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Abstract This study aims to minimize the mechanical,

chemical and thermal damages on the blades of a com-

pressor used in aerospace engines by developing a super-

hydrophobic coating on the blade surface. In the absence of

any information in open literature for the fabrication of

such coatings, an one-step plasma spray process was

implemented. For this, a well mixed powder of Ni and Ti

was used as feedstock material. The superhydrophobicity

characteristic of the coating was confirmed by the mea-

surement of the contact (165�) and sliding angles (8 ± 1�)
by the sessile drop technique. The adhesion test of the

coating showed the high force of adhesion at the interface

with a failure limit of 40.85 MPa. Furthermore, the abra-

sion test depicted an excellent abrasion resistance of the

coating. These two investigations indicated that the coat-

ings had a very high mechanical durability. The coatings

also showed an excellent thermal stability up to 400 �C.
Beyond this temperature (at 600 and 900 �C), the super-

hydrophobic characteristic changed for hydrophobic.

The pH and corrosion tests were also performed to assess

the chemical stability of coatings. They showed that the

coatings retained the superhydrophobic property for pH

ranging between 9.5 and 2.4. Beyond this range, at pH =

10 and pH = 2, the contact angles were 138� and 143�,

respectively. In addition, the coatings exhibited a better

corrosion resistance than the substrate and coatings

developed by using other deposition techniques.

Keywords aeroengines � droplet impingement � nickel �
plasma coating � superhydrophobic � titanium

Introduction

The droplet behavior on lotus and colocasia esculenta leaf

surface is considered as the main inspiration and the first

scientific theory which is considered as the origin of the

development of superhydrophobic surface (Ref 1). The

surface depicting a water contact angle greater or equal to

150� is called superhydrophobic surface (Ref 2, 3), and it is
also defined in terms of various forces such as capillary and

viscous (Ref 4).

For the attainment of minimum chemical, thermal and

mechanical damages (Ref 5-8) in compressor blade used in

the aerospace engine, the compressor blade surface needs

depict characteristic such as anti-icing, de-icing, self

cleaning, water droplet repellency and fog resistance

characteristics. As the abovementioned properties are

depicted by a superhydrophobic surface, to mitigate the

requirements of a compressor blade of aerospace engine,

the creation of superhydrophobic coating on the surface of

the compressor blades is followed. The above discussed

properties depend on the coating fabrication methodology.

Hence, in the current investigation, by revealing the fab-

rication process, the requirements of compressor blade

used in aerospace engine are tried to mitigate.

In the recent years, various methodologies for the fab-

rication of superhydrophobic surfaces have been revealed

(Ref 9-12). The literature discloses that the mechanism of
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creation of superhydrophobic surface involves initially the

formation of rough structure on the surface, and then fur-

ther it is modified by low surface energy materials (Ref 10-

13) such as polytetrafluoroethylene, fluorocarbons, fluo-

roalkyl-silane and hydrophobic silica (Ref 10-15). Based

on the above discussed mechanism, various processes have

been developed for the preparation of superhydrophobic

surfaces which include lithography patterning (Ref 16),

layer-by-layer deposition (Ref 17), chemical vapor depo-

sition (Ref 18), sol–gel (Ref 19), anoidic-oxidation

(Ref 20), mold fabrication-hot embossing process

(Ref 21), etc.

With the help of the abovementioned process, the fab-

rication of highly durable superhydrophobic surfaces is

extremely challenging task due to the fragile nature of

microscopic rough surfaces which are easily damaged by

abrasion and corrosive environment (Ref 22, 23). In addi-

tion to the above, the excessive dependency of the surface

on the surface morphology and chemical composition leads

to increment of damage by sun bleaching and scratches

(Ref 24). To overcome the stated difficulties, ceramic and

metallic based hydrophobic coating is prescribed

(Ref 25, 26). Still, the proposed and unmodified method-

ologies do not fulfill the requirement of blades of aero-

space. Therefore, in the current work, an attempt has been

made to develop superhydrophobic coating on blades of the

aerospace engine by using a technique which is cost

effective and also fulfills all the requirements mentioned

above.

