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Abstract

Electroless Ni—P-Ti composite coatings were prepared on AISI 1018 steel substrates by incorporating three different
amounts of Ti nanoparticles into a Ni—P matrix. Erosion—corrosion tests were performed on AISI 1018 steel, Ni-P and Ni—
P-Ti coatings. AISI 1018 steel exhibits the lowest erosion—corrosion resistance, while the highest erosion—corrosion
resistance is achieved on coating containing 15.2 wt% Ti. For AISI 1018 steel, removal of oxide film by abrasive particles
and severe pitting corrosion are the dominant erosion—corrosion mechanisms. For Ni-P coating, cracking and fracture of
the coating are the prominent degradation mechanisms. However, micro-cutting, micro-ploughing and micro-indentation
are the principal mechanisms for Ni-P-Ti coatings. Ti particles act as barriers during the erosion—corrosion process, which
improve the erosion—corrosion resistance of the composite coatings.

Keywords Ni—P-Ti composite coating - Ti particles - Erosion—corrosion mechanisms - Synergistic effect

1 Introduction

Low carbon steel has been extensively used in automotive,
oil and gas, and construction industries owing to their low
cost and wide availability [1]. For example, in the oil and
gas industry, pipelines, made of low carbon steel, are
considered to be one of the most economical methods to
transport petroleum products [2]. However, the erosion and
corrosion resistance of steel pipelines is inadequate to
withstand an aggressive environment [3]. The material
degradation of pipelines prompted by erosion and corrosion
has become a serious problem in the petroleum industry
due to the presence of particulates (i.e. sands or other solid
particles) and corrosive species (Cl1-, O,, H,S and CO,)
[4]. To protect the pipelines from erosion and corrosion,
various preventative measures have been employed
including different pipeline materials or protective coatings
[5-7]. Nevertheless, using durable materials may not
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always be the most cost-effective solution [5]. Addition-
ally, whilst the application of epoxy or polymer-based
coatings have exhibited some improvement, each of these
coatings have their limitations. Epoxy-based coatings are
incapable of providing sufficient protection against certain
chemicals in crude oil [6] and polymer-based coatings may
suffer thermal damage during the assembly process [7], in
addition to their low hardness. Therefore, there is still a
demand for enhancement of these protective coatings to
acquire a coating that imparts the highest protection to the
pipelines devoid of frequent replacement or recoating
procedure.

Electroless Ni—P has been widely utilized in many
industries as protective coatings due to its high hardness,
superior adhesion and exceptional corrosion resistance
[8-10]. However, Ni—P coatings have low toughness and
tend to crack readily under load or during impact [11].
Improved toughness can be achieved by adding ductile Ti
particles into brittle matrix. Chu et al. reported that the
fracture toughness of hydroxyapatite was improved by the
addition of 20 vol% Ti particles [12]. Enrique et al. studied
the effect of Ti nano-particles on the fracture toughness of
Al,O3 based composite materials [13]. They found that
fracture toughness is dependent on the Ti content and
higher Ti content provides superior fracture toughness [13].
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Jang et al. observed that Ti particles impart remarkable
plasticity and toughness to the Mg-based bulk metallic
glass composites and the compressive plasticity is
enhanced from 12 to 25% strain by decreasing the mean Ti
particle size from 89 £ 20 to 50 & 17 pum [14]. In addi-
tion, Wang et al. found that the incorporation of Ti
nanoparticles into Ni—P matrix can significantly improve
toughness [2].

The erosion—corrosion resistance of Ni—P or Ni—P based
composite coatings has been of considerable interest over
the last two decades. For example, Ni-P-B,C composite
exhibits superior erosion—corrosion resistance in acidic
chloride solutions at a normal abrasive impact compared to
Ni—P coating [15]. Calderon et al. investigated the erosion—
corrosion resistance of Ni—-P—SiC composite coatings and
suggested that the grain refining and microstructure chan-
ges caused by SiC particles contributed to the improved
erosion—corrosion resistance [16]. More recently, Tamila-
rasan et al. studied the influence of reduced graphene oxide
(rGO) on the erosion—corrosion behavior of Ni-P-rGO
coatings and found that incorporation of rGO particles
significantly improve the erosion—corrosion resistance and
the best result is obtained at a concentration of 50 mg/L of
rGO in the plating solution [3]. Although the aforemen-
tioned studies show improved erosion—corrosion resistance
by incorporating third particles, the erosion—corrosion
behavior of Ni—P-Ti coatings has not been studied.

The principal objective of this research is to investigate
the erosion—corrosion behavior of AISI 1018 steel, Ni—P
and Ni—P-Ti coatings. Different amount of Ti particles
(1 g,2 g, and 3 g) were separately added into Ni—P plating
solutions. Pure corrosion, pure erosion, erosion enhanced
corrosion and erosion—corrosion tests were conducted on
AIST 1018 steel, Ni-P and Ni-P-Ti coatings with three
different amounts of Ti content. This work examines the
effects of Ti concentration on erosion—corrosion resistance.
This study also identifies operative degradation mecha-
nisms of different coatings during the erosion—corrosion
process.

