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Abstract

The metallic coating of surfaces plays a vital role in the protection of most industrial applications. Coatings can be carried through
various routes (e.g., mechanical and electrochemical plating techniques). Electroless nickel coatings present unparalleled prop-
erties and a unique combination of corrosion and wear resistance features. Recently, the use and development of electroless
nickel-phosphorus (ENP) coatings has attracted broad attention from many industries (e.g., oil and gas) due to their superior
corrosion and wear resistance properties. In the present review article, mechanisms of ENP and preparation methods are briefly
outlined. The review sheds light on properties of electroless Ni-P coatings and of their nanocomposites with an emphasis on new

products and on their future development.
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1 Introduction

Corrosion is one of the major problems especially in the oil
and gas industry. Therefore, pipelines, tanks, and similar
equipment require regular maintenance because of corrosion
and its associated problems. Consequently, the need for im-
proving the corrosion protection of the metals has motivated
the researchers to find superb new coatings or modify the
existing ones. Electro, electroless, and mechanical plating in
addition to hot dipping are the most frequently used tech-
niques for metallic coatings. However, the unique properties
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of the electroless-plated coatings and the easiness of the
handling process make this type of plating the most market-
able method.

Electroless Ni-P (ENP) coatings represent over 95% of
industrial electroless coatings. Generally, depending on
phosphorus content levels, electroless Ni-P coatings are
divided into three categories: low, medium, and high P
at 1-7 wt%, 7-10 wt%, and 10-12 wt%, respectively.
High phosphorus content Ni-P coating is known for its
excellent wear and corrosion resistance. The metallurgical
properties of alloys are also dependent on percentages of
phosphorus. More studies have been conducted on electroless
Ni-P nanocomposites in recent decades. Ni-P-SiC, Ni-P-TiO,,
Ni-P-Al,O3, and Ni-P-CNT are successful examples that have
attracted attention owing to the improved properties relative to
the original Ni-P coatings.

This critical review article will not only help researchers to
recognize the recent developments in ENP and metallic com-
posite coating development, but it also recommends the con-
ditions to be considered to enhance the applications of this
type of coating in the erosion and corrosion fields. The article
includes a comparison between the recent work that took place
in the last 5 years, including the used nanoparticles and metals
in the ENP composites, the bath conditions, and the used
techniques in addition to highlighting the new technologies
that are being used.
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2 Mechanism of the electroless deposition
of Ni-P coatings

Although Wurtz [1, 2] was the first to electrolessly deposit
nickel in 1844 through the reduction of Ni** ions to metallic
porous nickel (Ni), his discovery has not attracted consider-
able attention due to poor and rough coating properties. In
1946, Brenner and Riddel [3, 4] developed formulations and
experiments on EN that yielded excellent coatings in terms of
shapes and properties. Ever since, electroless deposition of Ni-
P (ENP) application has expanded in several industrial areas
[5-10].

Gould et al. and others [11-13] explained the kinetics of
electroless Ni-P coatings, which are mainly based on the for-
mation and adsorption of atomic hydrogen capacities by a
metal surface followed by the reduction of Ni** and
hypophosphite ions and the codeposition of nickel and phos-
phorus onto a metal surface. Chemical reactions of electroless
Ni-P deposition can be described as shown in Egs. (1-3).

First, hypophosphite ions react with water, Eq. (1), produc-
ing atomic hydrogen which is then adsorbed onto the metal
surface. The atomic hydrogen produced reduces nickel and
hypophosphite ions present in the bath, forming codepositing
nickel-phosphorus (Ni-P), Egs. (2 and 3). Then, the adsorption
of atomic hydrogen into the formed Ni-P deposit occurs,
followed by the new codeposition of Ni and P. Finally, the
H,4s produced is consumed, and Ni and P are codeposited.

H,PO, + H,0—H" + H,PO;* 4 2H (1)
Ni*" 4 2H—Ni + 2H" (2)
H,PO,” + H—H,0 + OH +P (3)

The electrochemical mechanism by which Ni-P plating oc-
curs is outlined as follows. It is assumed that hypophosphite
ions are catalytically oxidized while nickel and hydrogen ions
are reduced along the catalytic surface.

Anodic reaction : H,PO,™ + H,0—2H" + H,PO;~

+2e” 4)
Cathodic reaction :  Ni*™ 4 2e~—Ni (5)
2HY 4 2¢ —H, (6)

Generally, some reactions of the ENP bath can be unfavor-
able to deposition. Hypophosphite reactions with water can
form molecular hydrogen rather than atomic hydrogen, which
minimizes the reducing power and which is deleterious for
deposition. In addition is the precipitation of nickel as nickel
orthophosphite can reduce concentrations of nickel in the
bath. Moreover, orthophosphite can deposit on the coating,
creating a rougher coat [14]. These difficulties lead to a reduc-
tion in the efficiency of EN coatings. To overcome these
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issues, a complexing agent must be added to prevent the pre-
cipitation of Ni2*, Organic acids such as tartaric, succinic, and
maleic acid can be used for this purpose. In addition, adipic
and succinic acid can be added to lag the deposition speed of
Ni-P and to obviate the formation of a porous coating [13].

3 Electroless Ni-P bath

The main requirements of the electroless deposition of Ni-P
are as follows:

1. Source for Ni** ions: e.g., nickel sulfate or nickel chlo-
ride. The nickel ion accepts electrons from the reducing
agent, which is the electron donor, and reduces to nickel
metal on the surface of the substrate.

2. Reducing agent: an electron source for the reduction of
metal ions. Sodium hypophosphite monohydrate is main-
ly used as a reducing agent to supply catalytic dehydro-
genation active hydrogen atoms to reduce nickel ions to
metal and to supply the phosphorus portion of the depos-
ited alloy. The sodium hypophosphite bath creates a Ni-P
coating with high CR. The hypophosphite ion has a redox
potential of — 0.5 V. Therefore, theoretically speaking, it
considerably reduces nickel ions (—0.25 V) under stan-
dard conditions [15, 16].

3. Complexing agents are organic acids or their salts (acetic,
malic, succinic, or citric) added to control reactions and to
prevent solution decomposition, i.e., they prevent the for-
mation of excess free metal ion concentrations. The plat-
ing rate is inversely proportional to the complexing ion’s
stability constant [17]. Complexing agents also act as
buffers and retarders for the precipitation of nickel
phosphite. The complexing agent used significantly
affects the quality of the deposits and internal stress
and porosity levels.

4. Stabilizers or accelerators are added in small amounts
(ppm) to increase the deposition rate and to weaken the
bond between hydrogen and phosphorus atoms in
hypophosphite molecules to facilitate the adsorption of
phosphorus onto the catalytic surface. Pb, Sn, As, Mo,
Cd, and Th ions, malic, and thioureas are examples of
popular stabilizers. Succinic acid is the chemical most
frequently used as an accelerator.

5. Temperature is energy for deposition and is considered to
be an important variable of an electroless bath. As it af-
fects kinetics and rates of deposition, it must be controlled
for high quality coating. The deposition of electroless Ni-
P coatings occurs at temperatures of 60 °C and above. As
the temperature increases, the plating rate increases expo-
nentially [18]. A low temperature results in a reduction of
energy, causing the deposition rate to decrease as well. On
the other hand, a very high temperature renders the bath
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extremely active, leading to bath instability. The optimum
operating temperature of an acid hypophosphite plating
solution ranges from 85 to 90 °C. When temperatures
increase beyond 90 °C, the phosphorus content of the
deposit decreases and the potential for solution decompo-
sition will increase [19].

