particles A
and B can also act as a sink and decrease the intensity of secondary electrons and deviate them.
For these reasons, particle A is darker than particle B, and so on and so forth. Figure 9(C) shows
the top view of different positions of Al particles embedded in the coating. It is assumed that Al
particles which remain attached on the surface are strongly adsorbed on the substrate (like

particle E) and will be embedded in the composite coating (like particle A).

Figure 10 demonstratesthe spectrum recorded for the Ni-Mo/Al composite coating. It illustrates
that the coating was crystalline. The recorded peaks correspond to, in increasing order of 20, the
(111), (200), (220), (311) and (222) reflections of the FCC structure of nickel. Among these, the
highest reflection intensity corresponds to the (200) preferential crystallographic orientation (i.e.
a highly preferred [100] growth direction) which has also been observed in references [20, 27,

47]. As can be observed, the coating is composed mainly of phases Ni, Al, and Mo metals. The
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corresponding elements are indicated on the top of each diffraction line. On the other hand, the
absence of the molybdenum and aluminum oxide peaks in the XRD pattern shows that the
content of these oxides in the coating surface was low with regard to the detection limit of the
XRD analysis. Therefore, Ni-Mo can be considered as a solid solution with an FCC structure
with Mo atoms substitutionally dissolved in Ni. Consequently, the analysis of the XRD pattern
reveals the presence of a crystalline phase and reflections coming from the crystalline phase of
Al microparticles. Such a phase composition confirms the composite character of the Ni-Mo/Al

composite coating with the crystalline Ni-Mo alloy matrix into which Al particle is embedded.
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Figure 9 (A) Schematic top view of composite coating containing Al particles; (B) Schematic side view of
composite coating containing Al particles; (C) Top view of Ni-Al composite coating containing Al
particles as an example.

3.2The effect of Al content in the bath

As is seen in Figure 11, the Al content of the coating sharply increases to a maximum
(approximately 35.6 wt%) and then weakly increases to 39 wt% by increasing the Al content in
the bath.

Surface morphology of the obtained coatings at different Al contents in the bath were also
studied using SEM (Figure 12). It is evident that for the co-deposited Al particles to be uniformly
distributed in the Ni-Mo matrix by electrodeposition, it is important that the Al particles disperse

in the electrolyte very well. Provided that the Al particles in the coatings are uniformly
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distributed, Ni—-Mo/Al composite coatings could have excellent mechanical and corrosion

resistance properties.
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Figure 10 XRD spectra of Ni-Mo/Al composite coating obtained at trial 2.
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Figure 11 The Al deposited and Mo content in the coating as a function of the amount of Al particles in
the bath.

The details of wear resistance estimated by WR method for different Ni-Mo/Al composite

coatings obtained at different Al contents in the bath are shown in Figure 13. It is obvious that
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the WR sharply increases with increase in the Al content of the bath, reaches a maximum at 10

Al g/l and then slightly decreases by increasing Al content up to 25 g/l.
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Figure 12 SEM images of N| Mo/AI composﬂe coatlng obtamed at current den5|ty 30mA/cm

temperature 40°C, stirring rate 500rpm, and different Al contents in the solution (g/l): (A) 1, (B) 5, (C) 10,

and (D) 25.

Based on the EDS results presented in Figure 11, the Al deposited in the coating was increased
by increasing Al content in the bath. The WR of the coatings is also increased by increasing Al
content in the coatings which indicates that increasing Al particles content in the coatings has the
worst effect on their wear resistance. As it is shown in Figures 14 and 15, the roughness and
microhardness of the coatings are increased and decreased, respectively. It seems that by
increasing Al content in the bath, the roughness and hardness of the coatings should be increased

and decreased, respectively.
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Figure 13 WR of Ni-Mo/Al composite coatings obtained in the same conditions as mentioned in the
caption of Figure 12.
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Figure 14 Surface roughness of Ni-Mo/Al composite coatings obtained at different Al contents in the

bath.

