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Abstract
Themicrostructures, electrochemical, and hardness properties of depositedNi-doped ZnO thinfilms
on ultrasonically cleaned 316L stainless steel (316L ST) employing a low-cost chemical spray pyrolysis
technique (CSPT)was examined in this work. Thefilmswere prepared at various concentrations using
commercially available purity zinc acetate and nickel acetate as the precursor sources. The result of
x-ray diffractometry (XRD) showed that thefilms have polycrystalline structurewith all thefilms
consisting of single phase ZnOhexagonal wurtzite structure. Scanning electronmicroscopy (SEM)
result affirmed that the coated films adhered to the substrates and equally spread through the substrate
surfaces. The surfacemicrostructure of the 316L ST improveswithNi content. The corrosion
resistance of the 316L STwas observed to improve with the coated films. Hardness value of the
uncoated 316L STwas observed to increase from139.15HV to 233.03HVof coated S3 (9%nickel
acetate (0.2M) and 91%zinc acetate (0.2M)).

1. Introduction

Metals and alloys fail when their surfaces are exposed to corrosive environment. Covering thematerial’s surface
with thin films can delay and thus prevent fast corrosion. Considering available literature, few reports exist on
doping ofNiwith ZnO to improve on corrosion resistance andwear properties of stainless steel. This study
therefore intends to evaluate the role of the presence ofNi inNi-doped ZnOon surfacemorphology, corrosion
resistance and hardness properties of 316L stainless steel using chemical spray pyrolysis technique (CSPT) for
multifunctional surface protection applications. Stainless steel has diverse applicationsmostly in the chemical
and carmanufacturing industry . Preventing thismaterial from industrial accidents attributed to corrosion is of
great concern.

Surfacemodification of engineeringmaterials is often resourceful thanworking on the entire bulk properties
as this is significant because everymechanical activity takes place at the surface of engineeringmaterials [1–3].
Variousmethods such as nitriding, carburizing, induction hardening, laser induction and internal oxidation
have been used to improve surface properties ofmaterials [4–8]. Surface protection through the organic coating
system is themost dynamicmethod recently used to protect different kinds of atmospherically exposed steels
against corrosion [9, 10]. The nature of steel surface is greatly affected by the effectiveness of its protective
coatings. Studies have shown that coatings on smooth surfaces have lesser corrosion resistance andweaker
adhesion than coatings applied on grit blasted surfaces [11].Metals such asMild steel andAE44magnesium alloy
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which form a passive layer on their surface upon exposure to the corrosivemedia have high corrosion resistance
with a decrease in surface roughness than thosewith no passive film [12]. Reports also have it that an increase in
the surface roughness of stainless steel and some other alloys increases the corrosion resistance [13, 14]. Authors
in [15] showed that an increase in the surface roughness decreases the pitting potential in 304L stainless steel in
saline environment. The stability of coating-substrate interface is a function of the interfacial adhesion forces
and electrochemical properties of the region [10].McBain andHopkins [16] gave the importance of surface
roughness on adhesion. In their study, they considered surface roughness as amajor contribution to adhesion by
mechanical interlocking. Brockman [17] also suggested that bond durability is determined by the surface
roughness, asmechanical interlocking continues to operate evenwhen chemical bonds fail. Authors in [18]
suggested that interfacial stability of protective coatings in corrosive environments can be influenced by
mechanical interlocking.Machining is also said to give surfaces protectionwhere protective coating provides
long lifetime by optimal selection of cutting parameters.

Corrosion inmetals and alloys pose amajor challenge as corrosion results to the damage of variousmetallic
components in industrial plants [19, 20]. Corrosion of engineeringmaterials is a function of its applicability.
Steel is corrodedwhen electrochemical process is instigated by certain electrolytic environments in the vicinity
of the steel chamber. The constituent elements of stainless steel determine the level towhich it will resist
corrosion in corrosive environments [21]. Huge amounts are spent globally tomaintain this epileptic situation.
Among the types of steels, austenitic stainless steels aremostly used in large proportion because of their high
level of weldability, highmelting point and good resistance to corrosion. Austenitic stainless steels such as 316L,
316, 304L, 304, andAISI are used in the fabrication industry for themanufacture of various equipment [22]. The
level of industrial action and the environment towhich stainless steels are exposed results in their failure; thus in
some studies, this is considered as a technical problem. Few studies have analyzed details of stainless steel with
the aimof intensifying efforts to limit this challenge [23, 24]. As part of efforts to limit corrosion of stainless steels
in various applications, different studies have been carried out on corrosion of stainless steels in some acidic and
saline environments [25–27].