6. pH regulator is used to adjust pH with deposition time as
sodium hydroxide or sulfuric acid. pH control is an im-
portant parameter, as it affects phosphorus content in the
deposit, i.e., a higher pH value lessens in the phosphorus
content in the deposit and vice versa. Chen et al. conclud-
ed that phosphorus content levels increase to 25% at pH 4,
while the percentage of phosphorus content decreases to
1% in an alkaline range [20].

3.A. Electroless nickel-phosphorus acidic bath

According to Brenner and Riddell [3], acid electroless
nickel-phosphorus baths present advantages over alkaline
baths, exhibiting high levels of composition stability as there
is no loss of complexant by evaporation, high levels of depo-
sition and thickness, and high quality coatings. When using an
acid electroless nickel bath, it is easy to control the percentage
of phosphorus content in the deposit, which is the main factor
that controls a deposit’s properties. Upon being heated, the
bath does not decompose, i.e., it is thermally stable [21].
Therefore, acid solutions are prioritized in several industries,
and especially in corrosion applications.

3.B. Electroless nickel-phosphorus alkaline bath

In contrast to an acid bath, an alkaline bath is unstable at
higher temperatures. A sudden decrease in bath pH occurs due
to a loss of ammonia, which is added to raise the pH of the
bath at a high temperature. Hence, bath pH is very difficult to
control at temperatures above 90 °C. Furthermore, the rate of
nickel deposition is directly proportional to the hypophosphite
concentration. As an increase in hypophosphite levels leads to
bath instability due to homogeneous deposition in the bulk,
alkaline bath deposits ensure lower levels of corrosion
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resistance and adhesion. They thus cannot yield a thick coat-
ing or plate steel or other metals [21].

4 Heat treatment effects

The heat treatment is a vital factor that clearly affects the most
properties of ENP coatings and structures. An as-deposited
film of ENP undergoes structural changes when it is heat
treated at different temperatures [22]. EN-P crystallization be-
haviors can be divided into (i) an alloy that contains micro-
crystalline nickel as a prime constituent in the deposited state
and (ii) an alloy that only accommodates the amorphous phase
and that does not contain microcrystalline nickel as a prime
constituent. It is reported to invariably decrease the corrosion
resistance of electroless coatings. When an ENP is composed
of 10.8% P and has a microcrystalline structure as a major
constituent, it is annealed at a temperature of 200 to 300 °C
for 4 h. This results in the formation of Ni;,P5 microcrystalline
nickel and in Ni3P phases at all temperatures. Crystalline nick-
el and Ni;P phases are observed under annealing at higher
temperatures (400-600 °C) [23].

Heating a Ni-P coating at temperatures of between 300 and
400 °C for 1 h increases hardness levels due to the formation
of nickel phosphide (NizP) as is shown in Fig. 1 [24]. The
hardness is reduced beyond 400 °C due to the formation of
lattice defects and with the coarsening of NiyP particles [25].
Zhao et al. investigated the effects of low temperature anneal-
ing on the properties of amorphous Ni-P alloys over different
periods [26]. It was found that levels of microhardness initial-
ly decreased and then increased with annealing time. In addi-
tion, heat treatment has obvious effects on wear resistance
[27], conductivity, and resistivity levels [28] and on frictional
properties [29]. Nava et al. investigated the effects of heat
treatment at higher temperatures (500-600) on the corrosion
resistance of Ni-P coatings (10.6% P). It was found that the
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Fig. 2 Fouling adhering weight versus time of immersion in boiling
water for different surfaces. Samples 1 (amorphous), 2, and 3
(nanocrystalline with different percentages) [51]

corrosion resistance decreased as the annealing temperature
increased [30].

4.1 Electroless Ni-P composite coatings

Electroless nickel composite coatings are products of
codepositing particulate substances found in an electroless
Ni-P bath. These substances are found in powdered form
and are either hard or dry Iubricants. Silicon carbides, dia-
monds, aluminum oxides, and tungsten are examples for hard
materials [31, 32]. Lubricant materials are similar to
fluoropolymers, molybdenum disulfide, and graphite [33].
Such materials are added to enhance the quality of electroless
Ni-P coatings by improving their wear resistance by reducing
their friction coefficient. At first, electroless Ni-P com-
posite coatings were not successfully prepared, as the
presence of fine particles increases the surface area of
a bath, resulting in instability. Later, suitable stabilizer
was added to address this challenge and electroless Ni-P
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Fig. 3 Surface free energy of samples 1 (amorphous), 2, and 3
(nanocrystalline with different percentages) [51]
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composite coatings have been prepared easily. Durable
composite coatings necessitate high integrity between
particles and an electroless Ni-P bath matrix.

Some key conditions are required to increase the quality of
electroless Ni-P composite coatings (e.g., bath stability, agita-
tion, particle size, concentration, and types of surfactant used).
Thiourea and maleic acid improve the stability of a bath
and extend its life. Agitation plays an essential role in
preventing the rotation of hard particles such as dia-
monds and silicon carbide in a suspension and it is
recommended that their surfaces be oriented upward to
be easily occluded in the deposit [34].

The size and concentration of particles are pivotal elements
shaping the distribution of particles in a deposit. These parti-
cles must be of a suitable shape and size, must be insoluble in
a given solution, must be free of contaminants, and must be
suspended in the bath [15]. Suitable particle concentrations
should be used to prevent their agglomeration [35, 36]. Each
composite has different properties that are dependent on many
factors. For example, the addition of 20-25 vol% SiC to an
ENP bath increases the hardness of electroless composites,
whereas the addition of the same percentage of
polytetrafluoroethylene (PTFE) reduces hardness levels. The
selection of a suitable surfactant plays a major role in the
incorporation of soft particles such as PTFE [37, 38]. Mafi
et al. found that acetyl trimethyl ammonium bromide
(AcTAB) and polyvinylpyrrolidone (PVP) as surfactants yield
a uniform distribution of PTFE particles in ENP coatings,
whereas sodium dodecyl sulfate (SDS) does not [39].

Many key studies have been conducted the synthesis of
nanocomposite coatings such as SiC [40], TiO, [41], CeO,,
[42], Al,O3, ZnSnOs, ZnSiO3 [43], and nanometer diamonds
(NDs) [44]. Recently, a new means of generating nanocom-
posite coatings such as SiO,, CNT, ZrO,—Al,03;—-Al3Zr,
hexaferrites, ferrites, ZnO, and Al,O5—TiO, has attracted con-
siderable attention. Furthermore, shape memory alloys such as
TiNi and novel nanoparticles exhibit a combination of novel
properties such as shape memory effects, super-elasticity, bio-
compatibility, and high damping capacity levels [45-47]. In
the following section, properties and recent developments re-
lated to ENP and its composites are presented.

5 Properties of ENP and composite coatings
5.1 Microstructure

The properties of ENP coatings are mainly dependent on the
content of phosphorus that controls their microstructures. The
microstructure of ENP coatings has been reported to be either
amorphous or crystalline or both depending on the phospho-
rus content involved. Crystalline (3), mixed amorphous crys-
talline (3 and 7y coexist) and amorphous (y) structures have
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Fig. 4 SEM micrographs of the
samples: a 3003 bare substrate, b
electroless nickel plated on 3003
substrate for 90 min, ¢ sprayed
Al-Ce coating, and d electroless
nickel plated on the sprayed Al-
Ce coating for 90 min [52]

been reported for low (1-5 wt%), medium (6-9 wt%), and
high (10-13 wt%) P ENP coatings, respectively. Amorphous
structures (y) can be crystallized through heat treatment. The
more the P content in the ENP coating, the higher the corro-
sion resistance will be.