Thermal spray is a widespread approach to deposit a

melted material on the substrate to form a coating (Ref 27-

30). The described technique improves the adhesion

strength by mechanical interlocking between two different

materials (Ref 31-35). Among all the thermal spray pro-

cesses, the atmospheric plasma spray (APS) is a prominent

coating method for industrial applications such as aero-

space (Ref 36), naval (Ref 37), biomedical (Ref 38) and

automotive (Ref 39) due to its capacity to work at open

atmosphere and to coat intricate parts. In conjunction with

all the applications, the development of superhydrophobic

coating is also achieved by plasma spray coating. Many

literatures are reported regarding fabrication of superhy-

drophobic coating by both one-step and two-step method

using thermal spray technology. Liu et al. (Ref 9) devel-

oped a coating by using thermal sprayed MCrAlY and then

another coating layer of perfluorooctyltrichlorosilane was

provided to make the surface superhydrophobic. Further-

more, Sharifi et al. (Ref 40) prepared a superhydrophobic

coating by both APS and SPS process and applied a low

surface energy material on the coating to make it super-

hydrophobic. Again, Huang et al. (Ref 41) developed a

coating by APS method and then treated the surface with

1H, 1H, 1H, 2H perfluorodecyltrimethoxysilane to prepare

a superhydrophobic surface. In all the reported two-step

methods for superhydrophobic surface preparation, the use

of low surface energy material restricts the application of

the coating in extreme conditions. In case of two-step

process, the developed coating durability is not significant

and also not economical for the aerospace application. The

cost factor for fabrication of superhydrophobic coating by

APS can be minimized by the work reported by Li et al.

(Ref 42), but the fluffy structure of the used polymer

declines its durability. Due to the abovementioned reason,

in APS method, use of polymer is not recommended to get

highly durable coating. Furthermore, in the absence of any

information related to the development of superhydropho-

bic coating of metals/ceramic by one-step APS process, the

most relevant information is given by Li et al. (Ref 43).

According to them, the presence of organic particles on the

surface of the coating promotes superhydrophobicity. They

developed a superhydrophobic surface by spraying a mix-

ture of Fe, Ni and Cr. However, this composition is not

recommended for the aerospace application although the

durability of coating is considerable for the mentioned

specific application. Therefore, in the current work, by

using single step plasma coating process, a mechanically,

thermally and chemically durable coating of Ni55Ti45

(wt.%) [also known as smart material (Ref 44-46)] is tried

to develop, and this coating is expected to mitigate the

requirement of aerospace industry (Ref 43, 47, 48). As Ni

and Ti are used in the coating process, the expected

hardness is very high and as a result the mechanical

damage due to attrition is minimum (Ref 49). Furthermore,

the melting point and thermal stress absorbing capacity of

Ni55Ti45 are also very high (Ref 50, 51), and from these it

is expected to retain its superhydrophobic property up to

very high temperature.

In the current work, by using one-step APS method,

highly mechanically, chemically and thermally durable and

stable coating is tried to develop. The various characteri-

zations of the developed coating were also performed to

identify its applicability in the aerospace industry.

Materials and Methods

Atmospheric Plasma Spray (APS)

The NiTi coating was developed on a mild steel (AISI-

1018) substrate (5 cm 9 4 cm 9 0.5 cm) by using an

atmospheric plasma spray system (Oerlikon Metco

(Switzerland) using a F4MB gun (with a 6-mm nozzle

diameter) (Hindustan Aeronautics Limited, Koraput, Odi-

sha, India)). Plasma was generated by using a mixture of

argon (Ar) and hydrogen (H2) gases. Furthermore, another

pure argon (Ar) gas stream was used as a carrier to
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transport the Ni-Ti powder particles to the plasma spray

gun. During the coating process, the carrier gas stream flow

rate was maintained at 3.5 L/min (LPM) according to the

information reported in the literature (Ref 52, 53). Before

coating, for the attainment of better adhesion strength,

average surface roughness up to 10.57 lm was created on

the substrate. For this sand blasting was done using Al2O3

grits. Furthermore, the substrate was preheated up to a

temperature of 120 �C by plasma spray gun to obtain a

well-formed splat without any finger formation.

By using a turbula mixture, a mixture of elemental Ni

(Metco 56 VC, - 150 ? 45 lm) and Ti (Sulzer Metco

4017, - 180 ? 53 lm) (99.9% purity) was prepared after

continuously operating for 6 h. Before the coating process,

the characterization of feed stock powder was performed.

The morphology by SEM (500X) reveals the shape of the

particles, and the EDS spectra indicate the purity of the

feed stock powders (Fig. 1). From this, it is noticed that the

size distribution of the nickel powder particles is nonuni-

form. Furthermore, it mimics the shape of a chip. In

addition to the above, it is also observed that the titanium

powder particles have formed sharp edges. Therefore, the

resultant shape can be considered as the angular shape.

Particle size distribution of Ni and Ti powder has been

shown in Fig. 2. From the analysis of distribution curve,

the obtained mean particle diameter (d50) for Ni and Ti is

35.27 and 33.93 lm, respectively.

During the preparation of coating, the powder was

injected externally to the plasma torch in a direction which

is perpendicular to the flow of plasma and parallel to the

trajectory of the plasma torch. After the injection of pow-

der particles into the torch, the metal powder converted to

molten/semi-molten state and on the mild steel substrate

during to and fro motion of plasma torch. The stand-off

distance was kept at 120 mm during coating according to

the information reported in the literature. In the current

work, seven cycles were used for the preparation of coat-

ing. A rapid solidification (at a rate of 106 K/s) of the

molten particles has been occurred after impact on the

substrate surface and predeposited splat. APS process

parameters are given in Table 1.

