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Magnesium (AZ91D) alloy is used as structural components due to its high strength-to-weight ratio and
high stiffness. A disadvantage of AZ91D is high surface roughness and poor corrosion resistance in the
marine environment application. Therefore, for protection purposes, surface treatment or coating is
required. Electroless plating was recognized for its excellent performance in recent years; its utilization
rate has also increased dramatically over decades. This investigation carried in electroless Ni-P-nano-
ZnO, composite coating on Mg AZ91D alloy with increasing activation by varying surfactant
concentration N-dodecyl betaine (NDB). The coating is characterized by the scanning electron
microscope and X-ray Analysis, surface hardness and, roughness measurement. Further, corrosion
resistance of the coated substrate was identified using a neutral salt spray test. The results show that the
optimal surfactant concentration of 0.6 g/l NDB improves corrosion resistance, reduces surface
roughness, and improves surface hardness compared to coating without surfactant.

Keywords: Electroless coating, Nano Zinc Oxide, composite coating, Magnesium Alloy AZ91D,
Neutral salt spray test, N-dodecyl betaine surfactant.

1. INTRODUCTION

Deposition nickel via autocatalytic or electroless deposition improves the corrosion resistance of
the co-deposited particles. It is also found to enhance the mechanical, corrosion, and wear resistance
properties on Substrates [1]. The most preferred method of composites coating is the electrochemical
approach. In various industrial applications, electroless Ni-P composite coating is generally used with
surfactant in the electrolyte, improving metallic electrons activation and reducing the wastage of nickel
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particles. Further, the surfactant dramatically enhances the mechanical properties and maintains the
standard coating thickness on a substrate's surface [2].

The nanocomposite coating based on electroless plating has won great popularity in the
preparations of the composite coating. Usually, adding nanoparticles to conventional electroless coating
solution realizes the deposition of solid particles matrix [3]. The composite coating layer has higher
corrosion resistance, wear resistance, better adhesion, and uniform coating. This process finds
applications in aviation, electronics, machinery, and textiles [4].

Magnesium (Mg) AZ91D alloy has applications in structural components due to its very low
density. It also finds applications in various mechanical applications where a high strength-to-weight
ratio and high stiffness are essential [5]. Based on high specific strength and Young's modulus, the
AZ91D shows better properties than Al and other lightweight metals[6]. It is weak to open environmental
corrosion and poor wear resistance when the irregular deposition is formed on magnesium alloy's surface
due to lack of metallic activation in the electrolyte [7]. The investigation on Ni-P-(sol) Al.,Os composite
coating on Q235 steel with varying pH value shows an increase in hardness by adding Al2Os in the Ni-
P alloys coating structures by refining the grain. The pH value 4.5 of the electrolyte bath has the highest
surface hardness value of about 569 HV. The hardness, friction factor, and corrosion resistance of the
composite Al2Os coating over Ni-P are higher than the NiP [8].

The addition of HND has avoided the micrometric defects of the sol-gel coating, and it also
improved the corrosion resistance, and it is attributed to the film compactness, diffusion of the corrosive
solution by tortuous pathways, and covering the defects by NHD [9].

In an electroless coating technique, the coating material to be deposited must be prepared as an
electrolyte solution [10]. The electroless coating shows excellent corrosion resistance and good wear
resistance [11]. However, so far, there is no much research on the use of surfactant in the electroless
coating. Sometimes, the deposition would be successful, but the required amount of coating is not
possible on the substrate and may resulting wastage of nickel due to insufficient electrons supplied to
charged head [12]. It can be avoided or minimized by adding a surfactant to the electroless solution for
improving electrochemical activation [13].

The surfactant can identify by the inclusion of formally charged groups in its head [14]. A non-
ionic surfactant has no charge in its head [15]. The head of the ion surfactant will carry a charge [16].
The surfactant with a negative charge is anionic, and the positive is cationic [17]. Surfactant decreases
the interfacial tension among the deposits, reduces the liquid solvent's surface tension, and improves the
wetting and adsorption. Itis leading to low porosity uniform thickness and increased thickness of coating
in the substrate. The surfactant provides extra balance in opposition to air and moisture attack and easy
handling [18].