Many factors affect degrees of crystallinity besides phos-
phorus content levels, e.g., heating rates, heat treatment
temperatures, and the timing of heat treatment. Zhang
and Yao intensively studied effects of heat treatment
on the transformation of ENP coating microstructures
from amorphous to crystalline [48]. Incorporated parti-
cles such as CeO, and TiO, did not have any effect on

Fig. 5 SEM micrographs of the
samples after immersion
corrosion for 24 h: a 3003 bare
substrate, b electroless nickel
plated on 3003 substrate for

90 min, and c¢ electroless nickel
plated on the sprayed Al-Ce
coating for 90 min [52]

the structure of the ENP matrix [49]. Others such as
SiC and B4C have been found to change the orientation
of nickel crystallite [50].

One study [51] showed that the y phase of the ENP deposit
exhibits the best anti-fouling properties relative to nanocrys-
talline phases, uncoated Cu, stainless steel, and carbon steel
substrates, Fig. 2. Furthermore, it was found that the amount
of nanocrystalline phase in the ENP deposit affects the surface
free energy level, Fig. 3, in addition to changing the anti-
fouling and corrosion resistance of the deposit. The nanocrys-
talline phase in the Ni-P coating deteriorates the corrosion
resistance of the deposit while the amorphous Ni-P coating
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Fig. 6 Porosities of the single-
(sample 6) and three-layer coat-
ings (Ni-P/Cu/Ni-P), samples 7—
11, for different deposition times 0.020 -
[56]
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increases corrosion resistance and anti-fouling properties.
This is attributed to the homogeneity of its structure, which
does not contain any structural defects or grain boundaries.

In 2015, Hejie Yang [52] illustrated differences in surface
morphologies, microstructures, and chemical composition
distributions between the amorphous ENP layer deposited di-
rectly onto an Al 3003 alloy and that deposited onto an inter-
layer of sprayed Al-Ce coating. Their results show that this
type of ENP coating has a circinate structure with cauliflower-
like nodules and includes almost no micro-pores on its sur-
face, thus supporting a higher degree of corrosion resistance
that is superior to that of conventional electroless ENP coat-
ings as is shown in Figs. 4 and 5.

Several studies on different effects of the microstructure of
ENP and of its composite coating include [53-55].

5.2 Porosity

The porosity of ENP coatings is an indicator of coating qual-
ity. Adhesion and corrosion resistance levels are dependent on
porosity levels. The presence of open pores in a coating results
in severe levels of galvanic corrosion, as the pores act as a
anode while the coating surface acts as a cathode. The porosity
of EN coatings is linked to many parameters such as

1
Sample 6

1 T T T
Sample 7 Sample8 Sample9 Sample 10 Sample 11

roughness/morphology, coating thickness, substrate pretreat-
ment, filtration, and agitation. Under the same surface treat-
ment and thickness conditions, it was found that the porosity
of ENP deposits is lower than that of electrodeposited nickel-
phosphorus. Moreover, heat treatment and multilayer ENP
deposition significantly reduce porosity levels. Thus, ENP
deposits are more corrosion resistant than electrodeposited
ones.

Multilayers of electroless ENP coatings were prepared
by Zhao et al. [56] and were arranged in the following
configuration: Ni-P/Cu/Ni-P. The presence of crystalline
Cu deposits blocks pores of the three-layer coatings,
leading to a decrease in coating porosity and to an in-
crease in corrosion resistance. The highest levels of po-
rosity and corrosion resistance are obtained when the
plating time of the Ni-P inner layer is set to 20 min to
40 min. Figure 6 illustrates the porosity of the single
layer (sample 6) relative to the porosity of the three
layers (samples 7-11). The coated samples and their
times of deposition are described as the follows: sample
6 (Ni-P single layer, 60 min), sample 7 (Ni-P inner layer,
10 min/Cu interlayer, 10 min/Ni-P outer layer, 50 min),
sample 8 (Ni-P inner layer, 20 min/Cu interlayer, 10 min/
Ni-P outer layer, 40 min), sample 9 (Ni-P inner layer,

Table 1 Surface roughness Ra (um), friction coefficient, and adhesion strength of ENP coatings on Mg, AZ31, and AZ91 substrates [58]

Sample Ra (um) Ra (um) Friction coefficient Adhesion strength
Before After plating of EN coating of EN coating
plating (120 min) (Le, N)

Mg 0.20 +0.03 0.89 + 0.06 0.30 8.7

AZ31 0.90 + 0.06 0.62 +0.04 0.20 13.1

AZ91 2.8+02 1.85 +0.08 0.18 10.1
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Fig. 7 Surface morphologies of
electroless Ni-P coatings: a, b
without magnetic attrition and ¢,
d with magnetic attrition [59]

30 min/Cu interlayer, 10 min/Ni-P outer layer, 30 min),
sample 10 (Ni-P inner layer, 40 min/Cu interlayer,
10 min/Ni-P outer layer, 20 min), and sample 11 (Ni-P
inner layer, 50 min/Cu interlayer, 10 min/Ni-P outer lay-
er, 10 min).

Sadreddini et al. used SiO, nanoparticles to form electro-
less Ni-P-SiO, nanocomposite coatings on Mg substrate that
enhanced the porosity of the ENP coatings [57]. Different
concentrations of SiO, were added and examined. It was
found that as the concentration of SiO, nanoparticles in-
creases, the porosity of the coating decreases. Accordingly,
corrosion resistance levels increase to a defined concentration
of Si0, of 12.5 g L. Then, the corrosion resistance starts to
decrease with increasing concentrations of SiO, nanoparticles
to above 12.5 g L™ due to the agglomeration of nanoparticles,
which increases the solution viscosity and decreases the depo-
sition rate.

1200

1000 -

2000 3000 4000 5000 6000

Penetration depth, nm

0 - +
0 1000

Fig. 8 The results of micro indentation tests conducted on raw TWIP
steel substrate (black curve) amorphous/as-plated (green curve) and
annealed at 350 °C (blue curve) or at 700 °C (red curve) microstructures

Indentation hardness, GP

5.3 Adhesion

The stronger a coating’s level of adhesion becomes, the
more corrosion protection it will ensure. ENP deposits
adhere due to the formation of strong metal-to-metal
bonds during ENP deposition. ENP coatings have been
prepared on Mg metal and on two types of alloys,
AZ31 and AZ91, to investigate their friction and adhe-
sion properties [58]. Findings show that the adhesion of
these coatings to Mg alloys is greater than that to pure
Mg as is shown in Table I.