According to the Archard’s law [48], there is an inverse correlation between the wear behavior
and surface hardness. The wear rate (WR) increases as its surface hardness decreases which
validates the results of this work. On the other hand, according to the Hall-Petch relationship,
although it was expected that the grain size of the coating should be increased due to decreasing

hardness, Figure 16 shows peak broadening which occurred by increasing Al content in the bath.
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This can be considered as a criterion for grain refining. According to the grain refining
mechanism proposed by Susan et al. discussed and reported in the article [26], the codeposited
Al particles prevent the further growth of Ni crystallites and work as new nucleus sites, and then

promote the Ni crystallites refinement.
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Figure 15 Microhardness of Ni-Mo/Al composite coatings obtained at different Al contents in the bath.
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Figure 16 XRD patterns of Ni-Mo/Al composite coatings obtained at different Al contents in the
bath.
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Figure 16 compares XRD patterns for the coatings electrodeposited at different Al particle
loadings. It is clearly shown that when Al content in the bath is very low (1 g/l), the relative
intensity of the (200) peak is very great. However, by increasing Al particle loadings in the bath,
the relative intensity of the (111) peak predominated significantly. Hence, it seems that the Al
particles in electrolyte contributed to the increase of [111] orientation of Ni-Mo/Al composite
coating instead of [200] orientation. Consequently, it can be perceived that the microstructures of
Ni—Mo coatings were influenced by the incorporation of Al particles, implying the crystal
orientation evolution of the coatings [49]. Accordingly, it could be concluded that Al particles
brought about electrodeposits of Ni-Mo matrix with (111) growth plane and prevented the
growth of (100) plane. The level of crystal preferred orientation was assessed by plotting the
relative intensity against different Al particle loadings in the bath in Figure 17. The results
showed that the relative intensities (111) and (200) simultaneously increased and decreased

respectively, with the increase of Al particle loadings.
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Figure 17 Relative intensity of different planes of Ni-Mo/Al composite coatings at different Al
contents in the bath.
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It is clear that the presence of (111) planes with high atomic planar density and fine grains can
always have a beneficial effect on the wear resistance and hardness. Thus, it was expected that
the wear resistance and hardness were improved in their presence. However, as was seen in
Figures 13 and 15, the wear resistance and hardness were decreased in their presence or by
increasing Al contents in the bath. Accordingly, it can be concluded that the detrimental effect
should be related to parameters other than the effects of crystal orientations and grain size. As a
consequence, this event can be attributed to the amount of deposited Al metallic particles in the
coatings and/or the metallic matrix containing hard Ni and Mo elements. Since Al metallic
particles can be considered as very soft materials, decreasing the mechanical properties such as
hardness can be linked to the increase of the amount of soft Al metallic particles beyond a
critical value. In other words, there is a critical value of deposited Al particles in the coatings
beyond which the wear resistance and hardness will be deteriorated. Decreasing the weight of
hard Ni and Mo metals as the two constituents of the composite matrix can also be considered as
the second detrimental factor on hardness and wear resistance. As is seen in Figurel8, the
maximum high deposited Ni+Mo elements is obtained at 5g/l Al loading in the bath. Then it
decreases significantly by the further increase of the Al content in the bath. Finally, the wear
resistance decreases with the further increase of Al content in the bath due to the weak bonding
between the Ni+Mo as the composite matrix and Al deposited as reinforcement in the coating.
When the amount of Al deposited in the coating is increased, the deposited Ni+Mo as the matrix
cannot probably surround all the particles firmly within the matrix and the softness of the coating

increases. As a result, the pin can easily damage the surface of these coatings.

The values of thickness obtained at different Al contents in the bath are also shown in Figure 19.

As is seen, the thickness of coatings reaches a maximum value at 5g/I and then the change in Al
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content in the solution does not noticeably change the thickness of coatings. As a consequence,

increasing Al content in the bath increases the ratio of Al particles as the reinforcement part in

the composite to the amount of hard Ni+Mo metallic part as the matrix of the composite. Thus,

Ni-Mo/Al composite coating will earn the properties of Al particles as the reinforcement.
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Figure 18 Weight of Ni+Mo part as the matrix of Ni-Mo/Al composite coatings obtained at different
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Figure 19 Thickness of Ni-Mo/Al composite coatings obtained at different Al contents in the bath.
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In addition, current efficiency can be derived from Figure 18. As can be seen, the highest
efficiency is obtained at 5g/l Al content in the bath. As is observed, the efficiency is deteriorated
with further increase in Al content in the bath. It means that there is an optimum value after
which the Al content in the bath deteriorates the current efficiency but it does not decrease the
thickness of the coating. It is reasonable that by increasing Al content in the bath, the amount of
deposited Al particles which do not consume the current during electroplating, is increased. In
other words,in spite of increasing the thickness of coatings by increasing Al particles, the
amounts of Ni and Mo elements are decreased and consequently the main part of the current is

consumed by hydrogen evolution.