The following surfactants are widely used in electroless coating. They are Sodium Dodecyl
Sulfate (SDS) and cetyl trimethyl ammonium bromide (CTAB) surfactants [19] & [20]. Other
surfactants such as Ammonium Lauryl Sulfate (ALS) [21], cationic-zwitterionic [22] have shown
improvement in microhardness and surface roughness [23] & [24].

The surfactant's addition into the electrolyte solution will improve Ni particles' deposition and
reduce the formation of H2 bubbles generated by the autocatalytic reaction, resulting in a coating with
even deposition negligible porosity [25].
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The adhesion properties are essential to form better bonding strength between the surface and
substrate. Sometimes, deposits exhibit such kinds of problems as radial micro-cracks and delamination
entire on the surface of the substrate [26], [27] & [28]. The N-dodecyl betaine (NDB) surfactant helps
decrease the electrolyte's surface tension by forming micelles in the electrolyte to form better surface
adhesion properties on the substrate [29].

The surfactants influence the process parameters, such as electrochemical bath, temperature, and
pH of the electrolyte and deposition rate [16]. The correct proportion of electrochemical solutions may
produce better surface properties like smooth coating surface, uniform coating thickness, and better
mechanical properties. The maintenance of the optimal quantity of surfactant in the electrolyte bath will
reduce surface tension, which improves the uniform dispersion of nanoparticles in the composite coating
over the substrate [30]. The higher weight percentage of nanoparticles in the composite layer exhibits
good mechanical properties [31]&[32].

The literature survey shows that the detailed analysis of the Ni-P-nano ZnO, composite coating
on the Mg AZ91D with NDB surfactant is not reported. This work attempts to investigate the effect of
volume fraction of NDB surfactant on the electrolyte properties, coating characteristics, surface
morphology, and corrosion behavior.

2. EXPERIMENTAL PROCEDURE AND DETAILS

2.1. Sample Preparation

The cast Mg AZ91D alloys were purchased and cut to 50 x 50 x 5 mm size using a wire-cut
EDM. The composition of the purchased AZ91D is confirmed using EDX analysis, and it is Al 4.9 %,
C 33.45 %, O 8.12 %, and Mg 53.44 %. The cut samples are pretreated to achieve proper bonding and
to remove the greases and impurities. The substrates are first washed with acetone, then dipped in ethanol
for 2 minutes, and then acid prickled for 3 minutes in a 10 %v sulphuric acid solution. At the end of each
pretreatments process, the substrate is washed with distilled water to avoid the solution’s contamination.
After pretreatment of the substrates, it is immersed as quickly as possible into the prepared electrolyte
solution. The proportion of the chemical used to prepare an electrolyte bath of 200 ml is given in table
1.

Table 1. Composition of bath for the electroless coating process

Description Quantity / Module
Nickel Chloride 30 g/l
Sodium hypophosphite 40 g/l
Trisodium citrate 209/l
Ammonium sulfate 80 g/l
Temperature 85°C (£2°C)
pH 9
Nano ZnO> 159/

Zwitterionic Surfactant [(N-dodecyl betaine)/(NDB)] 0.2g/1, 0.4 g/l, 0.69/1& 0.8 g/l
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2.2. Operating condition

The electrolyte bath contains nickel chloride as the metal source, Sodium hypophosphite as a
reducing agent, trisodium citrate as a buffering agent, and the bath pH is regulated by ammonium sulfate.
Further, the Surfactant NDB is added in various proportions such as 0.2, 0.4, 0.6, and 0.8 g/l to improve
the electrolyte's surface tension in the CMC (critical micelle cell) to give more amount of active electrons
on to the coated substrate.