Before experimentation, the morphological study of the

raw materials (powder) was carried out by field emission

scanning electron microscope (FESEM). After experi-

mentation, the qualitative and quantitative analysis of the

coatings was performed by using various characterization

techniques. The surface topography of the NiTi coating

was analyzed by scanning electron microscope (SEM)

(model: JEOL 6480LV) which is equipped with energy

dispersive spectroscopy (EDS) for the determination of

elemental composition. With the help of (Co-Ka
(k = 1.79 Å) radiation, (generated at 35 kV and 25 mA)

the phase analysis was performed using x-ray diffraction

technique (XRD) (Bruker D8 Advance). For this, the scan

Fig. 1 SEM morphology of raw (a) Ni (the inset is the EDS spectra of Ni) and (b) Ti (the inset is the EDS spectra of Ti) powders.

(Magnification: 9 500)

Fig. 2 Particle size distribution of both Ni and Ti powders
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rate, two theta range and step size were 10�/min, 20-110�
and 0.02, respectively. In addition to the above, the surface

micro hardness of the coating was measured by LECO

micro hardness tester (LM248AT) at a load of 100 gf

(dwell time 10 s). Furthermore, to quantify the irregulari-

ties (roughness) present on the surface of the coating,

measurement of surface roughness was also carried out

using stylus surface profilometer (Veeco dektak 150)

containing Leica DM microscopy with Carl Zeiss lens. The

maintained operating parameters for the abovementioned

were: (1) stylus radius = 12.5 lm, (2) length = 2000 lm
and (3) force = 2 mg. Furthermore, a 3D optical surface

profiler (Contour GT-K (Bruker make) USA) was also used

to get a 3D surface topography of the coating. In addition

to the above analysis, on the coated surface, the static

contact and sliding angles of the impinged droplet were

measured by using a goniometer ((Model no: Kruss DSA

25)) and an indigenously designed and fabricated sliding

angle measuring apparatus, respectively.

For the quantification error, all the experiments and

measurements were conducted thrice, and the average

values were reported. Before measurement, (contact angle,

roughness, pH, adhesion, abrasion and corrosion test) each

measuring instrument was calibrated and after ensuring

maximum error less than 1% the measurements were

conducted. Measurement and characterization (XRD and

SEM) related to hydrophobicity characteristic identifica-

tion clearly follow the protocols reported in ASTM

standards.

Results and Discussion

Characterization of Coated Material

XRD Analysis

XRD analysis (Fig. 3) reveals the presence of different

phases (TiO, NiO, NiTi-B2, Ni, Ti, Ni3Ti, Ti2Ni and Ni4-
Ti3) in the NiTi plasma sprayed coating. TiO and NiO are

the oxide phases present in the coating due to operation at

high temperature and open atmospheric condition. Tita-

nium alloys have very much high affinity for oxygen, and

as a consequence these oxide phases are achieved. Fur-

thermore, peaks for pure Ni and Ti peaks are also identified

in the coating. This is due to the use of an elemental

mixture of nickel and titanium as the feedstock material.

The splats of both the powders form individually or by

overlapping one over another due to the development of

concentration gradient which allows the individual metal to

diffuse and accumulate (Ref 56, 57). In addition to the

above, it is also expected that at some locations, force of

cohesion dominates over the force of adhesion, and the

vice versa is also expected in few locations. This could be

another reason for the attainment of the above mention

characteristic in coating (Ref 58, 59). The NiTi-B2 phase is

the austenitic phase of NITINOL shape memory alloy

which is present in the developed coating. The crystal

structure and space group of above-stated phase are cubic

and Pm-3 m, respectively. This phase is present in the

(011) and (002) plane in the developed coating. Ti2Ni and

Table 1 Atmospheric plasma

spray parameters
APS parameters Values Justification

Substrate temperature 120 �C According to the literature (Ref 52-55)

Powder feed rate 60 g/min

Primary gas (Ar) flow rate 45 L/min

Carrier gas (Ar) flow rate 3.5 L/min

Secondary gas (H2) flow rate 8 L/min

Stand-off distance 120 mm

Number of cycles 7

Current 550 A

Voltage 70 V

Fig. 3 X-ray diffraction pattern of NiTi plasma sprayed coating (2h
range = 20-110�, Scan rate = 10�/min and Step size = 0.02) layer-by-

layer accumulation characteristic of the particles
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Fig. 4 (a) SEM morphology

(9 500) (inset contact angle

image) (b) and (c) EDS spectra

of the coating and (d) 3D optical

image of the coating
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Ni3Ti form by eutectoidally decomposition of NiTi

(Ref 60).

The formation of the new compound after the devel-

opment of the coating clearly indicates the alteration of

structural orientation on the surface of the coating. The

discussed modification may lead to enhance of surface

roughness or create uniformity in surface texture.

