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To enhance the corrosion resistance of type 45 steel substrates, a superhydropifaBleOyli
composite coating was prepared on the type 45 steel substrates with electrochemical machining. The
surfa@ morphology, surface roughness, wettability and corrosion resistance of the coating were
investigated by using scanning electron microscopy, laser scanning confocal microscopy, optical contact
angle measurements and electrochemical analysis. The résitdleat an irregular micropit structure

is obtained after the N¥-Al.Os composite coating was prepared by electrochemical dissolution and
fluorosilanemodification. There is an obvious increase in the surface roughness of-Balpd3
composite coatingrhe water contact angle reaches 152.3 degrees on the coating surface. After 25 days,
a high hydrophobicity remains, and the watentact angle is 153.4 degrees. Approximately3%. of

the droplet volume is in contact with air. The superhydrophobie-Ni-Oz composite coating exhibits

a higher corrosion potential &or=-0.282V and a lower corrosion current densityJef=7.018<10"

Al/cm? compared to the type 45 steel substrakes. polarization curves of the coating at different times
were studiedn a 5 wt% NaCl solutiomo investigate the stability of the superhydrophobiePMil 203
composite coating. The maximum corrosion current density of the superhydropheBiélpDs
compaite coating i40.25410°A/cm?, and the corrosion rate isl@4mm/year. The superhydrophobic
Ni-P-Al>Os composite coating has excellent corrosion resistance.

Keywords: Electrochemical machining, Nr-Al.Oz composite coating, Surfaceughness,
Wettability, Corrosion resistance

1. INTRODUCTION

Metals and their alloys are important engineering matefi&ls. corrosiorproductson metals
can be concealeavhich resultan premature failure of metallic compents, massive economic losses
and environmental contaminatiofl]. There are different techniques for preventing the corrosion of
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metals. One is the coating of a metal surface with an anticorrosive layer to provide a barrier between the
metal surface andhé corrosive environmefi2-3].

Ni-P alloy coatings have been employed in industrial applications due to their excellent
properties, such as corrosion and wear resistance. The corrosion behavid? deplisits has been
studied by many scholafg-7]. Nanocomposite coatings with better wear resistance and corrosion
resistance can be obtained by adding nanoparticles intePaaNoy matrix. Tamilarasan made-Ri
rGO coatings on low carbon steel substrates by electroless plating and found thattithre @fddsO
particles considerably improved the corrosj@8h Wang made NP-diamond coatings by electroless
plating and found that the addition of diamond particles could substantially improve the wear resistance
[9]. A Ni-P-CeQ-RuQ; coating exhibitech higher corrosion potential &&:or=-0.349 V and a lower
corrosion current density ofcor=12 pA/cnt compared to NP alloys [10]. It was found that
incorporation of nand\l.Oz improves the corrosion resistance of a steel specjiignKarthikeyan
found thatthe specific wear rate of a {/Al>Os coating was lower when compared with that of &PNi
coating[12]. Sadreddinshowed that the incorporation of28k in a NP coating led to a low corrosion
rate by electrochemical impedance spectroscopy @1i8)polarization techniqu¢$3]. Chen reported
that a NiP-Al>O3 coating had better corrosion resistance compared to that ePachating on mild
steel[14].

Recently, superhydrophobgurfaces have gained scientific and technical interest due to their
attractive propertiegl5], such as seltleaning[16], antricing [17], antifogging [L8] and corrosion
resistancg19]. The preparation methods for superhydrophobic surfaces have advemmsiderably.

These includ@anoseconthserd20], laser etching [21], anodization [22], electron discharge machining
[23], surface template transfer [24] ael@ctrochemical deposition [25,26Jowever, these processes

have disadvantages. For examptas difficult to prepare large areas, and they also require complex
equipment. Compared with other methods for preparing superhydrophobic surfaces, electrodeposition is
an effective technique for fabricating superhydrophobic coat@ngsncludes the acantages ofow

cost, reproducibility, scalability, and simplicity, which permit its use for a range of applicf2i6as].

In this study, we use an electrodeposition technique to prepar®-AND3 composite coating.

The coating is processed by electiemical dissolution anfluorosilane modification. Scanning
electron microscopy is employed to analyze the surface morphology. Moreover, the surface roughness
wettability and corrosion resistance of the coatings are investigated by laser scanningl confoc
microscopy, optical contact angle measurements and electrochemical analysis, respddiaely.
superhydrophobic NP-Al203 composite coating is obtained by electrochemical dissolution and
fluorosilanemodification. The superhydrophobeoating can provide effective protection of type 45
steel substrates. This research aims to provide an important reference value for the corrosion protectio
of metals. The results derived from this research may be used in future industrial applications.