2 Experimental Details
2.1 Coating Preparation

AISI 1018 carbon steel coupons (18 mm x 10 mm x 6
mm) were utilized as substrates. The steel substrates were
ground using various grit SiC papers (240, 320, 400, and
600). The ground substrates were then polished using
diamond solutions (9 pm, 3 pm, and 1 pm).

Industrial grade Ni-P plating chemical solutions con-
sisting of NiSO, as nickel source and NaPO,H, as reduc-
tant were employed to prepare Ni—P-Ti plating solutions.
1 g,2 g,and 3 g Ti particles were separately added into the
Ni—P plating solutions (1 L volume). Figure 1 shows the
particle size distribution of Ti powder. The Ti powder
shows a bimodal size distribution. One is nano-size (ap-
proximately 40 nm), the other is micro-size (approximately
5 pm). Some particles are even larger than 10 pm. In order
to avoid the oxidation of Ti particles, weighing and oper-
ating Ti powder were performed in a glovebox filled up
with argon gas. The oxygen content in the glovebox was
maintained at 0.1%. Ni—P plating solution without Ti par-
ticles was also prepared as pre-coating solution. The
cleaning process of polished substrates comprised the
removal of grease and debris by immersing in a heated
alkali solution (85 °C) for 5 min, intermediate rinsing with
distilled water and then followed by surface activation
using 20 vol% sulfuric acid for 15 s. The alkali solution
consists of 30 g/l NazPO,, 30 g/ Na,CO5; and 50 g/L
NaOH. Prior to submerging in the Ni-P pre-coating solu-
tion, the activated substrates were thoroughly rinsed with
distilled water. To increase the adhesion strength of com-
posite coatings, a thin Ni—P coating having a thickness of
approximately 8 um was deposited on the substrates. The
coated samples were then hung in the Ni—P-Ti plating
solutions. The electroless Ni—P-Ti plating parameters are
summarized in Table 1. During plating, ammonium
hydroxide was periodically added into a plating solution to
adjust the pH. Ni-P coating without Ti particles was also
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Table 1 Electroless Ni—P-Ti plating parameters

Parameters Values
Temperature 88 £ 2°C
pH 4.7 £ 0.1
Magnetic stirring speed 300 rpm
Plating time 4-6 h

prepared for the comparative study. The plating time is
dependent on the thickness of coatings containing different
amounts of Ti. The coating thickness is approximately
50 pm.

2.2 Coating Characterization

The surface and cross-section of the coatings before and
after erosion—corrosion tests were examined via scanning
electron microscopy (SEM), energy dispersive spectrome-
try (EDS) and laser confocal microscopy. The operation
conditions for SEM and EDS were 15 kV and 15 pA. A
diamond pyramid indenter was employed to measure the
Vickers hardness under 100 g load on the cross-sections of
the coatings according to ASTM standard [17]. The diag-
onal lengths of indent were measured using an optical
microscope for subsequent computation of hardness values.

2.3 Slurry Pot Erosion—Corrosion (SPEC) Test

Pure corrosion, pure erosion and erosion—corrosion tests
were conducted on AISI 1018 steel, Ni-P and Ni-P-Ti
coatings in a slurry pot erosion—corrosion (SPEC) tester.
The schematic of the SPEC tester is shown in Fig. 2. The
slurry was held in a glass container (4 L). An impeller
driven by a motor was employed to impel the slurry.

Before the SPEC test, the specimen is cathodically pro-
tected during the test to provide material loss caused by
pure erosion. Then except for the testing surface, other
faces of the specimen were covered with epoxy. A test area
of 1.8 cm? was exposed to the abrasive slurry. The abrasive
slurry is composed of 35 wt% AFS 50-70 silica sand and
3.5 wt% sodium chloride solution. The SEM micrograph of
AFS 50-70 angular silica sand particles is shown in Fig. 3.
The average size of the abrasive particles ranges
200-300 pm. The impact velocity at an impeller speed of
900 rpm during erosion—corrosion testing process is mea-
sured to be in a range of 0.26-2.21 m/s [18]. The slurry
temperature is approximately 45 °C and the testing time is
6 h. Pure erosion tests were conducted on samples without
corrosion via cathodic protection. Pure corrosion tests (in
the absence of abrasive particles) and erosion enhanced
corrosion tests (in the presence of abrasive particles) under
flowing conditions were conducted in a 3.5 wt% NaCl
solution using the polarization resistance technique [19]. A
three-electrode cell and a Gamry potentiostat were utilized

Fig. 3 SEM micrograph of AFS 50-70 abrasive sand particles

Fig. 2 Schematic of slurry pot
erosion—corrosion tester
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for electrochemical tests and cathodic protection [18]. A
sample, a saturated calomel electrode (SCE), and platinum
were used as a working electrode, a reference electrode,
and a counter electrode in the three-electrode cell,
respectively. A potential range from — 0.25 to + 0.25 V
vs. the open circuit potential was employed with a scan rate
of 0.167 mV/s. Each test was repeated twice to confirm the
repeatability and the test results were averaged, the stan-
dard deviations were used as error bars.