However, Ni-based alloys have been reported to have thermal andmicrostructural stability which improves
mechanically through alloyingwith some transitionmetals like titanium and chromium [19, 28]. Reports have it
that transitionmetals e.g., titanium, vanadium, chromium, nickel, and zinc enhancewear resistance, corrosion
resistance as well as increase the hardness ofmaterials [29–32]. Nickel-based alloys are used in various industrial
applications such as petrochemicals, nuclear, pharmaceutical, glass and auto-mobile owing to its high resistance
towear and corrosion [33–35].

Coating is said to be an art that offers protection tomaterial surfaces through the protection of some specific
parts ofmaterials frommechanical stress and corrosive environments in differentfields ranging from
automotive,marine, and aerospace industry [36]. The considerable wide band gap of n-type semiconductor
ZnOmakes it outstanding in all rounds of applicationsmostly in optoelectronics application. The anticorrosion
behavior of nanostructured ZnO thinfilms on 304L stainless steel was investigated byMuhamed et al [37]. The
authors observed thatthe anticorrosion behavior of 304L steel improvedwith coated ZnO thin films. The study
was carried out in saline environment. In addition, the authors did not consider the effects of acidic
environments . Precipitation deposition techniquewas employed in the study . Thismethodmay not give the
best anticorrosion properties of stainless steel because with the help of spray pyrolysis technique, the substrate
must have been pre-heated. Pre-heating the substrate will not only enhance adhesion of the films to the substrate
butwill also enhance corrosion resistance and aid uniformdeposition. In Ibrahim et al [38], nanocomposite
ZnO-NiOparticles were coated onmild steel by sol-gelmethod for anti-corrosion applications in saline
environments. The corrosion resistance of the coated ZnO-NiOnanocomposite was reported to improve greatly
compared to the uncoatedmild steel using electrochemical impedance spectroscopy analysis which showed little
changes.

The study carried out byMatero et al [39] involved the deposition ofmultilayers Al-TiO2 films on ST
substrate using atomic layer deposition reactor technique. It was observed that TiO2 does not give a good
protection on stainless steel in bothNaCl andHCl environments. However, it was found thatmultilayers
Al2O3-TiO2films give a better protection on the substrate in both environments. A similar researchwas carried
out by Fusco et al [40]. In their study, Al2O3 andTiO2 thinfilmswere also deposited using the same deposition
technique inNaCl environment. The coated samples were observed to show increase in polarization resistance
with 12MW-cm2 asmeasured by impedance spectroscopy over the uncoated copper. Thework ofMohamed
et al [41] involved the deposition of ZrO2, TiO2-SiO2 andAl2O3films coated on 316L stainless steel in both acidic
and basicmedia using sol-gel technique. The authors reported that thefilms improved the lifetime of 316L ST
and blocked the layers against corrosivemedia. The corrosion rate of the coatings was observed to be 10 times
lesser than that of the uncoated 316L ST. The polarization resistance of the coatings was observed to bemuch
higher than that of the uncoated copper. The polarization curves of TiO2-SiO2 andAl2O3were found to bemore
active than ZrO2.

2

Eng. Res. Express 3 (2021) 025012 VAOwoeye et al



Materials are nanostructured by either top-down or bottom-up approach, thin filmsmethod of nano
structuringmaterials is a typical example of bottom-up approach. Thinfilm is a layer ofmaterial that can be
found in the range of nanometer to severalmicrometers in thickness which has a thin layer with distinct
properties frombulkmaterials. Studies on thin films are of great interest because of the uniqueness in their
properties such as the surface to volume ratio compared to bulk nanostructuredmaterials, their structure,
morphology, and physical features are quite different frombulkmaterials, theirmicrostructures because of
growth process which is related to their physical properties are quite excellent than bulk nanostructured
materials [42]. Spray pyrolysis technique (SPT) is one of the growing techniques used for thin films deposition.
The usefulness of SPT overmany deposition techniques were reported in [43–45].

2.Materials andmethods

2.1.Materials
The substratematerial used in this work is a commercially available type 316L austenitic stainless steel of average
nominal composition; 44.5%Fe, 10.5%Cr, 5.8%Ni, 16.6%O, 13.5%Si, 6.4%Al, 1.3%Mg, 0.9%K, 0.2%Ca, and
0.2%Ti. Thematerial is flat with a thickness of 0.16 cm (1.6 mm). It wasmachined to sample size dimension of
2.85 cmby 1.24 cm.Commercially available purity zinc acetate (Zn(CH3COO)2.2H2O) and nickel acetate
(Ni(CH3COO)2.3H2O)were used as source precursors and bothwere dissolved in distil water.

