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The creation of superhydrophobic (SH) surfaces requires a combination of surface roughness and surface free en-
ergy reduction. For this purpose, wire-like ZnO particle (with micro scale in length and nano-scale in width) de-
positionwas performedon iron surface bymeans of anultrasound approach. After that, stearic acid (STA) ethanol
solution was utilized for surface energy reduction. The optimization of various parameters was conducted based
on Minitab software and Taguchi design method. After reaching a SH iron with ultrasound at optimized condi-
tions, the corrosion resistance was compared between SH iron resulted by classical method (SH iron (C))
under the same conditions as ultrasound method (SH iron (U)). The potentiodynamic estimates indicated that
when ultrasound was employed for particle deposition, the corrosion current (Ic) was 1000 times lower than
that for bare iron one.However, using classicalmethod for particle deposition hadnodramatic effect on corrosion
resistance. Moreover, when ultrasoundwas used for particle deposition, the stability of the resulted SH iron ver-
sus immersion in NaCl solution (3.5%) was higher compared to SH iron acquired by classical technique. Finally,
different characterization methods were used for further study. For example, scanning electron micrograph
(SEM) was carried out for topographical investigation of the surfaces obtained. Other techniques such as atten-
uated total reflection in combination with Fourier transform infrared (ATR-FTIR) and energy-dispersive X-ray
spectroscopy (EDX) verified ZnO particle deposition. Moreover, for verification of STA grafting on SH iron, EDX
analysis was helpful.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

One of the significant properties related to the solid surfaces is wet-
tability that is controlled using both surface morphology and chemical
composition of surfaces. SH surfaces with water contact angle (WCA)
larger than 150°, have appealed greatly interest in central research
and prospective industrial applications [1–3]. These surfaces are classi-
fied into two categories based on sliding angle (SA) value. These classes
are named as low-adhesive and high-adhesive SH surfaces. Low–adhe-
sive SH surfaces possess SA value lower than 10°. In this case, water
droplet can roll easily as SH surface tilted partially. In contrast, high-ad-
hesive SH surfaces have high SA value. In this instance, water droplets
stick to the surface even with turning upside down the surface.

The lotus leaves, the rice leaves and the legs of water strider are ex-
amples of low-adhesive SH surfaces in natural world. Moreover, the
usual high-adhesive SH surfaces in natural surroundings are rose petals,
peanut leaves, and feet of bees. Because of numerous applications of
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low-adhesive SH surfaces, great studies has been focused on these sur-
faces [4,5]. The new researches exhibit that the superhydrophobicity of
the lotus leaves mainly results from the existence of dualistic structures
at micro and nano-meter measures and waxy materials with low sur-
face energy on the surfaces [6]. To date, several techniques such as li-
thography, laser etching, plasma treatment and template duplication
have been established to manufacture SH surfaces based on lotus leaf
structure [7–12]. The metal surfaces are simply wetted and covered
with a coating of water film, causing in severe troubles counting icing
and corrosion. Consequently, the design of metal products with
superhydrophobicity property is sensible [13,14]. There are several
works related to this issue. For example,Wei et al. [15] employed a trou-
ble-freeway to produce SHmagnesiumalloy. Theirmethod consisted of
etching of magnesium in copper chloride and modification of resulted
surface with STA as surface free energy reducer agent. Polarization
and impedance examinations demonstrated corrosion resistance en-
hancing of SH magnesium in comparison with bare alloy. Moreover,
the SH surface exhibited long-term stability in NaCl aqueous solution
(3.5%) [15].