A micro-balance having a reading accuracy of 0.01 mg
was utilized to measure the mass loss after SPEC test.
Material loss rate is reported as cm>/h/cm”. According to
the ASTM G119-09, the total erosion—corrosion material
loss rate (K..) can be expressd as follows [20]:

Kec:Keo+Kco+KS (1)

where, K., is the material loss rate caused by pure erosion,
K., is the material loss rate caused by pure corrosion and
K is the material loss rate caused by synergy between
erosion and corrosion. The total material loss rate,
according to the ASTM G119-09, can be also expressed by
the following components [20]:

Kee =Ke + Ko = Koo + Koo + AKC+AKC (2)

where, K. is the total erosion rate, K, is the total corrosion
rate, AK. is the corrosion-enhanced erosion rate and AK, is
the erosion-enhanced corrosion rate. Combining Egs. (1)
and (2), the synergy material loss rate (K;) and its com-
ponents can be expressed as follows [20]:

KS = AK6+AKC == KE:C - (Keo + KCO) (3)
AK. = K. — Koo (4)
AK, = K, — AK, (5)

3 Results
3.1 Coating Characterization

X-ray diffraction (XRD) analysis has been performed in
our previous study [21]. XRD patterns revealed that all
coatings consisted of amorphous Ni—P matrix, Ti peaks,
and low TiO, peak associated with the as-received Ti
powder [21]. The composition of coatings measured by
EDS is given in Table 2. In the rest of the manuscript, Ni—
P-Ti coatings are referred to as 5.1 wt% Ti, 11.8 wt% Ti
and 15.2 wt% Ti (based on the Ti weight percent of the
coatings).

Vickers hardness and Young’s modulus of AISI 1018
steel and coatings at various Ti content is shown in Fig. 4.
The error bar is the standard deviation of six indentations.
Compared to AISI 1018 steel (Vickers hardness: 1.75

@ Springer

Table 2 Composition of Ni-P coating and Ni—P-Ti coating

Coatings Ni (Wt%) P (wt%) Ti (wt%)
Ni-P 89.9 10.1 0.0
Ni—P-1gTi 86.0 8.9 5.1
Ni—P-2gTi 79.3 8.9 11.8
Ni-P-3gTi 78.1 6.7 15.2
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Fig. 4 Vickers hardness and Young’s modulus of AISI 1018 steel,
Ni—P and Ni—P-Ti coatings

GPa), Ni-P and Ni—P-Ti coatings have much higher
hardness. The Vickers hardness values of the coatings
range from 5.7 to 6.7 GPa, which are in agreement with
results measured by other researchers [22-24]. As the Ti
content increases, the hardness of the coatings slightly
decreases. This is mainly because Ti particles are softer
(Vickers hardness 2—-3 GPa [25]) than Ni—P matrix (Vick-
ers hardness 5.7-7.0 GPa [22-24]), which lowers the
overall hardness of the composite coatings [22]. The
Young’s moduli of the coatings have a similar trend as the
Vickers hardness. As the Ti content increases, the Young’s
moduli decrease since the Ti particles have a lower young’s
modulus than the Ni-P coatings [22].

3.2 Corrosion Behavior

To study the pure corrosion resistance of AISI 1018 steel,
Ni-P and Ni—P-Ti coatings, potentiodynamic polarization
(PP) tests were conducted in 3.5 wt% sodium chloride
solution (in the absence of abrasive particles) under flow-
ing condition (900 rpm). Potentiodynamic polarization
curves for tested samples are shown in Fig. 4. Compared to
AISI 1018 steel, the potentiodynamic polarization curves
of Ni—P and Ni—P-Ti coatings shift to a higher potential
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position. The corrosion current density (icor) and corrosion
potential (E..,) were extracted from polarization curves
using Tafel extrapolation. Corrosion rate (CR: mm/year)
was calculated according to ASTM G102 [26]:

CR — Icor X EW

x 327 x 1073 (6)
where, EW is the equivalent atomic weight, D is the den-
sity of the sample (g/cmS), icorr 18 expressed as pA/cm?.

Table 3 shows corrosion characteristics of AISI 1018
steel, Ni—P and Ni—P-Ti coatings derived from polarization
curves. Compared to AISI 1018 steel, Ni—P coating shows
a much lower corrosion rate. The corrosion rate of Ni—P
coating is approximately one-third of the AISI 1018 steel
due to its amorphous structure and high concentration of
phosphorus. The corrosion rates of Ni—P-Ti coatings are
approximately one order of magnitude lower than that of
Ni—P coating. As the Ti content increases, the corrosion
rate of Ni-P-Ti coatings decreases, which indicates that the
corrosion resistance is improved as the Ti content rises.
This is mainly because of the ability of nano-Ti particles to
fill the pores in the Ni—-P matrix and the high tendency of
nano-Ti particles to form an oxide layer [27-29]. Filling
the pores in the Ni—P matrix lowers the overall porosity
content of the Ni-P-Ti coatings and the oxide layer blocks
the anodic—cathodic current passages, which in turn
enhances the corrosion resistance of the Ni-P-Ti coatings
[28].