2.2. Thinfilms preparation
Various samples ofNi-doped ZnOfilmswere prepared on ultrasonically cleaned 316L austenitic stainless steel
(2.85 cm×1.24 cm×1.6 cm) by preparing differentmolar concentrations ofNickel acetate and zinc acetate
precursors in distilledwater, respectively. Themethods used for solution preparation andmolarity calculation
were reported in our previous work [43]. Table 1 summarizes themixing ratio of theNi-doped ZnOprecursors.

These precursor solutions were briskly stirred for someminutes before spraying onto preheated cleaned
316L ST substratesmaintained at (350±5) ºC.Meanwhile, to achieve good quality thinfilms, all deposition
parameters were optimized [43]. The chemical reaction to obtain the desired film is presented in Equation (1)

Table 1.Mixing ratio of theNi-doped ZnOprecursors.

SampleName Reacting solution (percentage&Concentration)

S0 316L Stainless steel (Control)
S1 3%nickel acetate (0.2 M)&97%zinc acetate (0.2 M)
S2 6%nickel acetate (0.2 M)&94%zinc acetate (0.2 M)
S3 9%nickel acetate (0.2 M)&91%zinc acetate (0.2 M)

Figure 1. (a)Corrosion electrochemical experiment setup (b) some characterized samples.
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Figure 2. (a). XRD spectra of S0. (b). XRD spectra of S1. (c). XRD spectra of S2. (d). XRD spectra of S3.
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2.3. Characterization
The prepared samples were characterized using SEMwith attached EDX (JOEL JSM-7600F FE-SEM) andXRD
(PW1710 Philips)withKαCu radiation at 40 mAand 40 kV to examine themorphology, elemental
composition, andmicrostructures of the samples, respectively. PANalyticalX’PertHigh Score software was used
to analyze the diffractometry data.

2.4. Electrochemicalmeasurement
The sample size dimension of 2.85 cmby 1.24 cmwith diameter 0.16 cmwith an exposed surface of 2 cm2was
used for the electrochemical experiment, while the other side of the sample was coatedwith an epoxy insulating
material to prevent corrosion attack on the surfacewhere nomeasurement was carried out. A solution ofH2SO4

was employed as the corrosive environment with concentration of 0.1 M, silver chloride (Ag/AgCl)was
employed as reference electrode, platinumwas applied as the counter electrodewhile the samples serve as the
working electrode. The electrochemical properties of the samples were analyzed using the Autolab potentiostat
galvanostat (PGSTAT)method, and the corrosion potential wasmeasured using a potentiostat while the
corrosion current wasmeasured using a gavanostat. The polarization curves for the samples were obtained by
plotting the graph of corrosion potential against corrosion current. In Figure 1we show the picture of the
corrosion test arrangement of some of the samples.

2.5.Microhardness testing
The effect ofNi-doped ZnO thin films on the hardness properties of 316L STwas evaluated using Tensometer
TypeWmicrohardness tester incorporatedwithVickers hardness (HV) testmodel Fm-8033 at Tshwane
University of Technology, Pretoria, SouthAfrica. A diamond tipwas applied to indent on the surface of the
samples with amaximum constant loading rate ofPmax=100 gf. To ensure accuracy, the indentationwas
carried out at different areas of the sample’s surfaces and the average values were recorded using the Tensometer
TypeWmicrohardness tester inHV for each of the samples. To evaluate the influence ofNi-doped ZnO thin
films on 316L ST, the hardness value of the substrate was also evaluated separately. Since Berkovich indenter was
employed, permanent imprints indicated by the arrows in Figure 6were observed after load removal. These
permanent imprints are due to elastic-plastic deformation of the films [46]. The hardness values ofHVwere
determined by using the Tensometer TypeWmicrohardness tester by using the ratio of F/A,where F is the force
applied to the diamond in kilogram-force andA is the surface area of the resulting indentation in square
millimeters as determined by Equations (2) and (3).

( )=A
d

1.8544
, 2

2

where d is the average length of the diagonal left by the indenter inmillimeters, hence

( )= @HV
F

A

1.8544F

d
. 3

2

3. Results and discussion

3.1.Microstructural properties of the samples
The uncoated and coated samples were observed to have polycrystallinemorphology. All the coated filmswere
observed to consist of single phase ZnO;. several reflection peakswere observed in the patterns.However, as
shown in Figure 2(a), themajor element in the stainless steel is Fe and it was observedwith a prominent peak
found at 2θ=74.43°.