2. EXPERIMENTAL

2.1 Pretreat ment of substrate

Type 45 steel substrates (30 mmx8 rROMx570 %nnC),
0.0737% 8, 80%5Mn, 0.035% P, 0.035% S, 0.25% Ni



Int. J. Electrochem. Sciol. 14, 2019 6034

type 45 st eelll ysurbesguiartees ussuseri es of pretreatn
The pretreatment series started by degreasing
foll owed by acidic etching. The | depostep. wasb
composition and operating conditions employed

Table 1. The bath ompositionand operating condition®f the pretreatment processsed in the

experiment
Process Composition(g-L™) Operating conditions
: +21. +50. :
#1 Degreasing 25.0Na0H+21. NaCC:+50.0NaPO; Current 1 A, Time 25 ¢
+2.4 NaCl
#stﬁk(:ilgzgc 25.0Hydrochloric acid+140.1 NaCl  Current 1 A, Time 30 ¢

fﬁefor%‘;‘;a;g; 141.2NaCeHsOr2H0+943 HoCoHsOr- 0 ) o
. H>0+3.0 NiCb-6H.0 ’ )
deposits

2.2 Prepa-PAijcoomatafngNi

The NiP-Al20s layers were obtained by electrodeposition from an aqueous solution containing
2 0L INiISOs-6 H20, 30 g-L NiCl2-6 H20, 30g-L ™ H3BO3, 2 @-L 1H3PGs, 60 g-L ™1 CsHsO7, 0.08
g-L tsodiumdodecylsulfate, 0.02g-L ! sulfoureaand 4g-L ™t AlOs with an average particle size of 30
nm. All experiments were performedat@ mper at ure of 6 GAUGC?A n@atingr e n't
time of 90 min. Duringdeposition, the bath was stirred. The stirring speed of the mechanical agitator
was set at 1500min~! to prevent nanoparticles from precipitating. A nickel electrod® (20nmx 5 0
mmx 5 ) mas used as an anode. The cathode was adtype s t e e Imowsted pardllal ta the
anode plane.

2.3 Electrochemical machining

The Ni-P-Al203 composite coating was processed by electrochemical dissollitioa c at h o c
was a 304 L stainless steel (30 mmx30 mmx1 mm)
el ectrochemical di ssolution time was 5 min an
solution.

2.4 Treated byluorosilanesolution

Theluorseoilluanen ftoompdeEg®&®dnmnmend al cofhloulor (%9 %)
solution was stirred for 360 halNi-RAI20:£dmpogite acatimpa g n e
andhe coating from the electrochemical di ssol ut
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then trabtedr svokbanenntf oMhéO0Osmmpl e was dri ed
plastic bag.

2.5 Characterization and tests

The surface morphology of the coatings was characterized using scanning electron microscopy
(SEM). The surface roughness of coatings was measured byslze@mning confocal microscopy
(OLS4100), which useS as an evaluation parameter, and the evaluation area was 120 pumx120 pum.
The contact angle was measured by optical contact angle measurements (OCA20). The volume of the
water droplet wars ®@&r quil, etanwdeltdcei twatwas 1 pL/ s
angle in five different positions was obtained. The corrosion resistance of the coatings was measured by
an electrochemical workstation (CS350) in which a NaCl solution of 5 wt% was udss @arosion
medium. The scanning range was frahv to 1.5V, and the scan rate wass mV/s.

3. RESULTS AND DISCUSSION

3.1 SEM images and thickness offNAI.O3 composite coatings

00 pm |

. =

Figure 1. SEM images of coatingga) and(b) SEM images othe Ni-P-Al>0Os composite coating5
A-dm?2, 6 0 & n@D min); and (c) and (d) SEM images of the-RiAl .03 composite coating
processed by electrochemical dissolut{gn , A 2 aVh dmind andfluorosilanemodification

(60 Ynin
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Figurel shows SEM images of the coatings. Figliaeshows arsEM imageof a Ni-P-Al 203
composite coating prepared by electrodeposition

Figure1b shows a high magnification of the boxed area in Fidarerhe surface of the Ni-
AlOscomposite coating is dense, and there are no pores. Rigsi®ws the SEM image of the-Ri
Al>0O3 composie coating after processing by electrochemical dissolutiorilaocbsilanemodification.
Figureld shows a high magnification of the boxed area in Fificr&@he SEM image of the NR-Al 203
composite coating exhibits significant changes, as shown byrégilar micropit structure in Figure
1d. Figure2 shows crossections of the coatings. The thickness of th&Mil O3 composite coating is
34.72 pum in Figur€a In addition, Figureb shows that the NIP-Al.O3 composite coating was not
completely removed after electrochemical machining.