To investigate the effects of abrasive particles on cor-
rosion resistance, total corrosion rates were measured using
potentiodynamic polarization (PP) technique in 3.5 wt%
NaCl solution in the presence of abrasive particles under
flowing condition (900 rpm). Figure 6 shows potentiody-
namic polarization curves for tested samples in the pres-
ence of abrasive particles. The corrosion potential of Ni—P
and Ni—P-Ti coatings is much higher than AISI 1018 steel,
which indicates higher corrosion resistance in the presence
of abrasive particles. Compared to the polarization curves
of Ni-P-Ti coatings in the absence of abrasive particles
(Fig. 5), the corrosion potential of the coatings in Fig. 6 are
less noble due to the presence of abrasive particles. Tafel
extrapolation was employed to extract the corrosion

Table 3 Porosity density of coatings during pure corrosion

Samples Ba (mV) R, or R, (©Q cm?) P.D (%)
1018 steel 173 +19 446+ 1.7 /

Ni-P 156 £ 1.7 129.9 + 1.5 2.55 + 0.05
5.1 wt%Ti 193+ 15 8954 + 1.2 0.16 & 0.03
11.8 wt% Ti 203 + 1.2 9226 + 1.4 0.13 & 0.02
15.2 wt% Ti 154 + 13 988.7 + 1.3 0.12 + 0.03
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Fig. 5 Representative potentiodynamic polarization curves (in the
absence of abrasive particle) for AISI 1018 steel, Ni-P and Ni-P-Ti
coatings

potential (E..) and corrosion current density (icor) from
potentiodynamic polarization curves. Corrosion rates were
calculated using Eq. 6. Corrosion characteristics of AISI
1018 steel, Ni-P and Ni—P-Ti coatings are summarized in
Table 4.

Total corrosion rates of AISI 1018 steel and Ni-P
coating in presence of abrasive particles (Table 4) are
approximately one order of magnitude higher than the pure
corrosion rates in absence of abrasive particles (Table 5),
while the difference in corrosion rates increases to two
orders of magnitude for Ni-P-Ti coatings. In comparison
with as-deposited Ni—P coating, as-deposited Ni—P-Ti
coatings exhibit a much lower total corrosion rate. The
total corrosion rates of as-deposited 5.1 wt% Ti, 11.8 wt%
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Fig. 6 Potentiodynamic polarization curves (in the presence of
abrasive particle) for AISI 1018 steel, Ni—P and Ni—P-Ti coatings
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Table 4 Corrosion characteristics of samples derived from polariza-
tion curves in the presence of abrasive particles

Samples E.ore (V) icorr (uA/cmz) CR (mm/year)
AISI 1018 steel — 0.448 £ 0.005 800 & 7 92.8 £ 0.6
Ni-P — 0.169 £ 0.004 437 £5 49.6 £ 0.5
5.1 wt% Ti — 0.136 £ 0.005 137 £3 129 £ 0.3
11.8 wt% Ti — 0.146 £ 0.003 162 £2 14.7 £ 0.2
15.2 wt% Ti —0.170 £ 0.002 174 £3 16.7 + 0.4

Table 5 Corrosion characteristics of tested samples derived from
polarization curves in the absence of abrasive particles

Samples Ecore (V) Teorr (uA/cmz) CR (mm/year)
AISI 1018 steel — 0415 £0.005 92.1 £0.7 10.70 £ 0.08

Ni-P — 0219 £ 0.004 33.1 £0.5 2.81 £ 0.05

5.1 wt% Ti — 0.157 &£ 0.007 4.8 +£0.2 421 £0.03 x 10 !
11.8 wt% Ti —0.143 £0.002 45+0.1 4.11 + 0.02 x 107!
15.2 wt% Ti — 0.141 £+ 0.003 34+0.2 3.24 £ 0.03 x 107

Ti, and 15.2 wt% Ti coatings are only 26.0%, 29.6%, and
33.7% of the as-deposited Ni—P coating, respectively. It is
important to note that, in the presence of erosive particles,
a slight decrease in corrosion resistance was observed as Ti
content increases. Erosive particles remove passive films,
which expose the fresh and more vulnerable surface to the
corrosive solution [30, 31]. In the absence of abrasive
particles, Ti particles exposed to the corrosive solution
have a high tendency to form an oxide layer, which pro-
tects the coating from corrosion [27, 28]. However, in the
presence of abrasive particles, as the Ti content increases,
more TiO, layers are formed on the Ti particles’ surface,
which are then removed by abrasive particles, resulting in a
higher corrosion rate.

3.3 Erosion—-Corrosion Behavior

The total erosion—corrosion (E—C) rate (K..), erosion only
rate (K,,), corrosion only rate (K.,), total synergy rate (K),
and the synergistic components (erosion-enhanced corro-
sion rate (AK.) and corrosion—enhanced erosion rate (AK,)
of AISI 1018, Ni—P and Ni—P-Ti coatings are displayed in
Fig. 7.

Due to its higher hardness, Ni—P coating exhibits
superior pure erosion resistance to AISI 1018 steel. Fur-
thermore, the addition of Ti improves the pure erosion
resistance. Although the hardness of Ni—P-Ti coatings
slightly drops as Ti content increases, the toughness
increases due to the ductile particle toughening [21]. Jang
et al. suggested that the shear banding energy can be

@ Springer
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Fig. 7 Material loss rate contribution of different components during
erosion—corrosion

absorbed and the principal shear band can be brached into
small shear bands by the dispersed ductile Ti particles,
which in turn decreases stress concentration and improves
toughness [32]. In our previous study, it was also found that
the toughness of the Ni—P-Ti coatings is enhanced as Ti
content increases. This increase in the toughness may
improve the erosion resistance of the Ni—P-Ti coatings
[21].