Surface Morphology Analysis of the NiTi Plasma

Coating

The surface morphology (Fig. 4a) shows that the micro-

cavities are present on the surface of the coating. Hence,

the irregularities need to be quantified in terms of average

surface roughness. This was measured by using stylus

surface profilometer, and the achieved value is 8.78 lm. In

addition to the above, for the further clarification, the 3D

profile of the rough surface is provided (Fig. 4d) to get

better idea about the variation of pillars creating roughness.

The roughness is mainly due to the splat edges.

The SEM topography also reveals that the coating

contains well-formed splat. During coating formation, the

melted metal particles formed splat and the unmelted

amount accumulate or deposit at discrete locations. This

could be due to the improper heat transfer between either

plasma to particles or particle to particle. Furthermore, the

deposition of the unmelted particle is also considered as a

source of surface irregularities defining surface roughness.

In the current work, the layer-by-layer splat formation

during the plasma deposition cycle enhances the surface

roughness due to the cumulative effect of various splat

layers. The surface morphology of the NiTi plasma sprayed

coating was analyzed by SEM images, and the elemental

analysis at the corresponding regions has been determined

by EDS spectra. From the abovementioned analysis, it is

concluded that the splat elemental composition in regions 1

(Fig. 4b) and 2 (Fig. 4c) is Ni and Ti and only Ti,

respectively. The result reflects the low and high magnifi-

cation SEM micrographs (Fig. 5a and b) are given to

observe the microstructural effect on the superhydropho-

bicity characteristic of the coating. The formation of small

islands can be noticed from Fig. 5(b). Splashing of fully

molten particles upon impinging with the substrate is one

of the reasons behind the formation of small islands

(Ref 61, 62). Furthermore, the deposition of semi-molten

or partially molten particles due to improper heat transfer is

another reason for the formation of small islands. In

addition to the above, according to Li et al. (Ref 43) the

deposition of organic material due to the adsorption from

the air on the coating surface can be considered as the

another reason for the development of superhydrophobic

characteristic.

Figure 6(a) is the backscattered image of the NiTi

coating. The overlapping of the titanium on the nickel splat

is confirmed from the inset in Fig. 6(a), and the composi-

tion is confirmed from EDS spectra (Fig. 6b and c). It can

be observed from the SEM image that the particles are

completely melted to form splat. The major disadvantage

of the coating is evident from the microcracks identified

from the SEM images captured in backscattered mode.

These microcracks could be due to the difference of

coefficient of thermal expansion between the coating and

substrate material or between phases with in the coating

(Ref 63).

The presence of microroughness on the surface of the

coating creates partially slip condition according to the

fluid dynamics theory favors of repellency characteristic

according to the Cassie Baxter theory, which is considered

as the main mechanism for the creation of superhy-

drophobic character. The theory is validated by measuring

contact angle is 165 ± 1.5� and the sliding angle 8 ± 1�.
For the further strengthen the discussion, the droplet

behavior after impingement is analyzed in terms of fluid

dynamic theory and energy balance concept. Initially, the

Fig. 5 SEM morphology of NiTi plasma spray surface at (a) low and (b) high magnification
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behavior is explained in terms of fluid dynamics and then

in the form of energy balance principle.

In case of plasma coating, after impingement of droplet,

due to the presence of microroughness in the form of

micro-cavity on the surface, the slip condition (Eq 1) cre-

ates buoyancy force in the opposite direction of the

impingement (Fig. 7). As a result, the impinged droplet

finds repellency characteristic. This phenomenon enhances

the contact angle by promoting recoiling characteristic.

According to fluid dynamics, for slip condition,

u 6¼ 0 at y ¼ 0 Point of contactð Þ ðEq 1Þ

where u is the velocity in y direction, x and y are coordi-

nates indicates the direction and qualitative magnitude of

the velocity.

In addition to the above phenomena, the particle size

distribution of the powder used for the plasma spray is also

another important factor defining the surface properties.

Generally the mixture contains particle of various diame-

ter. In case of bigger size particle sometimes the melting

process impedes. Due to this, during solidification, the

partially molten metal particle forms big pillar. The reverse

trend is expected if the molten metal contains small par-

ticles. The small particles in the mixture could not enter

into the flame center (Ref 64, 65) and as a consequence

partial melting is observed. This phenomenon is considered

as reason for the formation of small pillar (Ref 61, 62). As

the variation in height of the pillars defines the roughness,

the aforesaid statement is considered in one-step method

for the creation of rough surface depicting superhydrphobic

character.