In another work, Zhang et al. synthesized anti-corrosionmagnesium
alloy with SH characteristic. The superhydrophobicity was obtained
using simple immersion process and modification in STA during a
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Schematic 1. a) ultrasound and b) classical deposition methods.
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hydrothermal production method [16]. With the exception of magne-
sium alloy, there are similar efforts for iron surfaces. For example,
micro/nano structures were fabricated on iron surfaces via chemical
etching with a solution of hydrochloric acid or galvanic substitution
using silver nitrate. The modification of obtained hierarchical iron
with STA led to SH iron surface. The anti-icing property examination re-
vealed that SH iron exhibited outstanding anti-icing characteristic in
comparison with bare ones [17]. In another study, Hao-Jie Song et al.
used a straightforward and economic hydrothermal method based on
K2CO3 mediated process to manufacture structures with micro/nano
scales on iron plates. The vinyl triethoxysilane was employed as surface
energy reducer to yield superhydrophobic property [18]. In spite of sim-
plicity and cost-effectively ofmentionedworks, anti-corrosion property
was not explored. However, in a study performed by Wang et al. anti-
icing, UV-durability and corrosion resistance characteristics of resulted
SH steel was investigated [19]. But, the surface energy reduction was
carried out using 1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS-
17), that is not environmentally suitable. In current study, STA as bio-
compatible modifier is utilized for surface energy reduction. Besides, ul-
trasonic waves have been employed as novel technique for ZnO particle
deposition on iron substrates. Ultrasound is a competent and powerful
method for the production of manymaterials with variable characteris-
tics. There are several published papers related to ultrasound-assisted
synthesis of different nanoparticles. For example, ZnO nanoparticles
with dissimilar morphologies, Fe3O4 nanoparticles, gold and silver
nanostructures were synthesized using ultrasound [20–23]. In spite of
numerous attempts for the nanoparticle synthesis, there are a few
work about utilizing ultrasound as a practical technique for particle de-
position in SH creation field. Therefore, the major novelty of ourwork is
achievement to SH iron with enhanced anti-corrosion property using
ultrasound. Ultrasound generates exceptional conditions that result in
special changes. These changes are due to cavitation phenomenon that
is consisted of creation, expansion and collapse of bubbles in aqueous
environment. The bubble collapse in heterogeneous surrounding is
non-symmetric. As a result, the topography of surface can be influenced
by shockwaves andmicro-jets creation. It is predictable that distinctive
morphology has remarkable influence on the wettability of surface and
durability of the acquired SH surface. In this work, ultrasound demon-
strated a vital function in particle deposition to conclude SH iron surface
with outstanding anti-corrosion property in corrosive environment.
Moreover, in this work the ultrasound parameters have been optimized
simultaneously to have higherWCA and lower SA on SH surfaces. At the
end, a comparison has been conducted between anti-corrosion property
of SH iron surfaces fabricated using simple immersion (classic), and ul-
trasound methods.

2. Experimental section

2.1. Materials

Pure Iron plate in dimensions of 20 mm× 15mm× 1mmwas used
in current work. Hexamethylenetetramine (HMT, 99%) was supplied by
Samchun Company. Zinc sulfate heptahydrate (ZnSO4·7H2O, 99%) was
made available byMerck Company. Stearic acid (STA, 99%) and ethanol
(96%)were purchased fromBDHand Riedel companies, respectively. All
chemicals were utilized as received.

2.2. Superhydrophobic iron formation with ultrasound

Firstly, the iron surfaces were polished mechanically using sand
paper (400 and 800#). Afterward, the plates were washed thoroughly
with distilled water, ethanol and acetone and dried at 80 °C. Then, the
cleaned iron plates were vertically immersed into 50 cm3 aqueous solu-
tion of HMT (with changeable concentration) and after 1 min sonica-
tion, 25 cm3 aqueous solution of ZnSO4 (with variable concentration)
was added. Sonication was continued for various interval times at
different temperatures. Schematic 1a demonstrates the experiment
conducted under ultrasound. The output frequency and power of ultra-
sound equipment (XL 2020(were 20 Hz and 550 W, respectively. The
horn tip was immersed 1 cm into the solution and located in themiddle
of the cell. It should be noted that calorimetry method was used for
acoustic power determination for three levels of acoustic amplitude
(25%, 35% and 45%). Based on this method, the acoustic power for
acoustic amplitude of 25%, 35% and 45% were 0.50 W, 2.07 W and
11.33 W, respectively. The acoustic power measurements were carried
out for 75 mL of solution, since the final solution volume reached to
this value.