During erosion—corrosion, Ni—P coating displays a
lower material loss rate than the AISI 1018 steel. On the
other hand, the total erosion—corrosion rates of 5.1 wt% Ti,
11.8 wt% Ti and 15.2 wt% Ti coatings are only 50.7%,
36.3%, and 31.9% of that of Ni-P coating, respectively,
suggesting that the total erosion—corrosion resistance
improves with the increase in Ti content. The total erosion—
corrosion resistance is dependent on pure corrosion, pure
erosion, and synergy resistance. As the Ti content increases
within the composite coatings, the total synergy rate and
pure erosion rate decrease, which results in a lower total
erosion—corrosion rate.

The total synergy rate decreases as Ti content increases
up to 11.8 wt% which is then increased slightly when the
Ti content is 15.2 wt%. Compared to pure erosion or pure
corrosion, the synergistic effect is more complex. Synergy
is composed of erosion enhanced corrosion and corrosion
enhanced erosion contribution. It is worth noting that the
corrosion enhanced erosion rate is much higher than the
erosion enhanced corrosion rate, which suggests that cor-
rosion enhanced erosion is dominant in the total synergy.
Corrosion increases the surface roughness of the material.
Erosion is highly dependent on the impact angle, which
varies as the surface roughness increases, thus resulting in a
higher erosion rate [31, 33]. As Ti content increases, more
Ti particles fill the pores in the Ni-P matrix, which
increases the impermeability of composite coatings and
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thus improving the corrosion resistance. Besides, homo-
geneously dispersed Ti particles (with oxide layer) create
uniformly distributed corrosion microcells, which produce
a smoother surface compare to Ni—P coating. For Ni-P-Ti
coating with 15.2 wt% Ti, both erosion enhanced corrosion
and corrosion enhanced erosion are equally responsible for
higher synergy contribution.

4 Discussion
4.1 Porosity Density

In order to study the corrosion mechanisms o composite
coatings, the porosity density (P.D.) of the coatings based
on polarization testing was estimated using the following
equation [34]:

pD. =8 107 (7)
R.
where R is the polarization resistance of the 1018 steel
substrate, R. is the polarization resistance of the coated
samples, AE is the corrosion potential difference between
the 1018 steel substrate and the coated samples, and f3, is
the slope of anodic Tafel extrapolation for the 1018 steel
substrate.

Porosity density of coatings during pure corrosion
derived from the Eq. (7) are summarized in Table 3. Ni-P
coating has much higher porosity density due to the for-
mation of hydrogen during the oxidation of NaPO,H, in
the electroless plating process [35]. The porosity density
value of Ni—P coating is 2.55%, which is close to the value
(2.40%) acquired in the study [29]. The porosity density of
Ni—P-Ti coating is one order of magnitude lower than that
of Ni—P coating. This is mainly because Ti nanoparticles
can accommodate themselves to fit and fill the micro or
nano-pores in the Ni—P matrix [29]. As the Ti content
increases, more Ti particles fill the pores that result in
lower porosity density. This explained why the corrosion
resistance of Ni-P-Ti coatings improves with the increase
in Ti content. Gheshlaghi et al. found that the corrosion
resistance of Ni—P coating is considerably increased by the
addition of WOj; nanoparticles and suggested that the
impermeability of the coating is improved by filling the
pores with nanoparticles [36]. Allahkaram et al. calculated
the porosity density of Ni—P-nanodiamond composite
coatings and found that the porosity density decreases as
the nanodiamond content increases within the coatings,
which results in improved corrosion resistance [29]. The
porosity density results are well consistent with the pure
corrosion results (Table 5).

The porosity density of the coatings under erosion-en-
hanced corrosion derived from Eq. (7) are summarized in

Table 6 Porosity density of coatings during erosion enhanced
corrosion

Samples Ba (mV) R,or R, (Qcm?  P.D (%)
1018 steel 1416 £35 574455 /

Ni-P 501.9 £ 4.7  141.6 + 4.3 29.01 4+ 0.05
5.1 wt%Ti 284.1 £2.5 3049 +59 11.96 + 0.03
11.8wt% Ti 2177 +£34 2422+ 3.6 12.33 + 0.05
152 wt% Ti  241.5+28 2128 +52 13.04 + 0.02

Table 6. Erosion enhanced corrosion exhibit much higher
porosity density than pure corrosion (Table 3). The impacts
of abrasive particles cause a high strain layer on the coating
surface, which is more anodic and highly vulnerable to
corrosion [30]. During the corrosion process, a layer of
protective oxide film is formed. The abrasive particles
break the oxide film and expose the fresh surface to the
corrosive environment. Due to the breakdown of the pro-
tective film, pits are initiated at the surface, which increase
the porosity density. Compared to Ni—P coating, Ni-P-Ti
coatings have much lower porosity density due to their
higher erosion resistance. As the Ti content increases, the
porosity density of the composite coatings increases
slightly, which is consistent with the total corrosion results
presented in Table 4.