According to the literature, the superhydrophobicity is

described in terms of contact angle or various forces such

as viscous and capillary. Already using the first concept the

coating properties have been evaluated. For the evaluation

of the coating characteristic in terms of second theory

viscous and capillary forces have been calculated (Ref 4)

by using Eq 2-11. All the above-stated forces are calcu-

lated from the nondimensional numbers such as Weber

Fig. 6 (a) Surface micrograph of NiTi coating observed by SEM

(magnification: 9 1000) in BES mode with (b and c) corresponding

EDS spectra

Fig. 7 Superhydrophobicity

and slip condition for

superhydrophobic surface and

for general case
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(We) and Reynolds (Re). For the calculation of capillary

force Pfð Þ, inertial force Nfð Þ and viscous force Sfð Þ, the
droplet diameters before impingement and various stages

after impingement have been calculated with the help of

image analysis. From the image analysis, the time required

to transit from one stage to another stage has been deter-

mined (Fig. 8). Furthermore, the X2 distance, the distance

covered by the droplet due to maximum spreading, is also

Before impingement
t = - t0 ms

First stage
t = t0 ms

Maximum spreading
t = t2 ms

Final stage
t = t3 ms

Fig. 8 Images and schematics indicating the measurement procedure

Table 2 Parameters controlling wettability

Velocity,

m/s

l,
MPa s

r,
mN/m

q, kg/
m3

Maximum spreading

diameter (X2), m

Final spreading

diameter, m

Spreading

factor (b)
Droplet diameter

(d), mm

t1,
ms

t2,
ms

0.0121 0.98 72.8 997 0.0012 0.00119 0.31 2.5 196 201

Table 3 Comparision of current work and literature

Current work Panda et al. (Ref 4)

For superhydrophobic character

Pf, N Sf, N Pf, N Sf, N

0.00154 2 9 10-7 0.0016 1.9 9 10-7

Fig. 9 SEM morphology of the NiTi coating (a) before and (b) after pH test
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determined by comparing the images of various stages. In

addition to the above, for the calculation of fluid properties

such as l, r, q are measured, and mass of the droplet has

been calculated by using Eq 8. The parameters of con-

trolling wettability are given in Table 2.

After calculation of Pf and Sf (Table 3), these values

have been compared with the information reported in the

literature. The comparision clearly ensures that the

achieved values lie in the superhydrophobic regime.

We ¼ Inertia force

capillary force
¼ Nf

Pf

ðEq 2Þ

Fig. 10 (a) Roughess of the coating before pH test, (b) roughness of the coating after pH test and (c) schematic depicting broadening

phenomenon of the rough surface due to pH attack
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Re ¼ Inertia force

Viscous force
¼ Nf

Sf
ðEq 3Þ

Sf ¼
We

Re
� Pf ðEq 4Þ

where Nf = inertia force, N; Sf = viscous force, N;

Pf = capillary force, N; We = Weber number; Re =

Reynolds number.

Re after impingement ¼ Inertia force

Viscous force
ðEq 5Þ

¼
m v2�v1ð Þ

t

Viscous force
¼ vql

l
¼

v1þv2
2

� �
� qDf

l
ðEq 6Þ

where l = viscosity of the fluid, (m Pas), q = density of

the fluid, (kg/m3), Df = final spreading diameter of the

fluid, (m), m = mass of the droplet, (kg), t = Time, (s),

l = characteristic length (typically the droplet diameter).

Sf ¼

m v2�v1ð Þ
t

v1þv2ð Þ
2

� qDf

l
ðEq 7Þ

Mass of the droplet mð Þ ¼ Volume of the droplet

� Density of the solution

ðEq 8Þ

We ¼ Inertia force

Capillary force
¼

m v2�v1ð Þ
t

r� l
ðEq 9Þ

Velocity during spreading,

X2 � d

t1
¼ v1 ðEq 10Þ

Velocity during recoiling,

X2 � Df

t2
¼ v2 ðEq 11Þ

Fig. 11 Polarization curve of the surface with or without APS NiTi

coating and antiwetting surface (scan rate = 0.166 mV/s)

Table 4 Atmospheric condition stability of superhydrophobicity

Atmospheric conditions Amount

Temperature 34-40 �C
Pressure 1 atm

Humidity 80-91%

Table 5 Variation of contact angle with exposure time

Exposure time, days Contact angle, �

0 165 ± 0.25

10 164.6 ± 0.35

20 163.7 ± 0.8

30 162.2 ± 0.82

40 158.6 ± 1.07

50 156.9 ± 0.68

60 155.4 ± 0.87

70 153.2 ± 1.18

80 151.5 ± 1.3

90 148.4 ± 0.57

Fig. 12 Identification of deposited solids on the exposed coating to

surrounding
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V1, V2, Df and t are calculated from the image of the

droplet impingement, r is the surface tension of the dro-

plet, X2 is the distance covered by the droplet due to

maximum spreading.

Where b is the spreading factor and is defined as the

ratio of diameter of the droplet after spreading to the dro-

plet diameter.

Chemical Stability

pH Test

To determine the chemical stability of the NiTi plasma

spray coatings, these were immersed in both acidic and

alkaline solutions. The acidic solution was prepared by

Fig. 13 Stepwise

experimentation of abrasion test

and variation in droplet shapes

before and after abrasion test

(experimental condition:

coating dimension:

5 cm 9 4 cm 9 0.5 cm,

pressure: 346.5 kPa, sandpaper

grade: 150 grit SiC sand paper)

Fig. 14 Schematic diagram of adhesion setup and contact angle image after adhesion test
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diluting concentrated HCl up to 0.01 M which depicts the

presence of very strong H? ion by revealing a pH = 2.