2.3. Evaluate coating thickness

The weight gain analysis calculates the coating thickness, and the values are cross-checked with
the aid of the scanning electron microscope using the metallographic section method. The high-precision
digital weighing system has the least count of 0.0001g. The coated substrates are dried and weighed
before four consecutive stable readings are obtained. The coating thickness is calculated using the
equation 1 and equation 2.

Coating Thickness (T) = Deposition rate (R) x Deposition time (tt) Eqg. 1
_ wW1—Wy X104

R (um/h) = i Eq. 2

Where,

W, — Weight of substrate after coating, grams.

W1, — Initial weight of the substrate before coating in grams.

d — Density of the deposit in g/cm?.

A — Area of the substrate in cm?,

t — Time duration of the substrate immersed in the electrolyte in hours (h).

2.4. Deposition Characterization

The electroless coated samples' surface morphology is analyzed using a high-resolution scanning
electron microscope (HR-SEM) fitted with an energy-dispersive X-ray spectrometer (EDX) chemical
composition of the coatings. The X-ray diffraction analysis was used to characterize the composite
coating samples by the Bruker D2 phaser power X-ray diffract meter using a CU X-ray tube with a step
scan speed of 0.02/sec. From the obtained data differentiate, the phase values are identified. The
roughness was measured using a benchmark instrument stylus tool to estimate the surface roughness
(Ra). The measurement is repeated five times, and the average of five surface roughness values was
considered. The microhardness test was identified using Vickers hardness tester, and the average was
taken as per the ASTM E384 standard, and the test is conducted at a load of 200 gm for 15 sec. The

Vickers hardness number (VHN) is calculated using equation 3.
2P sing

VHN = —2

dn
Where,
0=136°

dn— Average length of diagonals

Eq. 3
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P- Applied load in kg.

Neutral salt spray tests are conducted to identify the corrosion resistance of the coated and
uncoated samples. The coated samples are placed in the salt spray chamber for the evaluation of
corrosion resistance. Two different 3.5 % NaCl solution was prepared with and without surfactant and
sprayed over the coated samples at an expose angle of 30° to 45° from horizontal for a maximum time
of 620 h. Before being loaded into the salt spray chamber, the samples are cleaned with acetone and
rinsed with distilled water. The samples are thoroughly cleaned with acetone and rinsed with distilled
water. The time required for rust to appear on the deposited surface was accurately recorded to assess
each sample's corrosion rate. The weight-loss method's corrosion rate is expressed in mm/year (mmpy).

The rate of corrosion is calculated by using a given equation 4.
CR = 87.6XW

pAT
Where, W- weight loss (mg).
p — Material density (g/cm?®).
A — Area of the sample (cm?).
T- Exposure time (h).

Eq. 4

3. RESULTS AND DISCUSSIONS

3.1. Evaluate the coating thickness of substrate without and with surfactants

The deposition of the dispersed nickel particles over the surface is essential to improve the coated
substrate's characteristics. In the initial coating condition (without surfactants), only a part of dispersed
nickel is deposited, and the remaining floats on the surface of the electrolyte and coated on the surface
of the beaker [25], shown in figure 1. The addition of the Zwitterionic Surfactant NDB in the electrolyte
has improved the nickel composite particles' deposition. The Surfactant proportion is varied from 0.2 to
0.8 g/l increase in steps 0.2 g/l. It is seen that the increase in the proportion of NDB has improved the
deposition rate and coating thickness attributed to the improved dispersion of the nanoparticles in the
bath by NDB. Among the various ratios,0.6 g/l of NDB has a maximum coating thickness of 61um as
shown in figure 2. Further, increasing the surfactant in the electrolyte partially reduced the deposition
rate and affects the coating thickness due to more amount of potential energy supply in the anodic
reaction side, creating high electrostatic repulsive force.
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Figure 1. Nickel composite metallic particles floated on the electrolyte

Coating Thickness (pm)
=

: ; :
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Surfactants (g/L)

Figure 2. Coating thickness with and without Surfactant

3.2. Quality analysis of the deposits

The SEM micrographs of electroless Ni-P coatings and Ni-P nano ZnO> coating are shown in
figures 3(a) and (b), respectively. The Ni-P surface shows a dense and mild white fungus-like formation,
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and without any surface, the damage is observed in figure 3 (a). In figure 3(b) Ni-P nano ZnO; coating
without surfactants, fine nodular structures of nickel with black microvoids were observed due to
uncontrolled zinc oxide reaction in the electrolyte. The embedded ZnO; particles in the Ni-P layer impact
the surface, significantly expanding the boundary between nickel and the ZnO: particles introduced in
the coating matrix [12].