4.2 Anti-Corrosion Mechanisms

Ni—P coating exhibits a much lower pure corrosion rate
than AISI 1018 steel (Table 5). Several reasons may con-
tribute to this exceptional corrosion resistance. First, Ni—P
amorphous coating exhibits superior corrosion resistance
relative to the crystalline counterparts due to the absence of
grains and grain boundaries [37]. Secondly, the dissolution
rate of P is much lower than that of Ni, resulting in an
enrichment of the elemental P surface [38]. This phos-
phorus-enriched layer functions as a barrier that blocks the
primary dissolution sites and prohibits the anodic dissolu-
tion [38]. Third, as the dissolution process advances, the
enriched phosphorus in the surface reacts with water to
form hypophosphite anions [39]. These hypophosphite
anions are absorbed on the coating surface, which shields
the coating surface from water, prevents the formation of
nickel hydrate, hinders the anodic dissolution of Ni and
eventually passivates the coating surface [28, 38]. In
addition, the highly reducing nature of the hypophosphite
anions may help prevent the dissolution of Ni [38]. Lastly,
Ching [40] observed that phosphorus can function as an
acceptor that is capable of receiving approximately 0.6
electrons from Ni in a Ni-20P alloy. Diegle et al. [38]
proposed that this donor—acceptor behavior may improve
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the activation energy for the anodic dissolution of Ni,
which results in enhanced corrosion resistance of the Ni-
20P amorphous alloy. Furthermore, the formation of pas-
sive film (NiO) on coating surface under flowing condition
may also contribute to the high corrosion resistance [41].

The corrosion rates of the as-deposited Ni—P-Ti coat-
ings are much lower than that of the Ni—P coating and the
lowest corrosion rate is achieved on the 15.2 wt% Ti
coating (Table 5). Several anti-corrosion mechanisms are
proposed to explain the enhancement of the corrosion
resistance of Ni—P-based composite coatings in comparison
with Ni-P coating. Abdel [42] studied the corrosion
resistance of Ni-TiO, composite coating and indicated that
TiO, particles play a pivotal role in enhancing the corro-
sion resistance. Firstly, the inert TiO, particles act as bar-
riers to refine the microstructure of the Ni matrix during
deposition, thereby lowering the corrosion rate [42]. Sec-
ondly, the homogeneously dispersed TiO, particles prevent
localized corrosion by producing uniformly distributed
corrosion micro cells [42]. In the present study, Ti particles
were incorporated in the Ni-P matrix. Ti nanoparticles
exhibit a high tendency to form a TiO, layer on the surface
[27, 28]. Therefore, the anti-corrosion mechanisms pro-
posed by Abdel [42] could be employed to explain the
improved corrosion resistance of Ni-P-Ti coatings. In
addition, it is believed that nanoparticles can accommodate
themselves to fill the nano and micropores in the Ni-P
matrix, thus improving the impermeability of the coatings
[29]. From Table 3, it is observed that the porosity density
of Ni—P-Ti coatings is much lower than that of Ni-P
coating and the lowest porosity density is reached on 15.2
wt% Ti coating that possesses the highest corrosion resis-
tance. Hence, considering the anti-corrosion mechanisms
discussed above, superior corrosion resistance of Ni—P-Ti
coatings may be due to the formation of TiO, layer, barrier
effect and decreased porosity density.

4.3 Erosion-Corrosion Mechanisms

To investigate the erosion—corrosion mechanisms, the AISI
1018 steel samples’ surface before and after erosion—cor-
rosion for 30 min was examined using SEM and EDS.
Based on EDS results, it is confirmed that iron oxide
(Fe,O,) layer (at.% of Fe: 33%, at.% of O: 67%) is formed
on the surface after erosion—corrosion test (Fig. 8). Fig-
ure 9a shows the optical micrograph of AISI 1018 steel
before erosion-erosion. It is observed that the surface is
smooth and flat. After erosion—corrosion, severe surface
degradation is observed (Fig. 9b, c and d). During erosion—
corrosion, an oxide layer is formed on the AISI 1018 steel
surface due to corrosion. As the thickness of the oxide layer
increases, it becomes brittle. This brittle oxide layer then
undergoes cracking and fracture due to abrasive particle
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impact (Fig. 9c and d). The removal of the oxide layer
exposes the fresh iron surface to corrosion, which accel-
erates the material loss rate.

Figure 10a shows the surface morphology of Ni-P
coating before erosion—corrosion test. A nodular structure
and pores are observed on the coating surface. Figure 10b—
d show the SEM micrographs of Ni-P coating after ero-
sion—corrosion (for 30 min). Abrasive particle impact
results in cracking and fracture due to the low toughness of
the coating (Fig. 10b). The fracture fragments were then
removed by the following erosive particles, creating cavi-
ties. These cavities are extremely vulnerable to localized
corrosion. Scratching by the sharp edge of abrasive parti-
cles causes cracking and fracture on the coating surface
(Fig. 10c and d). There is also some evidence of pitting on
the scratch scar (Fig. 10c) due to the high strain (more
anodic). For Ni-P coating, cracking and fracture caused by
the abrasive particles are the dominant wear mechanisms.
Localized corrosion at degraded sites is the governing
corrosion mechanism during erosion—corrosion.