Three levels of concentrations (0.01 M, 0.05M and 0.10M) were se-
lected for starting materials of HMT and ZnSO4 in final solution. It is
worthy to note that, for all experiment runs, the starting material
molar ratio is 1:1. After withdrawing the plate from HMT-ZnSO4 solu-
tion, the iron plates were rinsed completely with distilled water and
dried for 1 h at 100 °C. In this stage ZnO-deposited iron surfacewas con-
cluded. The surface energy reduction as a final step was performed
using immersion of ZnO-deposited iron surface in STA ethanol solution
with changeable concentrations and various immersion times. After
moving back from STA solution, iron plates were completely rinsed
with ethanol and dried for 10 min at 80 °C. It should be pointed out
that the WCA and SA measurements have been accomplished on the
samples after attainment to room temperature. The optimization of
variables in these experiments (concentration of starting materials, re-
action time, reaction temperature, acoustic amplitude, STA concentra-
tion, immersion time in STA) was carried out simultaneously with
Minitab 14 software with Taguchi design method. Taguchi technique
employs standard Orthogonal Arrays (OA) for creating an experiment
matrix. Utilizing an OA to experiment design facilitates the study of



Table 1
Experiment design using Minitab software.

Run
number

Reaction time
(min)

Reaction
temperature (°C)

Acoustic
amplitude (%)

Starting material
concentration (M)

Time immersion
in STA (min)

STA concentration
(g/5 cm3 ethanol)

WCA
(degree)

SA
(degree)

RPD

1 5 25 25 0.01 2 0.005 41.00 90.00 1025.00
2 5 25 25 0.01 20 0.010 59.09 90.00 1025.00
3 5 25 25 0.01 60 0.025 159.89 90.00 1025.00
4 5 40 35 0.05 2 0.005 51.24 90.00 1025.00
5 5 40 35 0.05 20 0.010 133.33 90.00 1025.00
6 5 40 35 0.05 60 0.025 158.00 9.00 12.50
7 5 60 45 0.10 2 0.005 28.94 90.00 1025.00
8 5 60 45 0.10 20 0.010 121.12 90.00 1025.00
9 5 60 45 0.10 60 0.025 154.51 90.00 1025.00
10 15 25 35 0.10 2 0.010 30.00 90.00 1025.00
11 15 25 35 0.10 20 0.025 161.02 15.60 95.00
12 15 25 35 0.10 60 0.005 117.83 90.00 1025.00
13 15 40 45 0.01 2 0.010 60.16 90.00 1025.00
14 15 40 45 0.01 20 0.025 146.62 15.00 87.50
15 15 40 45 0.01 60 0.005 88.66 90.00 1025.00
16 15 60 25 0.05 2 0.010 88.33 90.00 1025.00
17 15 60 25 0.05 20 0.025 110.00 90.00 1025.00
18 15 60 25 0.05 60 0.005 145.33 90.00 1025.00
19 30 25 45 0.05 2 0.025 68.33 90.00 1025.00
20 30 25 45 0.05 20 0.005 129.00 90.00 1025.00
21 30 25 45 0.05 60 0.010 144.87 90.00 1025.00
22 30 40 25 0.10 2 0.025 36.00 90.00 1025.00
23 30 40 25 0.10 20 0.005 110.00 90.00 1025.00
24 30 40 25 0.10 60 0.010 108.00 90.00 1025.00
25 30 60 35 0.01 2 0.025 108.31 90.00 1025.00
26 30 60 35 0.01 20 0.005 124.33 90.00 1025.00
27 30 60 35 0.01 60 0.010 160.05 8.00 0.00
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the influence of several controllable variables on themiddling of quality
characteristics. In this work, six factors, each at three levels are chosen
to design of experiments based on Taguchi technique.
2.3. Superhydrophobic iron formation with simple immersion method

A simple immersion method was utilized for particle deposition to
have a comparison between superhydrophobic surfaces that are result-
ed with both ultrasound and classic approaches. For this purpose, the
pretreatment process was done as described in previous section. Then,
the cleaned iron surface was immersed into HMT solution and stirred
(500 rpm) for 1 min and then ZnSO4 solution was added. For having a
better comparison, this experiment was carried out under the opti-
mized conditions of ultrasound method. The surface energy reduction
Fig. 1. a) mean of means and b)
was performed with STA ethanol solution at optimized concentration
and immersion time.

2.4. Sample characterization

An attenuated total reflection in conjunctionwith Fourier-transform
infrared spectrophotometry (ATR-FTIR, Shimadzu-IR-460 spectrome-
ter) and energy-dispersive X-ray spectroscopy (EDX, INCA 7353, En-
gland) were utilized for chemical composition illustration of samples.
In ATR-FTIR technique, the samplewas kept in contactwith ZnSe crystal
and incident angle of IR rays was 45°. The light, which was totally
reflected by the interface between the crystal and sample, was
measured to attain an infrared pattern. The surfacemorphologywas ex-
plained via a scanning electron microscope (SEM, LEO 1450 VP, Germa-
ny). A versatile technique for roughness investigation was Atomic force
mean of SN ratios graphs.