Figure 3 (c, d, e & f) shows the surface morphology of Ni-P-nano-ZnO> coatings with different
concentrations of Zwitterionic NDB Surfactants. The addition of zwitterion disperses ZnO> particles in
the Ni-P matrix, it is seen that the uniformity of the dispersion increase with the increase in the volume
of NDB. It is also seen that dispersion uniformity increase up to 0.6 g/l of NDB, and a further increase
in volume reduced the dispersion of nanoparticles due to the creation of uncontrolled repulsive forces
by excess volume of surfactants. In figure 3 (c), a nodular structure with microvoids was observed due
to lower surfactant concentration. When the surfactant concentration is maintained below the CMC, the
surface is formed smoothly and reduced micropores as shown in figure 3 (d-e), which is confirmed by
the roughness test [33]. At a surfactant concentration is 0.8 g/l figure 3 (f), the micropores were formed
due to high repulsive force by adding more surfactant are present in the electrolyte bath.

Figure 3. SEM image for (a) Ni-P coating without surfactant, (b) Ni-P-nano ZnO> coating without
surfactant, with NDB surfactants (c) Ni-P-nano ZnO; coating with 0.2 g/l NDB surfactants (d)
Ni-P-nano ZnO; coating with 0.4 g/l NDB surfactants (e) Ni-P-nano ZnO- coating with 0.6 g/l
NDB surfactants (f) Ni-P-nano ZnO. coating with 0.8 g/l NDB surfactants
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Figure 4 (a) to (e) show the diffraction patterns of full width at half maximum (FWHM) of
diffraction peaks of electroless Ni-P nano-ZnO. composite coating without surfactants and with
surfactant. In the coating deposit, there is a combination of amorphous and crystalline phases available.
In all coatings, there is a single broad peak of 26=45°, implying that the Ni-P deposit is amorphous. The
crystalline ZnO; particles embedded in the Ni-P matrix were confirmed by the small peak of ZnO;
particles near 26 = 37°. The same has been confirmed by the EDX analysis shown in figure 5. The
presence of ZnO; has increased from 0.8 wt% to 5.6 wt% with an increase in NDB volume by modifying
the crystalline structure and improving the substrate's mechanical properties. However, when increasing
the surfactant concentration crosses an optimal level at 0.6 NDB, the nanoparticle's wt% dramatically
decreases, shown in table 2. This decrease in ZnO; affects the amorphous structure and forms an irregular
nodular structure on the substrate's surface. A higher amount of surfactant is involved in the electrolyte
that creates a higher repulsive force, affecting the deposit [17].

Table 2. Elemental composition of Ni-P Nano ZnO, composite coating

Deposited NDB Surfactant concentration (g/l)
elemental
wt (%) 0 0.2 0.4 0.6 0.8
Ni K 92.8+1.2 90.7+1.2 86.9+0.5 90.1+0.7 93.6+0.6
PK 5.9+0.6 6.3+0.3 6.0+£0.2 6.91+0.3 6.0+0.4
Zn K 0.84+0.3 2.610.2 3.4+0.4 5.6+0.4 0.9+0.1
OK 0.440.1 0.3+0.1 0.3+0.2 0.540.1 0.240.2
* i (111)
 Zn02(101)
.‘-g
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g8
s
2
‘@
g
=
SIO 4ID 5IU GID

Diffraction angle 26 (deg)