SEM micrograph of 15.2 wt% Ti coating before ero-
sion—corrosion test is shown in Fig. 11a. Compared to Ni—
P coating (Fig. 10a), 15.2 wt% Ti coating contains a more
refined nodular structure and a denser surface. Because of
its homogenously distributed Ti particles, 15.2 wt% Ti
coating undergoes uniform degradation during erosion—
corrosion (Fig. 11b). Due to its improved toughness,
micro-ploughing, low angle micro-cutting, plastic defor-
mation and micro-scratching caused by the abrasive parti-
cles are the dominant wear mechanisms. During ploughing,
abrasive particle pushes the material to the sides and in
front of its sliding direction (Fig. 11c and e). The heavily
strained material at the rim or at the end of the ploughing
scar is then removed by subsequent impacts. During low
angle micro-cutting (Fig. 11d), an angular particle moves
forwards, indenting the surface and cuts a small portion of
material. In some cases, the corrosive solution penetrates
the subsurface layer through the microfracture or microc-
racks, which corrodes the subsurface layer. Then the
unsupported top layer is removed by the subsequent
impacts causing spallation (Fig. 11f).

To further study the erosion—corrosion mechanisms of
AISI 1018, Ni-P and Ni—P-Ti coatings, the cross-sections
of samples after erosion—corrosion were examined under
optical microscopy and SEM. Figure 12 shows the cross-
sections of different samples after erosion—corrosion for
30 min. From Fig. 12a, it is observed that AISI 1018 steel
undergoes severe pitting corrosion. Figure 12b shows the
EDS map of one pit, the green color represents iron and the
red color is oxygen. EDS confirms that the oxidation pro-
duct (EDS results: at.% of Fe: 33%, at.% of O: 67%) is
formed, which undergoes cracking and fracture (Fig. 12¢
and d). For AISI 1018 steel, an oxide film (thickness:
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Fig. 8 a SEM micrograph, b and ¢ corresponding EDS element maps of AISI 1018 steel after erosion—corrosion for 30 min

2-3 um) is formed on the surface, which is then removed
by abrasive particle impact. Due to the breakdown of the
oxide film, pits initiate at the surface. These pits continue
to grow and are filled with corrosion products. Because of
the brittle nature of the corrosion product, it is then
removed easily and contributes to the total material loss
rate.

The cross-section micrograph of Ni-P coating is shown
in Fig. 12e. The insets are the magnified micrographs of
marked parts. Abrasive particle impact causes cracking of
the coating. These cracks propagate to the subsurface of the
coating which results in the fracture of the coating. Then
the following impacts remove the fracture deris and cause
material loss (Fig. 12e). Therefore, cracking and fracture
are the dominant material removal mechanisms for the Ni—
P coating. On the other hand, after 30 min erosion—corro-
sion, the thickness of 15.2 wt% Ti coating is uniform, no
cracks or fracture is observed on cross-section (Fig. 12f).

Fe Ka1

This suggests that 15.2 wt% Ti coating undergoes uniform
material degradation and has higher toughness compared to
Ni—P coating. Micro-indentation or localized material
removal (micro-cutting and micro-ploughing) is observed
on the cross-section (Fig. 12g). No microcracks are present
in the vicinity of indent even at high magnification (20 K
times) due to the ductile Ti particle toughening (Fig. 12h).
During erosion—corrosion, micro-cracking and fracture
contribute to a higher material loss for Ni-P coating,
whereas Ni-P-Ti coatings undergo ductile material
degradation with lower material loss due to improved
toughness.

To investigate the role of Ti particles during erosion—
corrosion, examinations of 15.2 wt% Ti coating surface
using SEM and EDS element maps were performed after
erosion—corrosion. Figure 13a shows the SEM micrograph
of 15.2 wt% Ti coating after erosion—corrosion for 30 min.
Corresponding EDS element maps are given in Fig. 13b—e.
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Fig. 9 a optical micrograph of AISI 1018 steel before erosion—corrosion and b, ¢, d SEM micrographs of AISI 1018 steel after erosion—corrosion

for 30 min

It is important to note that Ti particles are uniformly dis-
tributed in the Ni—P matrix. Oxygen was detected on the
coating surface after erosion—corrosion, which suggests
that an oxide layer is formed on the surface. Es-Souni et al.
[27] proposed that titanium and titanium alloys exhibit a
high tendency to form a layer of TiO, on the surface.
Fayyad et al. [28] also confirmed the formation of titanium
oxide on the surface of NiTi nanoparticles.

SEM micrographs in Fig. 14 illustrates the effects of Ti
particles on various material removal processes. Ti particle
acts as a barrier in front of the sliding abrasive particle. As
observed in Fig. 14a, the micro-scratching path is deflected
by the Ti particle. when an abrasive particle slides over a Ti
particle during micro-ploughing (Fig. 14b) or micro-cut-
ting (Fig. 14f), the kinetic energy of the abrasive particle is
absorbed by the Ti particle through elastic or plastic
deformation. The abrasive particle loses the kinetic energy,
which results in a significant reduction in driving force for
micro-ploughing or micro-cutting. Ultimately, the micro-
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ploughing or micro-cutting is impeded by the Ti particle.
On the other hand, when an abrasive particle impacts the
interface of Ti particle and Ni matrix at a normal angle
(Fig. 14c), the matrix is deformed, whereas the ductile core
of Ti particle absorbs the impact energy and the Ti particle
remains intact. Therefore, the impact is restricted by the Ti
particle. Figure 14d shows the material in the vicinity of a
Ti particle is removed by micro-cutting, whereas the Ti
particle remains intact. This suggests that the Ti particle is
more wear-resistant than the matrix. When an abrasive
particle impacts a Ti particle (Fig. 14e), the Ti particle
functions as a barrier and consumes the kinetic energy of
the abrasive particle. The ductile core of Ti particles pro-
vides high toughness, which is capable of absorbing the
impact energy of abrasive particles without cracking and
fracture.