Diffraction peaks for Fe andNi at 2θ corresponding to Fe andNi (Ref code: 00-023-0297, FCC crystal
structure). Figures 2(b)–(d) show that the coated films are highly crystalline, XRD results (Ref code: 01-079-
0208) showed diffraction peaks at an angle 2θ corresponds to ZnO thinfilmswith hexagonal structures.

Ni doping improved the crystallinity of ZnO as presented in Table 2. The position of 2θ for ZnO shifted
slightly to a higher angle withNi doping. This shift is associatedwith the rearrangement of themicrostructure of
ZnOwithNi dopant.

The variance in the ionic radii of nickel (0.069 Å) and zinc (0.74 Å)may have resulted to the shift in position
of 2θ asNi content increases. The shiftmay also result from substitution ofNi ions into Zn ions of the ZnO
lattice; similar results are reported by Rajeh et al [47]. This shiftmight also be due to crystal stress in the
arrangement because of the addition ofNi atoms to pure ZnO lattice structure. The defects in the crystal
structure were formed by the addition ofNi atoms into ZnO lattice and are attributed to the difference in the
width and length of the XRD spectra [48, 49]. The average crystal sizes were calculated as 10.66 nm, 11.55 nm,
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and 15.40 nm for 3%Ni-97%ZnO, 6%Ni-94%ZnO, and 9%Ni-91%ZnO thin films respectively. The average
crystal size of ZnOwas observed to increase with nickel dopant.

3.2.Morphology of the samples
The uniformity and adherence of the deposited films on 316L STwere investigated using SEM.Themorphology
of the films at the samemagnification is shown in Figure 3. Themicrographs obtainedwere used to examine the
geometry of the particles.

From themicrographs, the deposited films are crystalline and adhered to the substrates as therewas no
evidence of spalling, and the filmswere equally spread across the substrates. The surface of the deposited films
showed a surface structure composed of a large irregular shapewith little or no observable cracks or pinholes.
Surface adhesion and uniformity was reported to have indicated a good growth environment of the deposited
nanostructure [50]. The incorporation ofNi2+ during growth causes heterogeneous nucleation. The nucleation
site number slightly increased as the concentration ofNi2+ dopant in ZnO. The propensity for substantial and
confined nucleation of grains to occurwas reported to be because of degenerate ZnO [51, 52].

3.3. Composition of the samples
The compositions of some selected areas on the SEMmicrograph are shown in the EDX characterization shown
in Figures 4(a)–(d).

The peaks of the elemental composition of the uncoated and coated samples fromEDX characterization are
also shown. Table 3 shows the role ofNi doping level on the elemental composition of ZnO films.

Figure 3. SEMmicrographs of (a) S0 (b) S1 (c) S2 and (d) S3.

Table 2.Effect ofNi doping on themicrostructure ZnO thinfilms.

Samples Pos. (2θ°) Height (cts) FWHM (°2Th.) d-spacing (Å) AvCryst Size (nm)

S1 35.96 2405.36 0.84 2.50 10.66

S2 35.87 7925.77 0.75 2.50 11.55

S3 36.05 9767.59 0.60 2.49 15.4
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Themajor elements in the uncoated 316L STwere found in the proportion of Fe=44.5%,Cr=10.5% and
Ni=5.8%,while that of 3%Ni-97%ZnO thin filmswere determined to be in the proportion ofO=5.2%,
Zn=10.7%,Ni=8.2%. Also, 6%Ni-94%ZnOwere found in the proportion ofO=6%, Zn=12.3%,
Ni=8.6% and 9%Ni-91%ZnO thinfilms in proportion ofO=3.6%, Zn=6.1%,Ni=9.7% respectively.
The EDX results affirmed the presence ofO,Ni, andZn in the deposited samples, this was also confirmed in the
XRD spectra. The other elements displayed in the EDX result were observed to be from the 316L stainless steel.
The EDX result inveterate the increment inNi content in theNi-doped ZnOfilm. The non-stability of oxygen as
Ni content increases in theNi-doped ZnO film is due to impurities thatmay have resulted in the structure
during deposition. The presence of coatedNi-doped ZnOon the 316L stainless steel covered some signals in the
316L stainless steelmatrix.

It is certain that Zn andO are closely bonded from the results obtained, whereas the effect of NiwithO is not
easily understood, and probably becauseNi is present in the 316L stainless steel. It was observed that asNi
content increases, the% composition ofNi determined in the stainless-steel increases steadily from8.2 to 9.7 at
9%–91%Ni-doped ZnO at a constant concentration of 0.2 M.Maximum compositions for Zn andOwere
determined at 6%Ni-doping. The bestmaterial would be that obtained at 6%Ni-doping.