Gao et al. [59] illustrated the application of the me-
chanical attrition technique to a Mg alloy to improve
the adhesion, hardness, and corrosion resistance of
ENP deposits. Throughout the electroless plating pro-
cess, coatings were deposited atom by atom, in turn
modifying the microstructure of the coatings by moving

16 T 6000
b Hardness 1
= 141 -=-Indentation depth 1 5000 E
12 F I =1
14000.2
10 + I ] kS
8+ :'3000"0:
I z ] ©
6 ~———*% | {2000
44 1 =
N 3-1000
0 10

TWIP steel as-plated PT350°C  PT700°C

at room temperature: a load—penetration depth (P-h) curves and b inden-
tation hardness and plastic indentation derived from (a) [63]
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Fig. 9 Hardness and volume loss of five Ni-Co-P/TiN composite
coatings with various Co content levels [TiN-free Ni-Co-P, TiN-Ni-
Co10-P, TiN-Ni-Co13-P, TiN-Ni-Co19-P, and TiN-Ni-C023-P] [70]

atoms through low-energy mechanical attrition. An alloy
layer at the interface between ENP coatings and Mg
alloys formed, leading to the formation of ENP coatings
with a smooth, compact, and fine-grained structure free
of pores and cracks as is shown in Fig. 7.

5.4 Hardness

The hardness of ENP coatings is mainly dependent on three
parameters: phosphorus content, the timing, and temperature
of the heat treatment process applied.

Regarding phosphorus content levels, as it increases, the
hardness of the ENP coating decreases due to the presence of a
large number of soft y phase microstructures in the high phos-
phorus coating. Conversely, in low phosphorus coatings, 3
phase, which is harder than y phase, is prominent and spurs
an increase in hardness levels. Maximum and minimum ENP
coating hardness can be achieved when the microstructure
includes either 3 or 'y phase only, respectively.

Regarding the temperature and timing of heat treatment, it
has been reported that these factors are also affected by phos-
phorus content levels. When the microstructure of the ENP
coating consists of one phase only (phosphorus content levels
of below 4.5 or above 11), the optimum heat treatment tem-
perature required to obtain maximum hardness levels is
400 °C for low phosphorus content levels and 330 °C for high
phosphorus content levels [60]. Moreover, many sources

report that maximum hardness can be achieved through 1 h
of heat treatment at 400 °C [61, 62]. The challenge is to ac-
quire an ENP coating with a high degree of hardness that
provides good wear and erosion resistance.

A multilayer of ENP coating was produced on
twinning-induced plasticity (TWIP) steel by Hamada et
al. [63]. The hardness of the coating was studied under
two conditions: as-plated and post-treated (PT) at
350 °C and 700 °C for 1 h, respectively. From Fig. 8,
the highest hardness value was found for the PT coating
at 350 °C.

Generally, the hardness of ENP composite coatings is
higher than that of ENP coatings. The hardness of ENP com-
posite coatings is dependent on the types of particles used
(specifically whether they are hard or soft). As the concentra-
tion of hard particles such as SiC and SizN, increases, the
coating hardness increases [64]. Increasing the number of soft
particles such as PTFE [65] in the composite results in a de-
crease in coating hardness.

In 2009, Dong et al. studied the hardness, wear resistance,
and mechanical properties of Ni-P-SiO, nanocomposite coat-
ings before and after heat treatment. They found that after heat
treatment at 400 °C, the hardness, and resistance of the ENP
composite were greatly increased relative to those of the ENP
coating [66]. The addition of a small amount of SiC to an
electroless Ni-P bath to form Ni-P-SiC composites increased
the hardness of the conventional Ni-P coating two-fold (from
4.5 for pure Ni-P to 8.5 GPa for Ni-P/SiC composite coating).
In addition, the presence of SiC nanoparticles in the Ni-P
matrix acted as a barrier to the corrosive solution and in-
creased the corrosion resistance of the composite [67]. Chen
et al. added a transparent layer of TiO, to conventional ENP to
improve its hardness. The hardness was in turn increased from
710 to 1025 HV, and the wear resistance level was improved
[68]. Liuhui et al. reported that TiN nanoparticles can consid-
erably improve the hardness of a Ni-P-TiN nanocomposite
coating due to its uniform distribution in the Ni-P matrix
[69]. TiN nanoparticles are successfully incorporated into
the electroless Ni-Co-P coating matrix to form a Ni-Co-P/
TiN nanocomposite on the Al substrate. Different weight per-
centages of cobalt were added to the aforementioned nano-
composite coating [70]. Microhardness levels were in turn
enhanced as cobalt content levels in the nanocomposite in-
creased, Fig. 9. Moreover, as is shown in Table 2, adhesion,

Table 2 Comparison of the performance of TiN-free Ni-Co-P and TiN-Ni-Co13-P composite coatings prepared in a solution with CoSO4.7H,0,

12 gL' [70]
Sample Adhesionforce Friction Hardness Wear rate Econ Leon
N) coefficient (HVy.) (mm® Nm ) ) (mA cm ?)
TiN-free 10 0392 391 0.019 -0.69 5.01
Ni-Co-P
TiN-Ni-Co13-P 12 0414 414 0.022 -0.58 2.88
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Fig. 10 Photomacrographs of
ENP-coated samples after tensile
testing, illustrating extensive
fractures in ENP plating: crack
rings were observed to be normal
to the tensile axis and delamina-
tion was found to be quite limited

(791

friction coefficient, hardness, wear rates, and corrosion resis-
tance levels were significantly improved when TiN was in-
cluded in the coating.

Many studies on different composites have achieved im-
provements in ENP and ENPC coating hardness (for details,
see [71-78].

5.5 Tensile strength

The tensile strength of an ENP deposit is directly related
to the phosphorus content and microstructure involved.
Increasing phosphorus content levels leads to a high ten-
sile strength. Therefore, an amorphous microstructure has
a high tensile strength due to an absence of defects and
high stress areas. When a microstructure consists of both
3 and vy phases, ductility levels are at their lowest
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values. Lowering phosphorus content levels to less than
4 wt% or increasing them to above 11 wt% increases the
ductility of ENP deposits. The high tensile strength of
the coating decreases is ductility.

Pineiro et al. [79] examined the tensile strength and
fatigue properties of an Al alloy coated with ENP in air
and in 3 wt% NaCl solution. The as-deposited coating
included 9.5 wt% of P. The coating was found to exhibit
strong adherence to a substrate even when it was subject-
ed to tensile stress levels exceeding the yield strength.
The ENP coating gave rise to a decrease in the number
of cycles to failure (Ny) when it was tested in air and in
3 wt% NaCl solution. The decrease in Ny variation was
roughly 56-45% when the coating was tested in air,
whereas during testing with the NaCl solution, levels of
decline ranged from roughly 65-44%, Figs. 10 and 11.

250
b u (a) UNCOATED SUBSTRATE
. A (b) COATED SUBSTRATE
P4
£ 200
2
w
&
® 150
z
<
B
100
<
=
2
=
g 50
NaCl
0
1000 10000 100000 1000000 10000000

NUMBER OF CYCLES TO FAILURE

Fig. 11 Mean number of cycles prior to fracturing Ny as a function of alternating stress applied to material S for uncoated and coated specimens tested in

a air and b 3 wt% NaCl solution [79]
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Fig. 12 Contact angle 100
measurements of substrate and

Ni-P coatings for different heat-

treated conditions [87]
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5.6 Fatigue properties

The fatigue strength of ENP coatings is a contentious topic
among researchers. Generally, ENP deposits reduce the fa-
tigue strength of a substrate under as-deposited conditions
and it is decreased even further following heat treatment.
Reductions in fatigue strength are mainly based on the com-
position, heat treatment, and thickness of the coating and on
the original fatigue strength of the substrate. Several investi-
gations [80] have shown that ENP coatings weaken substrates.
However, others studies have shown an increase in substrate
fatigue strength, e.g., Puchi et al. studied the effects of ENP
coatings on fatigue properties of AISI 1010 and 1045 sub-
strates. Their results show that ENP coatings, 10 wt% P, im-
prove the fatigue properties of the aforementioned alloy [81].
Puchi et al. also investigated the fatigue and corrosion-fatigue
behaviors of Al alloys coated with ENP tested in both air and

NiP HT 100°C NiP HT 200°C NiP HT 300°C NiP HT 400°C
coating coating coating coating

Type of coating

NiP coating

3 wt% NaCl. Under the as-plated condition, the coating was
approximately composed of 18 wt% P and was 38—40 pum
thick. The coated substrate showed an improvement in fatigue
properties [82].