Figure 4. XRD image for (a) Ni-P without nano composite, (b) Ni-P-nano ZnO> without surfactant, with
surfactant of (c) 0.2, (d) 0.4, (e) 0.6
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Figure 5. EDX image for Ni-P-nano ZnO- with Surfactant at 0.6 of NDB

3.3. Surface roughness

The surface roughness variation with the surfactant concentration is shown in Table 3. It is found
that the Ra value of deposition was higher than the deposit with NDB surfactants regardless of their level
of concentration. Also, it is noted that 0.6 NDB concentration has the least surface roughness; further
increase in surfactant concentration harms the surface roughness value. This behavior is consistent with
the other research outcomes on surface roughness of electroless plating reported [34]. The reduction of
surface roughness at optimal concentration indicates the decrease of the particles' aggregation due to the
even distribution of nanoparticles leads to a smoother surface [35].

Table 3. Average surface roughness of the coated sample

Measurements 0 0.2 0.4 0.6 0.8
Ra (um) 0.368 0.325 0.233 0.259 0.295

3.4. Hardness Measurement

The microhardness of electroless Ni-P-nano-ZnO deposition with NDB surfactant and without
surfactant is shown in figure 6. The nano ZnO; particles help to hinder the nickel matrix's plastic
deformation, thus increasing the microhardness [5]. However, absence of surfactants, the agglomeration
of ZnO; particles weakens the uniformity in the distribution of nanoparticles reduces hardness. The
microhardness of Ni-P-nano-ZnO; deposits increases with Surfactant concentration and reaches the
CMC and then drops. With the increase in surfactants concentration, the incorporation of particles into
the matrix deposit has improved [30]. Moreover, when the Surfactant concentration reaches 0.6 g/l NDB,
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the amount of ZnO; dope is higher on the coated surface, so the mean microhardness value goes to a
maximum of 720 HV100 at this concentration.

700

3

Micro hardness (HV.

P

...
Yy

.

.

0.0 02 0.4
Surfactant (g/L)

0.8

Figure 6. Microhardness measurements for with Surfactant (NDB) and without surfactant

3.5. Neutral salt spray test

A neutral salt spray test is an aggressive and effective way of testing the corrosion rate at
composite coating substrates. In this experiment, all the coated samples were kept in the chamber for up
to 620 h. Figure 7 shows the neutral salt spray examination to evaluate the corrosion with various
surfactants used in the Ni-P —ZnO, composite coating. The plain composite layer has a high corrosion
rate within 180 h, the first visible rust formation in the test sample due to the lack of nano ZnO- dispersed
in the Ni-P matrix of the composite coating. Moreover, the corrosion resistance rate varies with the
Surfactant of NDB with a reducing agent. The surfactant concentration of 0.6 NDB has withstood more
than 580 h because of the fine elemental composition present in the composite coating. The higher
amount of ZnO; particles deposit in the Ni-P metal matrix hinders the displacement of the particles of
composite deposits and is attributable to corrosion resistance improvement [36]. Therefore, the NDB
surfactant in Ni-P nano-ZnO composite coating withstand more hours and found optimal corrosion
resistance [37].
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Figure 7. NSS test for analysis corrosion resistance of Ni-P nano ZnO> with different Surfactant (NDB)
and without surfactants

4. CONCLUSIONS

The following conclusions have arrived based on the experimental investigation using NDB
surfactant in the electroless NiP-nano-ZnO2 composite coating on magnesium alloy AZ91D substrate.

e The addition of an optimum volume of NDB has improved ZnO; in the coating because of the
low surface tension electrolyte solution, results in uniform distribution of Nano ZnO; particle on
the AZ91D.

e The Ni-P ZnO> composite coating's surface morphology shows an even distribution of ZnO; at
0.6 g/l of NDB Surfactant.

e The 0.6 g/l of NDB surfactant has produced the least surface roughness, and a further increase in
Surfactant concentration has elevated the surface roughness value.

e The coating microhardness was improved significantly by NDB, and the maximum
microhardness is 720 HV100 for 0.6 g/l NDB.
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