-

T T
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-
.

)
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Figure 2. Crosssection of coatingga) crosssection oiNi-P-Al .03 composite coatingg A-dm?,6 0 ° C
an 80 min; and ) crosssection of the NP-AlI>2Os composite coating processed by
electrochemical dissolutiofl , A 2 a v dminpandfluorosilanemodification(6 0 )ni n

3.2 Xray diffraction analysis of NP-Al.O3z composite coatings

The XRD patterns of the coatings are shown in Figuiegure3a shows the XRD patterns of
the NiP-Al>0s composite coating prepared by electrodeposition. The three sharp peaks at approximately
20=44.706°, 52.124°, and 76.409° are assigned to be the (111), (200), and (220) diffraction peaks of Ni,
respectively. Figur&b shows the XRD patterns of the-RiAl O3 composite coating after processing
by electrochemical dissolution afidorosilanemodification. It can be seen that the strength of the Ni
peak (26=44.706°) clearly decreases after the
thatapeared at 206=52.124° and 26=76.409° prior t
(111) peak shows the existence of the coatings, indicating that #A&ANO3 composite coating was
not completely removed after electrochemical machining.
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Figure 3. XRD patternsof coatings:i(a) XRD patternof the Ni-P-Al.O3 composite coatings A-dm?,
6 0 & @b min); and (b)XRD patternof the NiP-Al.O3z composite coating processed by
electrochemical dissolutiofl , A 2 avi dninpandfluorosilanemodification(6 0 )ni n

3.3 Surface roughness of-RiAl,O3z composite coatings

Figure 4 shows the surface roughneSsof the coatings. The data indicates that the surface
roughness of the NiP-Al.O3 composite coating is 0.52 um (Figuta). Figuredb shows the surface
roughnessS: of the NiP-Al2Os composite coating processed by electrochemical dissolution and
fluorosilane modification. It can be seen that surface roughresdearly increases$=0.93). The
surface roughness is mainly affected by the surface morphology. Wan et al. also proved that with
increasing surface roughness, the spreading rate gradually @screas the apparent equilibrium
contact angle changes from 70.2 degrees to 112.6 de@BeEHrough observation and analysis of the
surface morphology of the MR-AI.Os3 composite coating after processing by electrochemical
dissolution andluorosilanemodification, it can be seen that the surface forms irregular micropits, which
results in an apparent increase in the surface roughness.
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Figure 4. Surface roughness of coatin@le evaluation areal20 umx120 unr (a) surface roughness
of the Ni-P-Al.Os composite coatings A-dm?, 6 0 & n®&@D mir); and (b) surface roughness
of the NiP-Al20O3 composite coating processed by electrochemical dissol(itionA 2 avid 5
min) andfluorosilanemodification(6 0 )mi n
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3.4 Wettability oNi-P-Al2O3 composite coatings

Figure5 shows the contact angle data of the coating. Fifarehows the contact angle data of
the NiP-Al>.O3 composite coating prepared by electrodeposition. Ti@ ¢dntact angle of the coating
surface is approximately 88 degrees. Fidirshows that the contact angldlté Ni-P-Al 203 composite
coating processed by electrochemical dissolutionflalndosilanemodification. The HO contact angle
reaches 152.3 degre and achieves a superhydrophobic state. A superhydrophobic surface is often
created by two pathway817]: one is the utilization of the low surface energy of hydrophobic materials,
and the other is roughness creation, as in the case of lotus leav8&Mhmages in Figures 1c and 1d
show an irregular micropit structure after the-MNAI2Oz composite coating is processed by
electrochemical dissolution afidorosilanemodification. As shown in Figub, the surface roughness
of the coatings obviously aneases, and the surface energy of the coatings is loweflafesilane
modification.

Figures5c~5e show the contact angle images of the superhydrophokreA\O3 composite
coating after 5 days and 25 days. Although the contact angle of coatiregsslafntly, the contact angle
(maximum of 153.4 degrees) is still larger than 150 degrees, which indicates a high superhydrophobicity,
indicating that the superhydrophobic coating has good stability.cbntact angley is 88.3 degrees,
and the CassieBaxter contact angle g.;, is 153.4 degrees. Applying the formula
cosg., = f.cosy- (1- f.)= f.cosy+ f_- 1[32,33],it was found that approximately 89.72%

of the droplet volume is in contact with air, and the volume tataveen the water droplet and solid is
very small. Figuréf shows the resistance to bonding of thePNAI O3 composite coating. Figuréga)
and6(b) show images of the NR-Al 203 composite coating before and after electrochemical machining.