5.7 Wettability

The non-wetting surfaces, hydrophobic surfaces, lead to for-
mation of an efficient corrosion protection coating, since they
retard the penetration of the corrosive ions to the coated sur-
face. For ENP nanocomposite coatings, the addition of ionic
or non-ionic surfactants in an electroless bath enhances the
wettability of a coated surface [83]. Using sodium lauryl sul-
fate (SLS) as a wetting agent, the dispersion of different nano-
particles (Al,O3, SiO, and ZnO) in an ENP bath was studied
by Dhinakaran et al. [84] in addition to its effects on surface
roughness, surface morphologies, microhardness levels, and

Fig. 13 Effects of phosphorus 2 o
content on the thermal expansion E 2 c
coefficient [61] £ =
£ . £
2 4112 &
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Fig. 14 Differential scanning calorimetry curves of different coatings: 1-
Ni-P (11.9 wt% P); 2-Ni-Cu-P (1.7 wt% Cu, 12.2 wt% P); 3-Ni-Sn-P
(1.1 wt% Sn, 11 wt% P) [88]

wear rates. Adding SLS with nanoparticles was found to
change the surface morphology of the deposit from unsmooth
nodular to smooth, as the surfactant reduced the contact angle
and improved the wettability of the Ni-P deposit on the sub-
strate. More investigations of the wettability of ENP and of its
composites can be found in [85, 86].

Karthikeyan et al. investigated the effects of heat treatment
on the wettability of an ENP coating [87]. Their wettability
study showed that as-deposited Ni-P coatings are hydropho-
bic. Heat treatment at 400 °C changed the hydrophobicity of
the ENP coating surface to become hydrophilic as a result of
nanocrystalline formation as is shown in Fig. 12.

5.8 Thermal properties

Measurements of the coefficient of thermal expansion (CTE)
for any coating are influential, as they affect the adhesion of a
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coating to a substrate. To achieve strong adhesion between a
coating and substrate, the CTE of the given coating and sub-
strate must be similar. Coating failure mostly occurs as a result
of residual thermal stress applied at high working tempera-
tures. ENP coatings are characterized by a variety of thermal
expansion coefficients dependent on phosphorus content
levels as is shown in Fig. 13 [61]. By controlling phosphorus
content levels, residual thermal stress can be reduced. CTE of
ENP coatings at 3 wt% phosphorus reaches nearly 22.3 um/
m/°C, whereas they reach 11.1 pm/m/°C at 11 wt% phospho-
rus [60]. The inclusion of nanoparticles such as Cu and Sn
[88] to the ENP matrix-forming nanocomposite increases the
crystallization temperature of amorphous Ni-P, in turn im-
proving its thermal stability as is shown in Fig. 14.
Enhancing the thermal stability ENP composite coating im-
proves its corrosion resistance.

5.9 Wear resistance

Wear involves the gradual deterioration and deformation of
contacting surfaces as a result of mechanical action. There
are two types of wear: adhesive and abrasive. Adhesive wear
occurs when material is lost when hard particles are forced
against and move along a solid surface. Abrasive wear occurs
between surfaces in frictional contact. As noted above, wear is
related to hardness; as hardness is up-surged, wear resistance
levels increase. Wear is affected by many factors such as sur-
face hardness; the contact area and its shape; the nature of
stress applied; surface morphologies; the type, speed and du-
ration of motion; the temperature; and the form of lubrication.
Consequently, as it is difficult to predict and control, wear is a
highly complex process. Sahoo studied the optimization of
ENP coating process parameters for minimal wear based on
an L27 Taguchi orthogonal design with four parameters (bath

Fig. 15 Effect of annealing temperature and TiO, particles on a wear depth and b corrosion current density [92]
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Fig. 16 SEM of the surface morphology of the composite coating [93]

temperature, nickel concentration, reducing agent concentra-
tion, and annealing temperature). It was found that nickel con-
centrations have a less significant effect in controlling wear
properties, whereas the annealing temperature has the most
significant effect [89].

Studies have shown that the wear resistance of ENP is
enhanced through the addition of different substances to form
a composite. ENP-A1l,O3 nanocomposite was prepared and
studied by Li et al. in 2013 [90]. ENP-Al,O; was deposited
on carbon steel from a plating bath containing Ni-sulfate, so-
dium hypophosphite, and Al,O5 nanoparticles with different
concentrations (0.025, 0.50, 1.00, and 2.00 g Lfl). The results
showed that the microhardness and wear resistance of the
nanocomposite with Al,O3 nanoparticles prepared by (i) me-
chanical milling and (ii) traditional technique (sol gel method)
are quite similar. Both properties were enhanced as the Al,O5
content was increased, whereas the corrosion resistance in
3.5 wt% NaCl decreased. This is in the contrary to the other
study [91], which proved that the presence of 75 g L' of
Al,O3 nanoparticles in the coating improved the corrosion
resistance of the steel in 3.5 wt% NaCl solution. Therefore,
it is assumed that an optimum concentration of Al,O5 should
be controlled with the nanocomposite in order to have a high
corrosion and wear resistance. The presence of TiO, in the
ENP matrix leads to a significant improvement in the wear
resistance, hardness, and corrosion resistance of an ENP de-
posit [92]. Ni-P-TiO, nanocomposite coatings are prepared at
different concentrations of TiO, particles in the electroless

3
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Fig. 17 Abrasive wear resistance (expressed as volume loss) of Ni-P-SiC
coatings as a function of heat treatment temperature and phosphorus
content. Applied load, 4.9 N [94]

bath (1, 5, 10, 15 g/L) and annealed at different annealing
temperatures (200, 300, 400, and 500 °C). Increasing the tita-
nia concentrations and annealing temperatures led to an in-
crease in the wear (decrease in wear depth values) and corro-
sion (increase in the charge transfer resistance values, R)
resistances. The minimum wear depth and the highest R . were
obtained after annealing at 400 °C. At a higher annealing
temperature (500 °C), the wear depth increased and the R
decreased compared to these values at 400 °C due to the in-
crease in the grain size of the composite coating and the sep-
aration of grains from each other. Figure 15 shows the effect of
TiO, concentration in the deposition bath on the wear depth
and R, of the ENP-TiO, nanocomposite after different anneal-
ing temperatures.