Table 2
Optimized parameters based on Taguchi design method.

Reaction parameter Optimized value

Reaction time 15 min
Reaction temperature 40 °C
Acoustic amplitude 35%
STA concentration 0.025 g/5 cm3 ethanol
Immersion time in STA 60 min

Fig. 3. WCA and SA versus starting material concentration.
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microscopy (AFM, 0101/A, Iran). The images were taken under ambient
temperature using nanoprobe cantilever in non-contact mode.

2.5. WCA and SA measurement

Homemade equipment was utilized For WCA calculation. 10 μL dis-
tilledwaterwas carefully dropped by amicro syringe on iron plates. The
images of droplet were captured by means of a camera (Canon SX200,
Japan) and assessed with MATLAB software to WCA achievement. For
SAmeasurement, a simple device was designed. The homemade equip-
ment contained amutable plane for tilting iron plate until water droplet
initiated to roll off. Since, the highest situation for the movable plane
was 90°, the maximum reported SA was 90°.

2.6. Electrochemical measurements

In these series of experiments, the working cell was a standard
three-electrode cells. In this cell, theworking electrodewas iron sample
with area of 1 cm2. Moreover, the reference and counter electrodes
were Na Ag/AgCl and Pt, respectively. All tests were conducted at ambi-
ent temperature (25 °C) in 3.5% NaCl aqueous solution. The scan rate of
potential was 10 mV s−1 and potential was scanned in vicinity of OCP
(open circuit potential).
Fig. 2. Three-dimensional graphs of a) reaction time-reaction temperature-SA, b) STA concen
3. Results and discussion

3.1. Experiment design

As it was described in experimental section, Minitab software has
been utilized for optimization of different parameters. According to
Taguchi technique, the L27-OA runs were created (Table 1). The de-
signed experiments were performed according to L27-OA. For each ex-
periment, the WCA and SA values were measured. Since, our purpose
was to achieve a low adhesive SH characteristic; SA values were
regarded as array response.

According to Taguchi design method, 27 runs of experiment were
conducted.WCA and SAweremeasured on 27 iron surfaces in three dif-
ferent points of each sample and the average values were reported.
tration-immersion time in STA-SA and c) acoustic amplitude-reaction temperature-SA.



Table 3
The treatment conditions for both methods (ultrasound and the classical).

Method Reaction time
(min)

Reaction temperature
(°C)

Acoustic amplitude
(%)

STA concentration
(g/5 cm3 ethanol)

Immersion time
in STA (min)

Starting material
concentration (M)

Stirring rate
(rpm)

Classical 15 40 − 0.025 60 0.01 500
Ultrasound 15 40 35 0.025 60 0.01 −

Fig. 4. a) WCA and b) SA values versus time immersion in NaCl solution (3.5%).
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3.2. Data analysis

After carrying out all experiments, the results (SA values) were con-
verted into RPD (relative percentage deviation) values according to the
following formula.
Fig. 5. SEM images of SH iron (U), A) before and B)
RPD = |Method sol-best sol| × 100/best sol
RPD is a dimensionless parameter. Method sol is SA value for each

run of experiment and the best sol is the lowest value of SA in all 27-ex-
periment runs. The RPD values are demonstrated in Table 1. The data
analyzing are accomplished after RPD placing in response column.
This analyzing will create two series of graphs named as mean of
means and mean of SN (signal to noise) ratios (Fig. 1). We can confirm
the optimized parameter values when the lowest point in mean of
means graph was corresponded to the highest point in mean of SN
graph. The lowest point in themean of means graph assigns to the low-
est RPD. If RPD values were smaller, it means that the deviation from
best value is smaller at that point. So, for each parameter, the optimized
value is the point that RPD has the lowest worth. Also, in this point with
the lowest RPD, the SN ratios must be at the highest level. Based on this
method, the optimized parameters are introduced in Table.2.