Similarly, NaOH solution (pH = 10) solution of (0.01 M)

was used in the investigation. The coating was dipped

vertically in the solutions for 24 h under sufficient liquid

head. Then, the coatings were brought out from the solu-

tion and dried in an oven at room temperature for the

removal of moisture. Thereafter, the coatings were cleaned

with the help of alchohol before the measurement of con-

tact angle.

The achieved contact angles (138� for acidic and 143�
for basic) in case the coatings treated in acidic and basic

medium reveal that the developed coating is not recom-

mended operate in high acidic and alkaline mediums. It can

be observed from the Fig. 9 that though the coating sur-

vives in the high pH environment, but still significant

amount of damage has been occurred on the coating. It is

expected that due to the reaction between H? or OH- ion

with the elemental form of Ni and Ti, the fine surface

irregularities are expected to demolish. As a result, the

roughness in micro-level converts to milli-level. The

measurement of roughness on the chemical treated coating

corroborates the statement given above (Fig. 10).

Corrosion Analysis

To measure the corrosion resistance of the developed

coating, the coating was examined by electrochemical

measurements. For this, 100 mL of aerated and unstirred

(3.5% NaCl) solution was used. A conventional electro-

chemical workstation (VERSASTAT3-400, PAR) having

three electrode cells such as Ag/AgCl/KClsaturated (refer-

ence electrode), a Pt wire (counter electrode) and the as-

sprayed sample of 300 lm thick (working electrode) has

been used for the polarization test. The working electrode

was exposed to an area of 1 cm2 against the solution. The

potentiodynamic curves were obtained from - 150 mV/

Eoc to ? 1000 mV/Eoc at a scan rate of 0.166 mV/s.

For the comparision of corrosion performance of NiTi

plasma sprayed coating, a superhydrophobic coating by

one-step immersion process has been prepared. This coat-

ing was synthesized on a brass substrate by simply

immersing the substrate into 20 g/L ethanoic solution

lauric acid for 24 h. After immersion, the samples were

rinsed with distilled water to remove excess lauric acid

solution followed by air dried for 24 h (Ref 66).

The polarization curve (Fig. 11) clearly indicates that

the substrate corrodes very easily as compared to APS NiTi

coating and antiwetting surface fabricated (by one-step) on

brass substrate by simply immersion method. The above-

stated statement is confirmed by analyzing the current

density in the polarization curve. The current density of

APS NiTi coating is least among the three samples.

As the current density decreases, a less number of ions

are exposed to the surface. As a result, the probability of

the interaction of the ion with the surface decline. In

addition to the above, the potential value of the APS NiTi

coating is more toward the positive side. Therefore, the

APS NiTi coating is having more corrosion resistance than

the uncoated surface and antiwetting surface.

Stability of Superhydrophobicity in Open

Atmosphere

To check the stability of the superhydrophobicity of the

coating in open atmosphere, the coating was exposed to the

following atmospheric conditions (Table 4).

To check the stability of the superhydrophobicity of the

coating in open air, the sample was exposed to open

atmosphere over a period of 90 days, and periodically

contact angles were measured (Table 5). It is observed that

in open air, the coating retains its property up to 80 days

Fig. 15 Variation of tensile stress with strain curve (cross-head speed

10 m/min at 1.84 kN load)

Fig. 16 SEM morphology at coating-substrate interface of NiTi

plasma sprayed coating
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and thereafter, coating starts losing its superhydrophobic

characteristic. The possible reason behind the above-stated

is the change in surface roughness of the coating by the

deposition of suspended solids (Fig. 12). Furtehrmore, the

coated surface is expected to oxidize due to the contact

with the moisture present in air. The probability of loss of

organic layer from the coating surface [which can be

deposited by adsorption from air (Ref 43)] may also be

considered another reason.

Mechanical Stability Test

Abrasion Test

The abrasion resistance defining the operating condition of

the plasma coating was determined by using a sand paper

(Ref 67). Before investigation, the superhydrophobicity of

the coating was ensured by measuring the contact angle,

and then, with the help of sand paper the surface of the

coating was tried to modify. The modification process

includes the to-and-fro motion of the sand paper on the

surface of the coating under a certain pressure of

Fig. 17 SEM morphology (9 300) and contact angles of NiTi coating heated at temperatures of (a) 400 �C, (b) 600 �C and (c) 900 �C

Fig. 18 X-ray diffraction

analysis of as-sprayed and heat-

treated samples (experimental

condition: 2h range (20-110�),
scan rate (10�)/min) and step

size (0.02))
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346.5 kPa. After each cycle, which constitutes the move-

ment of sand paper on the coating for a distance of

2 9 L (L is the length of the coating), the contact angle was

measured. The variation of contact angle with the number

of cycles used to modify the coated surface is presented in

Fig. 13. Up to 90 cycles, the coating retains its superhy-

drophobicity and further increment demolishes the pillar

and this is detrimental for superhydrophobic characteristic.