(a) l (b) I
CA Left: 88.3 CA Left: 152.3
CA Right: 89.0 ‘ CA Right: 152.3 o

CA Left: 150.7 days later
CA Right: 150.7 CA Left: 153.1
CA Right: 153.2

- -

(c) Five days later l_ ' (d) Twenty-five




(e) Twenty-five
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days later

CA Left: 153.3

®

Resistance to
bonding

Figure 5. The contact angle of the coating surféce he v ol u me, A wlky s)t he

(a) |

Figure 6. (a) and (b)Images of the NP-Al.O3 composite coating before and after electrochemical
machiningl t he vol ume, 3 wlLys)the velocity,

3.5 Corrosion resistance dfli-P-Al.Os compositecoatings

Figure7 shows the polarization curves for the type 45 steel substrate and @&l plds coating
when immersed in a 5 wt% NaCl solution. Table 2 lists the electrochemical dynamic paraDeters.
[34] found thata strong synergyexists betweenthe maximum corrosio resistance and maximum
hydrophobicity. The higher the contact angle, the better the corrosion resistance of coating would be.
When the immersion time is 0.5 h in NaCl solution, the corrosion potential of the type 45 steel substrate
is -0.763V, and the arrent density is8.190<10° A/cm?. The corrosion potential of the IR-Al>O3
composite coating i€.622V, and the current density 2045¢<10° A/cm?. The corrosion rate of the Ni
P-Al,O3 composite coating i8.025mm/year. This indicates that thi&-P-Al>Os composite coating can
effectively protect type 45 steel substrates. Compared with that of tReANO3 composite coating,
the corrosion current density of the superhydrophobiB-Mil >0s composite coating decreases, reaching
7.018<107 A/cm?. The corrosion rate is only.008mm/year, which indicates that the superhydrophobic
Ni-P-Al.Os composite coating has an excellent corrosion resistargeh is consistent with previous
reportby Sun[35].
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Figure 7. Potentiodynamigolarization curves of type 45 steel substrates and codtihfsvt% NaCl
solutiony the scanning rangel V ~ 1.5V, the scan rate0.5mV/s)

As shown in Figuredc andld, the superhydrophobic N#Al.Os composite coating has an
irregular micropit structure, which results in a large amount of air remaining in the superhydrophobic
coating. This can form a protective “air cush
difficult for CI" in thecorrosion solution to get close to the substrate. Thus, the superhydroph&bic Ni
Al 203 composite coating has excellent corrosion resist@ef86] showed that th#g-H.O-(PA/Ce)n
HDMS hasmuch better corrosion resistance due to the retained thin lafyair at the solid/water
interface in the NaCl aqueous solutiadheng [37] reported a hierarchical superhydrophobic coating
(SHPC), which shows excellent corrosion resistance with protection efficiency of 99.75%. Tang [38]
mentioned the superhydrophokiarface offers a superior and stable anticorrosion protection to Al alloy
in various corrosive environments. Besides, LI [39] found that the superhydrophobic coatings could
supply efficient and longerm preservation for the bare Al substrate by the @elgdon curve and
electrochemical impedance spectroscopy (EIS). In this papeNitReAl.Os composite coatingvith
superhydrophobic surface exhibited excellent performance in terms of corrosion potential and corrosion
density. The research results amaikr to their conclusions.

Table 2. Fitting parameters of polarization curves of type 45 steel substrates and coatings when
immersed in a 5 wt% NacCl solution

Time : 2 Corrosion rate
" Different surfaces Ecor (V)  Jeorr(A/lCm?) (mmiyear)
0.5 45 steel substrate  -0.763 8.190x10° 0.099
0.5 Coatings -0.622 2.045¢<10° 0.025
o5  Superhydrophobic .05 2 61507 0.008

coatings

To investigate the stability of the superhydrophauoiating in a corrosive medium, the substrates
were immersed in a 5 wt% NaCl solution. Fig@&shows that the polarization curves change with
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different immersion times (0.6, 1 h, 6 h, 12 h, 24 h, 48 h and 72 h). The data were collected by
potentiodynana scanning. Tafel curves (traditional method) were used to fit the data, and the corrosion
potential and corrosion current density were obtained. Table 3 lists the three parameters for the
superhydrophobic coating obtained by fitting the polarization surve