Three-dimensional diagrams are presented in Fig. 2. For each of rep-
resented graph, the effect of two variables is demonstrated on SA values.
For example, in Fig. 2a, simultaneous effect of reaction time and reaction
temperature is displayed on SA results. As it is clear from this figure,
when reaction time and temperature are 15min and 40 °C correspond-
ingly, the lowest SA is obtained. Furthermore, based on Fig. 2b, it can be
inferred that STA concentration of 0.025 g/5 cm3 ethanol and 60min im-
mersion time in this solution will resulted in lowest SA. Finally, regard-
ing the Fig. 2c, acoustic amplitude of 35% and reaction temperature of
40 °C are the best conditions to conclude SH iron surfacewith the lowest
SA.

Therefore, five variables have been optimized based onMinitab soft-
ware. However, the starting material concentration cannot be opti-
mized using this method. Because, based on Fig. 1, the lowest RPD for
starting material concentration is resulted for 0.01 M which is not
corresponded to the highest point in mean of SN graph. As a result, for
optimization of this factor, we must carry out a series of experiments
at different concentrations of starting materials. It is worthy to empha-
size that in all experiments the five other factors, which have been op-
timized previously, must be unchanged and fixed at their optimized
levels. According to this illustration, the results are displayed in Fig. 3.

Undoubtedly, it can be inferred that when starting material concen-
tration is 0.01 M, the high WCA and lowest SA has been acquired. Fur-
ther concentration enhancement leads to WCA reduction to some
extent. Consequently, starting material concentration of 0.01 M has
been selected as optimized level. The SH iron surface, which is created
after immersion in NaCl solution (3.5%) for 3 h.



Fig. 6. Potentiodynamic polarization curves for bare iron, SH iron (U) and SH iron (C).

Fig. 7. SEM images of A) bare iron, B–C)
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using optimized values of mentioned variables, demonstrates the high
WCA (158.47° ± 3.14°) and lowest SA (7.66° ± 1.45°). The obtained
surface has been named as SH iron (U) that U denotes to ultrasound ap-
proach. For having a comparison between ultrasound and classic
methods, the SH iron has been fabricated based on simple immersion
way without ultrasound. It must be noted that all variables have been
selected at their optimized level, which were previously determined
using Minitab software. Besides, for classic method, stirring was done
instead of sonication. After ZnO deposition, surface energy reduction
has been performed using STA solution (with concentration of
0.025 g/5 cm3 ethanol and for 1 h immersion time). The results verify
that classic method is able to produce SH iron (SH iron (C)). In this sit-
uation, WCA and SA values are 153.05° ± 2.12° and 10.00° ± 0.57°, re-
spectively. So, both methods (classic and ultrasound) will result in SH
iron. However, using corrosion resistance assessments, the sample pre-
pared under ultrasoundwasmore effective than the sample prepared in
classical way. These results are demonstrated in the following section in
details.
ZnO-iron-C and D–E) ZnO-iron-U.
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Table 3 shows the conditions which are adjusted to have SH iron via
classical and ultrasound methods.

3.3. Corrosion resistance

For further study, the stability of SH iron using both classic and ultra-
sound methods in corrosive environment has been investigated. After
immersion of SH iron (U) and SH iron (C) in NaCl solution (3.5%), the
WCA determination has been conducted for various interval times.
Based on Fig. 4a, it can be cited that after immersion of SH iron (C) in
NaCl solution only for 1 h, the WCA value slumps and reaches to
131.78° ± 3.86° and further immersion up to 24 h, will conclude very
low WCA of 63.12° ± 0.57°. Nevertheless, for SH iron (U) high WCA
can be preserved for longer times. For this case, surface immersion in
NaCl solution for 24 h will result in smaller reduction in WCA
(145.28° ± 0.69°) compared to classic ones. Besides, the SA measure-
ments were done at different interval times. As can be seen from Fig. 4
b, for SH iron (C) after immersion for 1 h, the SA value increased from
10.00° ± 0.57° to 90°. However, for SH iron (U) the SA increased from
7.66° ± 1.45° to 37.66° ± 2.51° for the same immersion time.

For observation of morphology changes after immersion in NaCl
solution, the SEM image of SH iron (U) after 3 h immersion is shown
in Fig. 5. According to Fig. 5A–B, the flower like structure on SH iron
(U) destroys during this immersion time and indicates removal of STA
from this surface.