In the present study, as the Ti concentration (weight
percent) increases within the composite coatings, the vol-
ume fraction of Ti particles increases, which reduces the
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Fig. 10 SEM micrographs of a Ni—P coating before and b, ¢, d after erosion—corrosion for 30 min

interparticle spacing between Ti particles. The reduction
in interparticle spacing makes the barrier effects more
effective. This explains the changes in erosion—corrosion
mechanisms of 15.2 wt% Ti coating compared to Ni-P
coating. For Ni-P coating, due to its low toughness;
fracture and cracking are the main erosion—corrosion
mechanisms, which cause high material loss rate. On the
other hand, for Ni-P-Ti composite coating; micro-
ploughing, micro-cutting and plastic deformation are the
dominant erosion—corrosion mechanisms, which provides
a uniform material degradation and low material loss
rate.

In addition, formation of the oxide layer (TiO,) on
the Ti particle surface may improve the erosion—cor-
rosion resistance. TiO, has a high hardness (8—11GPa)
[43, 44] and inert nature, which not only improves the
erosion resistance but also enhances the corrosion
resistance of composite coatings. Chen and Gao found
that Ni-TiO, and Ni-P-TiO, coatings possess much

higher hardness and scratch resistance in comparison
with Ni and Ni-P coatings, respectively [45]. Uysal
studied the tribological and corrosion behavior of Ni—P
and Ni—P-TiO, coatings and found that both wear and
corrosion resistance are enhanced by incorporation of
TiO, into Ni—P matrix due to the high hardness and
inert nature of TiO, [46].

The dominant erosion—corrosion mechanisms for dif-
ferent materials are given in Table 7. In summary, corro-
sion film removal by abrasive particles and severe pitting
corrosion are the main material removal mechanisms for
AISI 1018 steel. On the other hand, the addition of Ti
particles into Ni—P matrix improves the coating’s tough-
ness, which changes the erosion from a brittle (cracking
and fracture for Ni—P coating) to a ductile (micro-cutting
and micro-ploughing for Ni—P-Ti coatings) material
removal mechanism. In addition, formation of an oxide
layer on Ti particles improves both the erosion and cor-
rosion resistance of Ni—P-Ti coatings. Ti particles have a
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Fig. 11 SEM micrographs of a 15.2 wt% Ti coating before and b—f after erosion—corrosion for 30 min

ductile core and a hard oxide surface layer. The ductile 5 Conclusion

core can absorb the kinetic energy of the abrasive particles

and the hard surface layer has high wear and corrosion  Ni—P and Ni—P-Ti coatings were deposited on AISI 1018
resistance. This makes the Ti particles function as barriers  steel using electroless plating. Erosion—corrosion resistance
to both wear and corrosion. of AISI 1018 steel, Ni-P and Ni-P-Ti coatings was
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assessed using slurry pot erosion—corrosion. Several con- density and formation of TiO, surface layer on Ti
clusions can be obtained from the present work: particles.

Ni—P-Ti coatings exhibit superior pure erosion resis-
tance in comparison with Ni—P coating due to their
improved toughness.

1. Compared to Ni-P coating, Ni-P-Ti coatings show
higher corrosion resistance due to their lower porosity
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Table 7 Summary of dominant erosion—corrosion mechanisms

Materials Dominant erosion—corrosion mechanisms
AISI 1018 Corrosion film removal by abrasive particles
steel Severe pitting corrosion
Ni-P Cracking and fracture of coating
coating Localized corrosion at cracking and fracture sites
Ni—P-Ti Micro-ploughing
coating Micro-cutting
Micro-scratching
Micro-indentation
uniform corrosion
Ti particles act as barriers to prevent micro-ploughing,
micro-cutting, micro-indentation and micro-
scratching
3. AISI 1018 steel has the lowest erosion—corrosion

resistance, whereas 15.2 wt% Ti coating exhibits the
optimal erosion—corrosion resistance. The erosion—
corrosion resistance of Ni—P-Ti coatings increases as
Ti content rises.

SEM observation revels that, pitting and removal of the
corrosion layer by abrasive particle impact are the
dominant erosion—corrosion mechanisms for AISI
1018 steel. Cracking and fracture are the main
mechanisms for Ni—P coating. For Ni—-P-Ti coatings,
micro-cutting, micro-ploughing and micro-scratching
are the predominant mechanisms.

Ti particles serve as barriers for micro-cutting, micro-
ploughing, micro-indentation as well as corrosion,
which significantly enhance the erosion—corrosion
resistance of Ni—P-Ti coatings.
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