It is known from Figure8 and Table 3 that the corrosion potential of the superhydrophobic
coatingincreasegrom 0.5 h to 1 h, and the polarization curve moves imptigtivedirection, up to-
0.256 V. After that, the polarization curymoves in the agativedirection. With the immersion time
ranging from 0.5 h to 72 h, the corrosion current density and the corrosion rate decrease first and ther
increase. When the immersion timé.is, the corrosion current density and the corrosion rate are lowest.
This is because Rliforms corrosion products, which aggregate on the surface of the electrode and hinder
corrosion. The continuous formation of corrosion products on the coating surface and their barrier effect
that leads to reduction of current den$#y]. With prolonged immersion time, the original oxide layer
on the electrode surface becomes thinner. Although the corrosion product can retard the corrosior
process, the reaction of the @hd metal is strong, and the corrosion rate increased. Witlnthersion
time ranging from 0.5 h td8 h, it can be seen that the maximum corrosion current density of the
superhydrophobic coating 8.07210° A/lcm?, and the corrosion rate B097mm/year when the
immersion time igl8 h. Although the corrosion current density and corrosion rate increase, they are still
much lower than those of the type 45 steel substrates. Therefore, the superhydrophobic coating ha
excellent corrosion resistance and can effectively protect the tygtedSubstrates.
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Figure 8. Potentiodynamic polarization curve st@iperhydrphobic NiP-Al>Os coatings at different
immersion timegat 5 wt% NaCl solution the scanning rangel V~1.5V; the scan rate0.5
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Nim N?P*+ 2e (2)
NE% 20H.Ni (OHIH (3)

Table 3.Fitting parameters of polarization curves of superhydrophobic coating at different times

T(Irr:;e Ecorr (V) Jeorr (A/ sz) C?r:;s/;?:a:?te
0.5 -0.282 7.018<107 0.008

1 -0.256 6.254x10" 0.007

6 -0.387 3.09%10° 0.037

12 -0.507 6.606<10° 0.079

24 -0.549 6.755¢<10° 0.082

48 -0.653 8.0710° 0.097

72 -0.706 10.25410° 0.124

Figure 9. Images of the corrosion on the type 45 steel substrate and cdatiBgst% NaCl solution:
(a) corrosionimage of thetype 45 steel substrate; (oprrosion imageof the NiP-Al20s3
composite coating; and (c) and (dyrrosion imageof the Ni-P-Al.O3 composite coating
processed by electrochemical dissolution #indrosilanemodification (superhydrophobic Ni
P-Al,O3 composite coating).
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Figure 9a shows an image of the type-gteel substrate. The surface has a crack, and the
corrosion products are gathered on the surface. F8jpusbows an image of the corrosion on thePNi
Al>0O3 composite coating. The corrosion products are formed and gatberdte coating surfaces.
However, the corrosion morphology of the coating is completely different from that of the type 45 steel
substrate. Figure8c and9d show an image of the corrosion on the superhydrophobie-ApO3
coating. Figure @d shows a higer magnification of the boxed area in FigQee The superhydrophobic
Ni-P-Al>O3 coating surface also has corrosion products and is therefore still porous. This indicates that
the superhydrophobic coating has excellent corrosion resistance and can nol@gctvp role for type
45-steel substrates.

4. CONCLUSION

We successfully prepared superhydrophobi®Mil .0z composite coatings by electrochemical
dissolution andfluorosilane modification. The results show that an irregular micropit structure is
obtained after the NP-Al>Os composite coating is processed by electrochemical dissolution and
fluorosilanemodification. The surface roughness of the®NAI O3 composite coating céely increases.

The water contact angle reaches 152.3 degrees on the coating surfaces. After 25 days, a higl
hydrophobicity remains, and the contact angle reaches 153.4 degrees. Approximately 89.32% of the
droplet volume is in contact with the air. The stlpydrophobic NiP-Al203 composite coating exhibits

a high corrosion potential &or=-0.282V and a low corrosion current densitylaf=7.018<107 A/cm?
compared to the type 45 steel substrate. To investigate the stability of the superhydropRehiedi
composite coating, the polarization curves and electrochemical impedance spectroscopy of the coating
at different times were studied in a 5 wt% NaCl solution. The maximum corrosion current density of the
superhydrophobic NP-Al.0O3 composite coatip is 10.25410°% A/cm?, and the corrosion rate is124
mm/year. The superhydrophobic-RiAl20s composite coating has excellent corrosion resistance and
plays a protective role for type 4feel substrates.
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