In addition of immersion in NaCl solution, polarization curve mea-
surement has been employed for the corrosion resistance examination.
This measurement has been conducted based on Tafel extrapolation
technique.

Two factors obtained from thismethod are corrosion current (Ic) and
corrosion potential (Ec). When Ic demonstrates a fall trend and Ec shifts
to positive direction, the corrosion resistance improvement can be con-
cluded [24–27]. From Fig. 6, it can be pointed out that for bare iron Ec is
−570 mV and this potential changes positively to −484 mV and
−489 mV for SH iron (C) and SH iron (U), correspondingly. Moreover,
Ic for bare iron is roughly 5.50 × 10−6 A·cm−2. For SH iron (C), this cur-
rent decreases threefold and reaches to about 1.77 × 10−6 A·cm−2.
Fig. 8. EDX spectra of A) bare iron, B)
Therefore, Ic reduction in this case is not notable. When ultrasound
has been utilized as particle deposition method to obtain SH iron, the
situation is different. In this case, Ic (8.72 × 10−3 A·cm−2) is 1000
times lower than Ic of bare iron. Generally, for both SH surfaces (SH
iron (U) and SH iron (C)), Ec transfers to positive direction and Ic
drops off in comparison with bare iron. But, the reduction of Ic is more
significant for SH iron (U). So, it can be inferred that for SH iron (U) sur-
face, the improvement of corrosion resistance is more efficient in com-
parison with SH iron (C) ones.

In SH surfaces, there are huge fractions of entrapped air between the
pits that reduce the contact region between solid surface and water.
Consequently, SH surfaces can reject any kind of specieswith hydrophil-
ic characteristic for example Cl− ions with corrosive property. This re-
jection is a main reason for observation of the corrosion resistance
improvement for SH surfaces. It is crucial to emphasize that more parti-
cle deposition can preservemore air pockets between the pits of surface
as well as more stable SH surface will be concluded. Therefore, as ultra-
sound leads to more particle deposition on iron surface, the corrosion
resistance elevates more too. For verification, it is essential to investi-
gate SEM analysis that can demonstrate surface topography. It should
be noted that, all characterizations have been carried out for surfaces
at optimized condition of synthesis.

3.4. SEM and EDX analysis

According to Fig. 7, the SEM images of bare iron, ZnO-deposited iron
with classic (ZnO-iron-C) and ultrasound (ZnO-iron-U) methods are
represented. It is clear that, bare iron has a nearly smooth surface before
any particle deposition (Fig. 7A). After ZnOparticle deposition bymeans
of classic approach (Fig. 7B, C), the presence ofwire like structures is ob-
vious on iron surface. These microstructures are appropriate places for
air trapping. However, distribution of ZnO microstructures on the sur-
face is not crowded and it is not in favor of SH state stability in NaCl so-
lution. Ultrasound causes particle deposition with higher density (Fig. 7
D, E). This morphology provides suitable conditions for more air trap-
ping as well as more hydrophilic species rejection from iron surface.
Therefore, SH iron surface with enhanced stability is concluded for the
ZnO-iron-C and C) ZnO-iron-U.



Fig. 9. 2D (right) and 3D (left) AFM images of (A, A1) bare iron, (B, B1) ZnO-iron-C and (C, C1) ZnO-iron-U.
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sample prepared under ultrasound. This durability was previously veri-
fied (Figs. 4 and 6). The distinctive conditions produced by ultrasound
are major reason for different distribution of particles. Shock waves
and microjets known as strong streams are created because of asym-
metric collapse in heterogeneous medium. These streams lead to effi-
cient collisions between particles. Consequently, further combination
and agglomeration of particles can be observed on iron surface. In this
situation, the entrapping of air pockets between surface pits will be in-
creased which is the main reason for different behavior of SH iron (U)
and SH iron (C) in corrosive environment.

Moreover, EDX analysis as a valuable method can reveal the pres-
ence of existing elements on iron surface. It is clear from Fig. 8A that,
bare iron possess only Fe element. It means that there is not any
additional element in iron surface. Furthermore, for ZnO-iron-C the
Table 4
Roughness parameters for bare iron, ZnO-iron-C and ZnO-iron-U surfaces.