3.4. Corrosion properties of the samples
The polarization curves in Figures 5(a)–(e) shows the anodic and cathodic polarization curves for the samples.

At the anode, oxidation reaction usually takes placewhile the cathodic region is characterizedwith reduction
reaction. The anode region is the active regionwhere corrosion rate ismonitored andmeasured. In this region,
thematerial being subjected tomeasurement loses electrons to the corrosive environment and is oxidized.
Table 4 illustrates the sample’s corrosion potential values. The corrosion resistance (corrosion rate) is
proportional to the corrosion potential as given by equation (4) [53].

Figure 4.EDXof (a) S0 (b) S1 (c) S2 and (d) S3.

Table 3.Composition of the samples.

Samples Ni (%)) Zn (%) O (%) Fe (%) Cr (%) Others (%)

S0 5.80 — 16.60 44.50 10.50 22.60

S1 8.2 10.70 5.20 57.70 14.30 3.90

S2 8.60 12.30 6.00 56.20 13.40 3.50

S3 9.70 6.10 3.60 64.00 15.80 0.80
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In Figure 5 a comparison of the polarization potential of the uncoated 316L steel to that of coated filmswas
presented. It was also observed that coated 6%Ni-94%ZnO film has the highest polarization potential. The
curves were observed to shift towards higher current densities and theworking electrode’s potential shifted into

Figure 5. (a)–(e). Anodic and cathodic polarization curves of the samples.
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the passive region. The corrosion behavior of the 316L STwas seen to to improvewhen coatedwithNi-doped
ZnOfilms. As observed in Figure 5, it is evident that 6%Ni-94%ZnO reached themaximumpolarization
potential and is thereby observed to have the best corrosion resistance. It was observed that the sample S2
exhibits amaximumCPvalue as compared to S3; thismay be due to themaximum compositions of Zn that was
recorded in sample S2 as reported in Table 3. Zinc has been reported to be the best corrosion protection for steel
because it prevents oxygen andmoisture from reaching the surface of steel. It also gives cathodic protection at
the surface of the steel. The role ofNi inNi-doped ZnOon the corrosion resistance of the coated stainless steel is
shown in Figure 5. The corrosion resistance property of 316L ST improvedwhen it is coatedwithNi-doped ZnO
thinfilms. Polarization potential was observed to increase withNi content and has itsmaximumvalue at 6%
doping level.
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3.5.Hardness properties of the samples
According toHarishanand et al [54], hardness is defined as thematerial’s resistance to stress. TheVickers
hardness values of the uncoated and coated samples are tabulated in Table 4. Figure 6 shows the samples
micrographs being observed under Vickers test. Diamond of load 10 gwas used to indent the surface of thefilms.

The result shows that hardness value of the uncoated 316L ST increases from139.15HV to 233.03HVof 9%
Ni-91%ZnO coated film. The hardness valuewas observed to increase withNi doping; the increment in the
valuesmay have resulted from the rearrangement of grains asNi content in the films formed a hard phasewith
the Fe andCr content in the 316L ST. The incrementmight also have resulted from the heat treatment resulting
frompre-heated 316L ST substrate before deposition. It was observed that Fe andCr composition changes with
Ni content, the significant change in the Fe andCr composition in the 316L steelmay be due to phase thatmight
have been formed between Fe andNi, Cr andNi during deposition of films on the stainless-steel substrate.

Figure 6.Hardness of the thinfilms at load 10 g (a) S0 (b) S1 (c) S2 and (d) S3.

Table 4. Samples corrosion potential (CP)
and hardness values.

Samples CP (V) Hardness (HV)

S0 1.20 139.15

S1 1.30 217.41

S2 1.60 225.58

S3 1.25 233.03
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4. Conclusion

The influence ofNi-doped ZnO thin films on 316L stainless steel was investigated in this paper . It was observed
from the SEM result that there is an improvement in themicrostructure of the coated samples. The grains in
316L stainless steel are observable in the coated samples S1-S3. This is because of the film’s optical transmittance
which also confirms that thefilms are of thin layers in thickness. Samples S1, S2, and S3 show the presence ofO,
Ni andZn incorporated into the samples. The other elements displayed in the EDX result are observed to be
components of 316L ST.Oxygen content in the samplewas observed to decrease from16.6%of S0 to 3.6%of S3.
The corrosion resistance of the 316L STwas observed to improvewith the coatedNi-doped ZnO films. The
hardness value of the uncoated 316L stainless steel increases from139.15HV to 233.03HVof S3, and the
hardness value of thefilms increases withNi dopant.
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