The wear resistance of the ENP-SiC nanocomposite coat-
ing that deposited on the AZ91D magnesium alloy was en-
hanced as the concentration of SiC particles in the electroless
deposition bath was increased up to a concentration of4 g L.
A further increase in the SiC concentration led to a decrease in
the microhardness and consequently, the wear resistance of
the composite coating [93]. The enhancement of the wear
resistance and the microhardness of the composite coating
are attributed to the strengthening effect of the SiC and the
homogeneous distribution of the SiC particles in the Ni-P
matrix, which led to an increase in the compactness of the

Table 3 Coating characteristics

Coating Phosphorus content SiC concentration in the Coating thickness
(Wt%) coated layer (vol%) (pnm)
Ni-P Low 39+03 30-60
Medium 6.0+03
High 10 +£0.2
Ni-P-SiC Low 25+0.8 32+ 1.0 30-60
Medium 57+0.5 30+£2.0
High 99+1.0 35+ 1.0
, oo @ 1 58 Ennls
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Fig. 18 Friction coefficients (i) of steel, Ni—P, Ni-Cu—P, and Ni-Cu—P—
TiN [94]

coating, as shown in Fig. 16. Whereas a higher concentration
of SiC nanoparticles led to a heterogeneous distribution of the
nanoparticles in the coating. In addition, the amount of holes
was increased and the integrity of the coatings was reduced
which led to a little reduction in the microhardness.

Besides the effect of concentration of the added particle,
the heat treatment and the phosphorus content in the compos-
ite coating have a significant effect on the wear resistance. A
comparative study on the relationships between the structure
and abrasive wear resistance of Ni-P-SiC coatings with differ-
ent phosphorus contents (2.5-10.2 wt.% P) under different
heat treatment conditions (300, 400 and 500 °C) was per-
formed [94]. The specifications of the coating are shown in
Table 3. The abrasive wear resistance, for low and medium P
wt% composite coating, gradually increased up to 400 °C,
followed by a severe decrease at 500 °C. The abrasive wear
resistance of the coating with high P wt% increased continu-
ously with increasing the annealing temperature up to 300 °C,
followed by a relatively stable condition at 400 and 500 °C, as
seen in Fig. 17. Increasing the wear resistance of the compos-
ite coating is related to the slight grain growth of the Ni-P
phase, which has a crystalline structure at low and medium
P wt%, approaching a metastable equilibrium at approximate-
ly 300 °C and the precipitation of the hard, semi-coherent,
NizP phase at approximately 400 °C.

Fig. 19 SEM images of wear-
worn surfaces of a Ni-P, b Ni—
Cu-P, and ¢ Ni-Cu—P-TiN [95]

Zhou et al. studied the effects of Cu and TiN in the Ni-Cu-
P-TiN ternary nanocomposite on its corrosion and wear resis-
tance [95]. The composite coating is deposited on carbon steel
from plating solution containing, in addition to nickel sulfate
and sodium hypophosphite, cupric sulfate to increase the cor-
rosion resistance of the composite and TiN particle to enhance
the wear resistance. The results showed that the corrosion
resistance of the composite coating was doubled relative to
that of the ENP coatings, as the incorporation of Cu into the
coating enhanced the compact structure by decreasing the
number of pores present. In addition, the presence of TiN
dramatically increased the wear resistance, as it decreased
the friction coefficient of the coating as is shown in Fig. 18.
Nevertheless, some cracks formed on the Ni-Cu-P-TiN sur-
face due to stress acting on it and due to internal stress
resulting from the incorporation of TiN particles as is shown
in Fig. 19c.

There has been a focus on the wear resistance of ENP
coatings. This topic is explored at length in [96-100].

5.10 Corrosion resistance

From the above-described properties, ENP coatings exhibit
lower levels of porosity and a more uniform thickness and
are harder than the equivalent electroplated nickel alloy.
These unique properties in addition to their passive nature
render ENP deposits superb at resisting corrosion in different
environments. Degrees of ENP coating passivity and corro-
sion resistance are greatly affected by their compositions, i.c.,
phosphorus content. In neutral and acidic media, the higher
(more than 10 wt%) the phosphorus content in coatings, the
more resistant coatings will be to corrosion. On the other hand,
coatings with less phosphorus content are more resistant to
strong alkaline media than coatings with high levels of phos-
phorus content. Upon being heated to above 220 °C, ENP
deposits will form nickel phosphide, which reduces the phos-
phorus content of the remaining material. Accordingly, the
corrosion resistance of coatings is reduced. It has been proven
that amorphous alloys are more resistant to corrosion than
their crystalline counterparts due to an absence of grain
boundaries and due to the formation of glassy films that pas-
sivate their surfaces.
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Fig.20 aNyquist and b Tafel plots for composite coatings obtained from a plating bath containing different concentrations of nano-Al,Oj3 particles [101]

As noted above, the incorporation of nanoparticles into an
ENP coating matrix enhances their properties. Consequently,
the corrosion resistance of ENP composite coatings in differ-
ent environments constitutes their broadest application.
Ashassi-Sorkhabi et al. described corrosion resistance of elec-
troless Ni-Cu-P containing nano-Al,O5 particles in 0.5 M
H,SO, solutions [101]. Ni-Cu-P/Al,O5 composite coatings
are prepared on mild steel from an alkaline electroless plating
containing 1 g L' CuSO, and different concentrations of
Al,O3 nanoparticles (5, 10, 20, 50, 100, and 1000 ppm). It
was found that the inclusion of Al,O3 nanoparticles improved
the corrosion resistance of the examined coating with a max-
imum achieved at 20 ppm nanoparticle concentration as is
shown in Fig. 20a, which presents Nyquist plots for the Ni-
Cu-P electroless-plated coatings with and without different
concentrations of Al,O; nanoparticles. Nyquist plots,
Fig. 20a, shows that an increase in the alumina concentration
up to 1000 ppm negatively affects the corrosion resistance that
has the lowest value of the charge transfer resistance (R.y).
Figure 20b represented Tafel plots of the composite
coatings with different concentrations of alumina. The
polarization measurements (Tafel plots) are in good
agreement with EIS results.

Effects of different concentrations (0.05, 0.10, 0.15,
and 0.20 g L") of Yb®* on the corrosion resistance and
deposition rate of ENP deposits were studied by Yan
[102]. The presence of Yb** resulted in a significant
improvement in the corrosion resistance of the coating
and accelerated its deposition rate. Increasing Yb>* up
to 0.20 g L™, the corrosion potential, E.,, of the elec-
troless Ni-P coating in 3.5 wt% NaCl solution increased
from —0.381 to —0.08 V, and the corrosion current density
icorr decreased from 7.36 to 0.62 mA cm 2, as shown in
Fig. 21. Enhancing the corrosion resistance of the composite
coating is achieved since Yb>* accelerates the nucleation rate
s DTTES F) @I 10 00

QATAR UNIVERSITY

of Ni-P alloy, resulting in compact coatings with fine grains
and low porosities, as shown in Fig. 22.

ENP ternary coatings exhibit excellent corrosion and
functional properties in acidic and alkaline media.
Ternary Ni-Zn-P [103] and Ni-Cu-P [104] nanocompos-
ites have been prepared on steel and Mg alloys, respec-
tively. Their effects on the corrosion resistance of the
studied ENP coating were tested in 3.5% NaCl solution
using potentiodynamic polarization (Tafel plots) and EIS
techniques. The inclusion of Cu or Zn enhanced the de-
position rate and the degree of corrosion resistance since
they have a coating with refined nodules, uniformity, and
low porosity, as shown in Fig. 23a, b), and increased
deposition rate. In a parallel study, Zhao et al. found that
the addition of 6.5 wt% Cu to an electroless Ni-P-PTFE

0
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Fig. 21 Polarization curves of electroless Ni—P coatings deposited from
the baths with different concentrations of Yb>* in the 3.5 wt% NaCl
solution
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Fig. 22 Surface morphologies of
electroless Ni—P coatings
deposited in presence of a 0, b
0.05,¢0.10,d 0.15, and e

020 gL' Yb*

Fig. 23 Surface morphology of a
Ni-Zn-P [113] and b Ni-Cu-P
[114] composite coatings

matrix increased the deposition rates and corrosion resis-
tance levels [105].