Potentiodynamic polarization curves of Ni-Mo/Al composite coatings deposited at different Al
contents in the bath have been presented in Figure 20. It was previously shown that the amount
of Al particles in the coatings was increased by increasing Al content in the bath. In addition, the
(111) planes are the predominant texture at high Al contents in the bath and the grain size is
decreased by increasing Al content in the bath. As is seen in Figure 21, contrary to the negative
effect of Al particles on the hardness and wear resistance mentioned above, adding Al particles
to the coatings has a positive effect on their corrosion resistance. The corrosion rate of the
coatings sharply decreases when the Al content increases up to 10 g/l in the bath, then it
decreases only a little when the Al content in the bath goes up to 25 g/l. Thus, the improvement
of corrosion resistance can be attributed to the presence of fine grain size, high Al content in the
coatings, and the (111) planes, among which, it is expected that the effect of grain size on the
corrosion rate is more significant than that of the others. Hence, it can be concluded that the
decrease of corrosion rate with the increase of Al content in the bath is due to the decrease of the

grain size.
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Figure 20 Potentiodynamic polarization curves of Ni-Mo/Al composite coatings at different Al
contents in the bath.
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Figure 21 Corrosion rate versus Al contents in the bath.

It can be observed that there is a good agreement between the results in Figure 21 with the results

reported previously [21].

3.3 Deposition mechanism of particles
Based on Guglielmi’s theory [50], the Al content increases with the concentration of particles in

the solution up to 25 g/l. This increase is fast from 0 to 10 g/l and slow from 10 to 25 g/l. The
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obtained curve in Figure 11 is quite similar to the well-known Langmuir adsorption isotherms,
supporting a mechanism based on an adsorption effect. This relies mainly on a continuous two-
step adsorption mechanism. The first step is called untight adsorption, where particles have an
untight physical adsorption on the substrate with a high degree of metal ion coverage. In this
step, there is a layer of adsorbed ions and solvent molecules, inhibiting the contact of the
electrode and the particles. No real contact exists between cathode and particles and the
adsorption is believed to be mainly physical in origin. The second step is a strong adsorption
which is thought to be aided by the electric field, whereby a substantially electrochemical
reaction produces a strong adsorption of powders onto the electrode. The strongly adsorbed
particles are then increasingly surrounded by the growing metallic layer. Hence, in baths with
low concentrations of Al (<10 g/l), the number of Ni?* ion adsorbed on Al particles is small,
which results in the small amount of embedded Al particles. Despite the fact that the increase of
the amount of Al in the solution from 10 to 25 g/l is 2.5 times, the amount of Al deposited in the
coating increases 1.1 times. In other words, at higher concentrations of Al (>10 g/ I), Ni** ions
are dissolved from the anode cannot cover all Al particles, resulting in the decrease of the
amount of Al particles in the coatings. Therefore, the maximum wt.% of embedded Al can be

obtained from baths containing about 25 g/l of Al.

4. Conclusion

Ni-Mo/Al composite coatings were prepared via a citrate bath containing Al particles. It
was demonstrated that Ni-Mo/Al composite coatings obtained at 40°C and citrate concentration
of 0.15M were dense, without crack, and had the most current efficiency. Due to the presence of
Mo, the morphology of matrix is changed from a regular pyramidal structure for Ni-Al

composite coatings to a cauliflower structure for Ni-Mo/Al composite coatings. The
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microhardness and wear resistance of the coatings were decreased due to the increase of Al
content of the coatings. The polarization tests demonstrated that the corrosion resistance of the
Ni-Mo/Al composite coating was improved by adding Al metal particles due to increase of Al

content in the coatings and the decrease of the grain size of the coatings.
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Highlights

Electrodeposition of Ni-Mo/Al composite coating as a new composite
coating is possible.

The Addition of Al metallic particles to the Ni-Mo alloy coatings can
Improve the corrosion resistance of composite coatings.

The current efficiency is reached to a maximum and then decreased by
increasing Al loading in the bath.

It was found that there is an inverse correlation between the wear behavior
and surface hardness which obeys the Archard’s law.
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