Interfacial Bond Strength

The evaluation of adhesive property of coating was per-

formed as per ASTM C-633 (Ref 68). In the current test-

ing, an indigenously designed and fabricated jig made up

of mild steel was used (Fig. 14). The two dummies of the

set up grip the coated sample and these were fixed by

polymeric adhesive (epoxy 900-C). Then, the continuous

tension was applied in the opposite direction until the

plasma spray coating (as-sprayed) was detached from the

substrate. To hold the coating properly, the dummies were

roughened before applying the epoxy. In addition to the

above, the coating pullout test was carried out by a uni-

versal tensile machine (UTM) with a crosshead speed of

10 m/min. The result reveals that at 40.85 MPa tensile load

(Fig. 15), the dummy detaches from the substrate.

The schematic depicting surface of the coated sample

and the dummy is given in Fig. 14. It is observed that

coating does not lose its adhesive property at the afore-

mentioned conditions (confirmed by contact angle image

Fig. 14). It can be observed from the cross sectional image

(Fig. 16) that the absence of interfacial cracks and porosity

in the coating leads to the strong adhesion between the

substrate and coating. This could be due to the high

molecular interaction at the coating and substrate interface.

The interaction strength at the interface depends on the

physiochemical surface forces such as Vander walls,

covalent and ionic as well as the better interlocking of NiTi

plasma deposition with the micron rough substrate surface.

In the case of plasma coating, the bonding develops due to

intermolecular solid diffusion and substrate coating inter-

locking. The elevated temperature of the plasma and the

high pressure of plasma torch force the atoms of Ni and Ti

to intersperse with the surface atoms of mild steel and to

form a new grain boundary under the impact of creep.

Thermal Stability Test

Thermal stability test of the coating reveals the temperature

range in which the coating remains unaffected. For the

abovementioned investigation, the coating was heated to a

predefined temperature (for 1 h) and then after properly

thermal soaked, it is kept in the furnace for cooling. After

this, the contact angle on the coating was measured. In the

current work, the considered temperature range is

100-900 �C, and the step height of the temperature is

100 �C. The analysis on the contact angle variation

(Fig. 17) clearly ascertains that up to 400 �C the coating

exhibits superhydrophobicity. Beyond the above-stated

temperature, the superhydrophobic character is not found

due to the extreme molecular vibration and organic

migration on the surface. At very high temperature,

molecular vibration occurs in the material for the trans-

portation of heat. Due to this vibration, the deposited

organic particles mentioned by Li et al. (Ref 43) are

Table 6 Types of phase

formation and reference code of

the phases formed in XRD of

as-sprayed coating and annealed

samples

Phases Reference code 2 theta angle

TiO 98-006-0480 43.27�, 50.40�, 74.04�
NiO 98-005-9068 43.55�, 50.73�, 74.56�
NiTi (B2-phase) 98-010-2932 50.05�
Ni 98-009-0603 52.32�, 61.20�
Ti 98-002-3322 52.32�
Ni3Ti 98-009-0780 74.13�
Ni4Ti3 98-012-2611 77.31�
NiTi (R-phase) 98-011-0091 45.98�, 50.13�
NiTi (B190) 98-011-0093 52.6�, 77.78�
Ti2Ni 98-007-5004 100.08�
NiTiO3 98-001-5438 35.17�, 41.45�, 58.19�, 63.72�, 88.58�
Ti2O 98-000-7882 28.12�, 62.96�
TiO2 98-001-7738 38.73�, 62.87�
Ni2Ti4O 98-001-1166 50.39�, 72.21�, 86.06�

cFig. 19 Visual observation of dropwise evaporation on coated and

uncoated surface at 200 �C
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Observed phenomena Hot uncoated 
plate

Hot coated plate

Initial impingement

Maximum spreading 

Initiation of recoiling 

4 ms 4 ms

6 ms 6 ms

10 ms 10 ms

Blasting

Bouncing/
atomization

Dancing/thermal kick

Rolling

Thin Film Evaporation

30 ms 46 ms

46 ms

44 ms 98 ms

84 ms

78 ms

826 ms

132 ms

186 ms
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expected to remove. Further verification is performed by

analyzing SEM images of coatings annealed at different

temperatures (Fig. 17). These demonstrate that the

demolished fine surface irregularities agglomerate which

significantly reduces the surface roughness. Furthermore,

the XRD results (Fig. 18) clearly corroborate the above-

stated argument.