Unique characteristics of tungsten (e.g., high hard-
ness, tensile strength and melting point values, and a
lower linear thermal expansion coefficient) have moti-
vated researchers to develop ternary Ni-W-P alloys as
reported in refs. [106—110]. Studies on the corrosion
resistance efficiencies of electroless Ni—P—CeO, and
Ni—P-TiO, composite coatings have been conducted by
electrochemical impedance spectroscopy and revealed
higher levels of corrosion resistance than those of plain
electroless Ni—P deposits [40, 111]. Electroless Ni—P—
Fe;04 composite coatings exhibited higher levels of cor-
rosion resistance than ENP coatings at room temperature
in 3.5 wt% NaCl solution [112]. In a recent study, Au
coating was deposited on Ni-P coating to improve its
efficiency. Furthermore, different organic additives such
as polyethylenimine (PEI), hexamethylenetetramine
(HET), and benzotriazole (BTA) were added to the de-
position bath. The performance of the Au coating was

3k

/
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A~  d- 3mg/L BTA

d e- 200mglL PEI

1 1 1 1 1 1 1

07 08 05 04 03 02 o1 00
Potential/V(SCE)

Fig. 24 Tafel plots of Ni-P with Au deposited from baths with different
additives. (a) Ni—P substrate, (b) Ni-P with Au only, (c) with 5 mg L!
HET, (d) 3 mg L™ BTA, and (¢) 200 mg L™ PEI
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Table4  Summary of recent advances in the corrosion resistance (CR) studies of the ENP and its nanocomposite coatings including types of substrates
used, electroless deposition methods and baths, characterization methods, and major findings

Type of Development methods ENP bath condition Characterization Substrate ~ Major findings Ref.
composite techniques

Temp., pH Time

°C (hours)

Ni-P-SiO,-AL O3 Addition of SiO, and Al,O4 90+1 4.6+0.1 2 SEM, EDX, 6061 Al Increasing the number of [114,
nanoparticles of different XRD, EIS, AZ91HP nanoparticles increases the CR
amounts. polarization Mg and microhardness of the

techniques. alloy. resulting composite.
115]

Ni-P-CeO,/RuO, Reinforcement ENP coating 85+2 45 2 SEM, EDX, Mild steel.  CeO,/RuO, were widely [116]
with mixed oxide of XRD, AFM, distributed across the ENP
CeO,/RuO;. OCP, coating and increased the CR.

polarization
techniques.

Ni-Co-P Codeposition with Al,O3, SIN ~ 90+5 8 1 SEM, EDX, Al Maximum CR was achieved [117]
and SiC. XRD, PP, EIS, ASC- with an Al,O5 codeposited

Profilometry. M20 coating, and the highest
alloy. degrees of microhardness and
wear resistance were achieved
when using a SiC codeposited
coating.

Ni-Sn-P Addition of SnCl, to an 85~93 45~55 3 SEM, XRD, PP,  (CF)steel. Formation of a homogeneous [118]

electroless bath. EIS. amorphous alloy layer on CF
steel that improves the CR
value.

Ni-P-SiO, Addition of different amounts of 90+ 1 45+0.1 1.5 FESEM, EDX, Al 7075-T6 With 12.5 g.L_I SiO,, the [119]
nano-Sio, (5 to 15 g.L™"). PP, EIS. alloy. coating hardness was

enhanced from 453 to 980 VH
but the CR value diminished
following heat treatment.

Ni-P-W Addition of sodium tungstate, 85+2 45 2 XRD, SEM, EDS, Mild steel. The protective barrier created by [120]
tungsten powder, and OCP, EIS. Ni-P-coated tungsten powder
Ni-P-coated tungsten powder incorporated into ENP coating
to an ENP bath. was found to be the strongest.

Ni-Cu-P-TiN Addition of TiN particles to form 75-80  4.8-5.1 1 PP, SEM, EDX,  C-steel. The CR of Ni-Cu-P-TiN was [95]
Ni-Cu-P-TiN composite. XRD, doubled relative to that of

Pin-on-disk. ENP.

Ni-Y-P Addition of different amounts of 85+2  5+0.1 1 SEM, EDX, PP.  Sintered The best CR was obtained at [121]

Y** (2-8 mmol/L). Nd-Fe— 6 mmol L' of Y**.
B
magnets.

Ni-P-SiO, Formation of a pre-layer of Ni-P 90 - 1.5-2  FE-SEM, EDS, Cu. The magnitude of CR was [122]
followed by the addition of AFM, EIS. increased and the surface
SiO, nanoparticles. roughness and porosity of the

coating were reduced with
SiO, nanoparticle
incorporation.

Ni-P-TiO, Addition of different amounts of 85 4.5 1 SEM, EDX, Low Ni-P-nano-TiO, coating [123]
TiO, nanoparticles. XRD, PP, EIS C-steel. exhibited superior CR over

Ni-P coating.

Ni-P/Ni-B-B4C ~ Deposition of duplex composite 80 4.6 - SEM, EDX, CK45 steel.  The layers are highly compatible. [124]

coatings containing B,4C. XRD, PP, EIS. Microhardness levels and the
CR of Ni-B-B4C were higher
than those of ENP coatings.

Ni-P-SiC Incorporation of SiC 88+2 4.7 2 SEM, EDX, PP, Al 6061 SiC nanoparticles enhanced the  [125]
nanoparticles. EIS, alloy. CR and tribological properties

Pin-on-disk, of AA in 3.5 wt% NaCl.
Vickers tester.

Ni-P-Cg-TiO, Codeposition of graphite 80 5 1 SEM, XRD, PP,  Galvanized The CR value was decreased [126]

particles with the Ni-P-TiO,. DSC. C-steel. with the addition of graphite
particles (Cg) to the composite
Ni-P-TiO,.

Ni-P/Ni-P-ZrO,  Formation of a double layer of ~ Outer layer: SEM, XRD, PP, Mg AZ31  Double-layered [127]

Ni-P with the upper layer in- Temp 80, pH 6-6.4, time 1.5 Salt Spray Test. alloy. Ni-P/Ni-P-XZrO, coatings

Q springer BT @ @”“m

cluding ZrO,.

Inner layer:
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Table 4 (continued)

Type of Development methods ENP bath condition Characterization Substrate ~ Major findings Ref.
composite techniques
Temp., pH Time
°C (hours)
Temp 80, pH 4.5-5, time 2 can resist salt spray tests for
more than 480 h.

Ni-P/Ni-B-BN Insertion of BN nanoparticles 85 4.6 2 SEM, EDX, PP,  CK45 steel. The presence of both a Ni-P [128]
into the duplex electroless EIS, XRD, Pin- pre-layer and BN nanoparti-
composite coating. on-disk test, cles improved the CR of the

Vickers tester. two-layered composite coat-
ing (Ni-P/Ni-B-BN).

Ni-P-Zn Enhancing the electroless Ni-P 85 10.5 1 SEM, PP, EIS, CR levels were increased [129]
via Zn. Salt Spray Test. through the optimization of P

and Zn content levels.