Roughness parameter (nm) Bare iron ZnO-iron-C ZnO-iron-U

Ra 0.121 ± 0.044 3.553 ± 0.597 3.767 ± 0.643
Rms 1.172 ± 0.587 25.630 ± 3.301 23.008 ± 2.756

Fig. 10. ATR-FTIR spectra of a) bare iron and b) ZnO-iron-U surface.
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appearance of Zn and O characteristic peaks can be an evidence for de-
position of ZnO particles (Fig. 8B). Nevertheless, when ultrasound is
employed for particle deposition, the Zn and O peaks become visible
with enhanced intensity (Fig. 8C). Besides, the characteristic peak of
Fe turns into weaker state. Therefore, EDX spectra provemore ZnO par-
ticle deposition on iron substrate using ultrasound instead of classic
way. The acquired results are well matched with SEM outcomes.

3.5. AFM analysis

The images of AFM analysis are demonstrated in Fig. 9.
Based on Fig. 9 A, A1, the bare iron has nearly smooth surface.
Fig. 11. SEM images (left) and EDX spectra (right) of (A, A1) ZnO-iron-
After ZnO deposition using classical (Fig. 9 B, B1) and ultra-
sound (Fig. 9 C, C1) methods, the roughness of surface in-
creases dramatically, this is a sign of ZnO deposition on iron
surface.

Moreover, the results of quantitative measurements of surface
roughness, such as root mean square roughness (Rms) and mean
roughness (Ra) are summarized in Table.4.

According to Table 4, it is obvious that roughness parame-
ters change after ZnO deposition via classical and ultrasound
methods and the roughness was improved by ZnO deposition.
Finally, the thicknesses of deposited layers were estimated to
roughly 70 nm based on AFM images for both methods.
U, (B, B1) SH iron (U), (C, C1) ZnO-iron-C and (D, D1) SH iron (C).
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3.6. ATR-FTIR investigation

ATR-FTIR analysis is another method for verification of ZnO exis-
tence on iron surface. Based on Fig. 10, for bare iron there are two visible
peaks at 433 cm−1 and 455 cm−1 that are related to Fe\\O bonds vibra-
tion [17]. After deposition of ZnO particles using ultrasound, the emer-
gence of characteristic peak of wurtzite ZnO is observable at
416 cm−1 [28]. Furthermore, after this deposition, the intensity of
Fe\\O characteristic peak (at 455 cm−1) becomes weaker and can be
a sign of ZnO particle deposition.

3.7. STA grafting verification

For creation of SH surface, the modification of ZnO-iron with STA is
necessary. For STA grafting proof, EDX and SEM investigation has been
carried out for SH iron (U) and SH iron (C) in comparison with respec-
tively ZnO-iron-U and ZnO-iron-C. As it is obvious from Fig. 11, after
STA modification in final step of SH surface creation, flower-like struc-
ture has been obtained on SH iron (U) (Fig. 11 B). These structures are
because of STA-grafting. Besides, the emergence of strong new peak re-
lated to C element, can be a sign of STA presence on SH iron (Fig. 11 B1).
Also, for SH iron (C) the surface structure has been changed after STA
grafting. But, compared to ultrasound method, the flower structure is
not concluded and lower intensity of C element in EDX spectra
(Fig. 11 D1), can verify the lower STA presence of this surface.

4. Conclusion

In summary, SH surface creation was initially carried out using ZnO
particle deposition. This deposition was done via both ultrasound and
classic methods. For surface energy reduction STA ethanol solution
was utilized. Minitab software was used for optimization of various pa-
rameters. SH iron with high WCA (158.47° ± 3.14°) and lowest SA
(7.66° ± 1.45°) was achieved at predetermined optimized variables
byMinitab software and named as SH iron (U). For comparison, particle
deposition by the classic method was conducted based on simple im-
mersion method. Using this approach SH iron with WCA of 153.05° ±
2.12° and SA of 10.00° ± 0.57° was resulted and known as SH iron
(C). The SEM and EDX investigations exhibited further ZnO wire like
distributions using ultrasound compared with the classical method.
More particle deposition has significant influence on air trapping be-
tween surface grooves and as well as on enhancing the stability of ac-
quired SH iron surface versus corrosive environment. The results show
that for SH iron (U), Ic decreases significantly (1000 times lower than
bare iron) in comparison with SH iron (C).
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