Above 600 �C, the phase transformation of steel might

enhance the molecular diffusion from the surface to the

interior of the substrate and this can be considered another

reason for the aforesaid variation. From XRD results

(Table 6), it is noticed that mostly oxide phases are present

in the material at 900 �C. Among all the metal elements

considered for the coating, titanium has a high affinity for

the formation of oxides. Therefore, most of the oxides are

Ti based. With the above oxide phases, Ni4Ti3
metastable phase is also identified at 900 �C. In addition to

the above, coatings annealed at or below 600 �C depict the

similar type of trend and phases.

Thermal Performance Evaluation

To identify the thermal performance of the compressor

blade, dropwise evaporative cooling experiments were

conducted at transition and nucleate boiling regimes tem-

perature. For the performances evaluation, the droplet

impact mapping has been analyzed (Fig. 19). The investi-

gation identifies various phenomena such as spreading,

recoiling, bouncing, blasting, sliding and atomization

which define qualitatively the heat removal process from

the droplet to the hot plate.

From the droplet impact mapping, maximum favorable

condition for heat transfer is observed in case of

impingement of droplet on a coated plate. Furthermore, in

this case, the minimum evaporation and the maximum

recoiling are observed. To verify further, the droplet resi-

dence time and the cooling rate are also calculated, and

these are presented in Table 7. It clearly corroborates the

discussion of droplet impact mapping. The evaporation of

significant portion of droplet generates huge thermal stress

in the plate, and as a consequence, the mechanical dura-

bility of the plate reduces. The thermal stresses are also

calculated (using Eq 12) for the plate with and without

coating (Table 8). It clearly reveals that due to the presence

of coating the thermal stress is reduced up to 9.5 times than

substrate (Eq 13).

The data of Table 8 were obtained by following the

equation,

r ¼ EaDT ðEq 12Þ

where r is the thermal stress, E is Young’s modulus, a is

the coefficient of thermal expansion, DT is the temperature

difference.

Themal stress developed in steel plate

Thermal stress developed in coating
¼ 0:074

0:0078
¼ 9:5

ðEq 13Þ

The temperature in the initial stage compressors of gas

turbine engine maintains around 400 �C (Ref 69). As per

the results in the current work, the coating retained its

superhydrophobicity up to 400 �C. In addition to the

above, according to the literature, the average pH value of

the acid rain is 4 (Ref 70); therefore, the initial stages of

compressor blades of gas turbine should have the capability

to withstand a pH of 4. However, the current coating has

been tested at pH 2, which is in the strong acidic region.

Furthermore, it is reported in the literature (Ref 71) that the

erosion–corrosion phenomena on the compressor blades

are due to the combined effect of impact of solid particles

and electrochemical corrosion. In (Ref 31), we have con-

cluded that the developed coating has excellent solid par-

ticle erosion resistance. So, the chances of penetration of

the solid particles are very less. Therefore, it is expected

that the current coating can be applied in the compressor

blade of gas turbine engine and can sustain the effect of

harsh environment.

Conclusions

In the current work, by using APS method and Ni and Ti

powder, a superhydrophobic coating on mild steel substrate

has been developed. Based on the characterization of the

coated sample, the followings are the conclusion:

1. The developed coating ensures superhydrophobicity by

depicting contact angle and sliding angle of 165� and
8 ± 1�, respectively. In addition to the above, the

characterization performed on the coated sample

corroborates the theory proposed in the literature for

the attainment of superhydrophobicity.

Table 7 Residence time and temperature drop of plate with and

without coating

Type of plates Residence time, ms Cooling rate, �C/s

Plate without coating 186 22

Plate with coating 132 5

Table 8 Calculated thermal stress in plate with and without coating

Thermal stress developed

in steel plate

Thermal stress

developed in coating

Percentage

reduction

0.074 N/m2 0.0078 N/m2 98.94%
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2. The adhesion test clearly ensures the failure of the

coating under very high load (40.85 MPa). Although

the coating can sustain an abrasion at a pressure of

346.5 kPa for several passes, but it loses its superhy-

drophobic characteristic after 90 passes of abrasion on

the sand paper.

3. The annealing test of the coating demonstrates that the

superhydrophobic property of the coating retains up to

400 �C and beyond that, the coating converts to

hydrophilic due to the formation of new compound

and destruction of the pillar responsible for the surface

irregularities defining surface roughness.

4. The coating is very much sensitive in alkaline (pH =

10) and acidic (pH = 2) medium. The reductions in

contact angle up to 138� and 143� are observed for

abovementioned strong pH of acidic and basic medi-

ums, respectively. This could be due to the dissolution

of the roughness and also the conversion of the

roughness from micro- to mili-range.

5. NiTi plasma coating depicts better corrosion resistance

than substrate and superhydrophobic coating prepared

by one-step immersion method.

6. The dropwise evaporation experiments on both coating

and substrate ensure that coating allows lower heat

absorption and this indirectly indicates better handling

capacity of thermal shock.

7. The thermal stress developed in the substrate (0.074 N/

m2) is 9.5 times more than the thermal stress developed

in the coating (0.0078 N/m2) and this is desirable.
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