Ni-P-Nylon 66  Incorporation of nylon 66 intoan 90+1  4.5+£0.02 2 SEM, EDX, C-steel. The presence of nylon increased [130]
ENP. FTIR, PP, EIS. the thickness and corrosive

strength of the composite
coatings.

Ni-P-CNT Uniform distribution of CNT 88+2 52 0.5 SEM, TEM, Cu. The presence of CNT provided  [131]
across ENP coatings. AFM, Shear Ni-P-CNT composites with

tests. high levels of mechanical
strength, CR, and stability.

Ni-P-WS, Multilayers of Ni-P and 87 5.8 5 SEM, XRD, Al The incorporation of WS, and [132]
Ni-P-WS, are constructed and AFM, EIS, the existence of Ni3P led to an
investigated. Pin- on-disk increase in the CR of the

test, Vickers Ni-P-WS, composite relative
test. to that of the ENP coatings.

Ni-Co-P Insertion of SiC particles of 90+5 8 1 SEM, EDX, EIS Al alloy. Higher levels of microhardness  [133]
different sizes into the XRD, Vickers and corrosion resistance were
composite to form hardometer, observed following the
Ni-Co-P-SiC. PP. addition of less SiC to the

Ni-Co-P-SiC.

Ni-P/Ni-P-PTFE  Ni-P-PTFE coating is supported 85+1 4.6~4.8 2 SEM, XRD, Galvanized Ni-P/Ni-P-PTFE composite [134]
by a pre-layer of Ni-P coat- Hardness test, iron. coatings exhibit strong
ings. Porosity test, substrate bonding, high levels

Friction of hardness, low friction
coefficient. coefficients, and high CR
values.

Ni-P-DNP Incorporation of different 90+5 8 1 SEM, EDX, Mild steel.  DNP significantly improved the [135]
quantities of diamond XRD, PP, EIS. CR of the ENP coatings.
nanoparticles (DNP).

Ni-P-ZnO Incorporation of ZnO 8893 4547 3 SEM, EDX, St37 steel.  Adding ZnO nanoparticles [136]
nanoparticles. XRD, PP, EIS. shrank the electrochemically

active area of the coating, thus
increasing the CR.

Duplex Ni-P Formation of duplex Ni-P with 90 6.2 2 SEM, EDX, Mg AZ31  All of the coatings generated [137]
Duplex low levels of P-content in the XRD, PP, EIS. alloy. excellent CR values. The best
Ni-P-TiO, first layer and with high levels CR was achieved when using
Duplex of P content in the second ceramic composite coatings.
Ni-P-ZrO, layer followed by the incor- Advantages of the use of ceramic
poration of ceramic TiO, and TiO, and ZrO, microparticles
ZrO, microparticles. can be observed after heat
treatment.
Ni-P-CNT Inclusion of CNT to form 88+2 4.7 3 SEM, PP, EIS. Cu. The incorporation of CNTs into  [138]
Ni-P-CNT composite and ex- the composite coating
amination of CR in acidic and significantly increased the CR
neutral media. of electroless Ni—P in both
acidic and neutral media.
Ni-P-Al,O3 Incorporation of different 8890 5.5-8 2 SEM, EDX, PP, Mild steel. = The Ni-P- Al,O3 composite [139]
amounts (5-20 g/L) of ALO; XRD, coatings acquired higher
nanoparticles. pin-on-disk values of microhardness and
test. CR than those of the ENP

coatings. CR values increased
as alumina content levels in-
creased.
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Table 4 (continued)

Type of Development methods ENP bath condition Characterization Substrate ~ Major findings Ref.
composite techniques
Temp., pH Time
°C (hours)
Ni-P-SiC and Enforcing a Ni-P coating with ~ 88-93 4547 2 SEM, EDX, PP, API-5L The Ni-P-CNT coating showed  [140]
Ni-P-CNT either SiC or CNT. EIS. X65 the lowest levels of porosity
steel. and the highest CR values

relative to those of Ni-P-SiC
composite coatings.

Ni-P-kaolin Codeposition of kaolin Different temperatures (40, SEM, EDX, Cu, mild A new bath formulation was [141]
nanoparticles with Ni-P coat- 50, 60, 70, 80, and 90) at XRD, PP, EIS. steel and developed for producing
ings. pH 6 for 30 min, different stainless Ni—P—kaolin. The CR is
pH values (4, 4.5, 5, 6, 7, steel. enhanced through the
8) at 90 °C for 30 min and incorporation of kaolin into

different periods (10 to
90 min) at 90 °C and pH
6.
Ni-PCTFE-P Incorporation of 90+0.1 45 0.5
polychlorotrifluoro-ethylene
nanoparticles into an ENP
bath.

the Ni-P matrix.

SEM, EDX, Cu. We observed a significant shiftin [142]
XRD, Eocp, corrosion potential in the
EIS, PP. noble direction, a decrease in

the corrosion rate, an increase
in charge transfer resistance,
and a decrease in double-layer
capacitance values with the
incorporation of PCTFE par-
ticles into the Ni-P matrix.

tested using Tafel polarization in a 3.5% NaCl solution
[113]. The results showed that the presence of additives
allowed the gold film to increase its corrosion resistance
and BTA is more resistant to corrosion than the other

Fig.25 SEM images of Ni-P with
Au with different additives in the
bath. a Without additive, b

200 mg L' PEL ¢ 3 mg L' BTA,
andd 5 mg L' HET
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inhibitors examined, as shown in Fig. 24. In addition,
according to the SEM results, the morphology of immersion
gold surface shows a honeycomb structure and the size of
Au particles gets smaller, as shown in Fig. 25 [113].




Emergent Materials (2018) 1:3-24

21

Table 4 summarizes recent preparation of different ENPs
and nanocomposite coatings on different substrates and our
characterization techniques and applications.

6 Future work on ENP and on its composite
coatings

This review article sheds the light on the overall aspects of the
electroless nickel-phosphorus (ENP) coatings. It clarifies the
mechanisms, electroless bath ingredients, the main require-
ments of the electroless deposition, and the effect of heat treat-
ment. In addition are the different types of the Ni-P composite
coatings and their impact on the properties and charac-
teristics. As a result, ENP coatings and their composite
are vital for controlling and mitigating corrosion.
Therefore, further electroless research shall be conduct-
ed to develop these composite coatings.

In future, complex composite materials such as Ni-P/
PTEF/TiO,/ZrO, or other composite particles such as SiC,
CeO,, TiO,, Al,O3, or CNTs can be used to address future
needs and to generate composite coatings that protect
against corrosion. New methods in terms of corrosion
and wear protection can be developed to facilitate the
ENP coating of complex substrates such as aluminum
and magnesium, which require the use of thick and pore-
free coatings.

Furthermore, the use of new nanoparticles such as TiNi
or CN in the electroless coating matrix to enhance its
strength, hardness, and corrosion, as well as wear resis-
tance, is critical.

Given calls for greener plating technologies, achieving
maximum levels of protection and high levels of durabil-
ity at low prices, will lead to a greater need to apply
effective green polymers as second or third phases of
ENP coating to ensure a new generation of ENP nano-
composite coatings.

Moreover, increasing the equipment productivity, achiev-
ing a maximum efficiency from the bath, developing new
plating technologies, using composite materials, and reducing
the chemical usage are still in need for research to create new
opportunities essential for the future of the ENP coating im-
plementation in corrosion prevention.
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