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Abstract 

Two aluminum functionally graded nanomaterials (FGNMs), sustainable and echo-environmentally friendly, 

Al/Al2O3 (AA) and Al/Ni/Al2O3 (ANA), were fabricated by magnetron sputtering technique on an Al substrate. 

The properties were characterized using XRD, SEM, EDX, mapping for elemental distribution, AFM, FTIR, and 

spectrophotometer. Also, the nanoindentation (NIN), electrochemical behavior in 3.5%NaCl, and the wettability 

test were studied. The SEM micrographs show a homogenous layer for both AA-FGNM and ANA-FGNM. The 

sustainable solar cell material AA-FGNM has high nano-hardness. It is hydrophobic, whereas ANA-FGNM is 

hydrophilic. The AA-FGNM provides a high selectivity (absorbance/emittance (α/ε)) of 0.967/0.18, contrasted to 

0.943/0.32 for the ANA-FGNM. This combination of properties makes AA-FGNM a good candidate for solar 

cell and mechanical applications due to its low nanoindentation, whereas ANA-FGNM is a good candidate for 

marine applications due to good corrosion resistance. The ANA-FGNM offers superior corrosion resistance in 

3.5% NaCl, which has the lowest corrosion rate (0.005 mm/y) as compared with the AA-FGNM deposited layer. 

 

Keywords: Function graded materials; Magnetron sputtering; Optical properties; Nanolayer deposition; 

Nanoindentation. 

 
1. Introduction  

 
Function-graded materials (FGMs) are innovative, 

sophisticated materials having variable qualities 

along changing dimensions [1, 2]. The FGMs 

eliminate the abrupt interfaces that trigger failure in 

composite materials. It substitutes this strong contact 

with a gradient interface, resulting in a seamless 

transition between materials [3, 4]. Numerous 

applications, including automotive, aerospace, 

microelectronics, power generation, structural, and 

bioengineering, need engineered materials with 

unobtainable features [5, 6, 7]. FGM is distinguished 

by its ability to customize materials to purposes [4]. 
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Several investigations on graded nanocomposites 

have been conducted [1]. 

Historically, surface treatment procedures were used 

to achieve the desired qualities. However, there were 

always issues with the interface characteristics and 

surface film adherence to the substrate materials [8]. 

Moreover, the deposited surface film might not be 

adequate to provide the desired product durability [9]. 

Alloying may be done to partly enhance performance, 

such as when it is difficult or impossible to alloy two 

materials with vastly different melting temperatures 

except if the material is laminated with uniformly 

distributed [10]. Although laminated composites may 

create narrow but distinct characteristics that vary 

throughout the thickness, they are susceptible to 

interlaminar shear stresses and discontinuities [5]. Six 

traditional classification criteria were proposed to 

categorize FGMs based on processing status, FGM 

structure, nature of FGM gradient, FGM type, 

principal dimensions, and application area [11, 12]. 

FGM fabrication processes contain lamination, 

powder metallurgy, chemical vapor deposition 

(CVD) and physical vapor deposition (PVD), 

centrifugal casting, and infiltration, as well as the 

additive manufacturing (AM) or solid freeform 

fabrication (SFF) family with its subclasses [5].  

Numerous articles [13] detail the specifics of the 

various manufacturing processes and examine their 

technicalities, benefits, limits, applications, and 

research trends. Thermal spray deposition [14], PVD 

[15], CVD [16, 17], and laser cladding [18, 19, 20] 

are used to create thin FGMs. Thin FGMs vary 

between 5 nm and 500 nm [21, 22] and might be 

expanded to the micrometer range (for instance, 1–

120 μm thick deposited films [15, 23]. Al oxide and 

nitrides are gaining prominence due to their crucial 

optical characteristics; they may also be produced 

directly by sputtering or oxidation [24]. 

Wettability is an essential feature for measuring the 

coating performance. Generally, the coating must 

have a certain wettability based on its intended use. 

In an ice-free environment, for instance, hydrophobic 

coatings are required to reject atmospheric water 

droplets; in the oil–water separation test, the coating 

must have differing oil and water wettability [25]. 

Super hydrophobic coatings used for metal protection 

have shown various desired qualities, such as 

corrosion resistance (CRST) [26, 27, 28]. A similar 

study [29, 30, 31, 32] has proven that the 

hydrophobicity of a surface may be increased by 

roughening and altering it with a low-surface-energy 

organic molecule. Surface features are doomed to be 

abrasion-vulnerable, a typical and significant issue 

for most superhydrophobic surfaces. Current 

solutions for tackling this problem depend mainly on 

modest improvement techniques, such as increasing 

mechanical hardness [33], creating a self-healing 

surface [34], and adopting a unique lithography 

structure [35], among others. Anodic aluminum oxide 

(AAO), which has several advantageous qualities like 

CRST, abrasion resistance, high hardness, and 

excellent functionality, has widespread use in various 

sectors [36, 37]. 

Nanoindentation (NIN) is essential for assessing 

composite resin's hardness and resilience [38]. This 

approach is crucial for determining whether a 

nanoscale material can be deformed or resist high 

pressures permanently. In addition to knowledge of 

chemical, biological, pathological, and physical 

concepts crucial to developing effective dental 

therapies [38, 39], the NIN approach is valuable for 

understanding the mechanical characteristics of 

dental materials. NIN is an exact, non-destructive 

procedure since occlusal forces are measured in the N 

range [40, 41]. The NIN methodology may be used 

with applicable software tools to determine other 
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parameters that are impossible with traditional 

techniques [39, 42]. The method primarily evaluates 

hardness (H) and modulus of elasticity (E), where H 

refers to the resistance of FGNM to penetration and 

indentation. E simultaneously defines a material's 

stretchability and relative stiffness without causing 

permanent deformation under continual stress [43, 

44]. The NIN can assist in comprehending and 

describing the activities of FGNM in various 

operating circumstances and oral environments. NIN 

may also be used to characterize the composite resins' 

wear resistance against occlusion loads and forces 

based on their hardness [45]. 

Instrumented NIN has evolved owing to this 

technique's latest significant growth in numerical 

modeling. Bobzin et al. [46] offer a three-

dimensional NIN model of coatings for tool steel. 

While, Khan et al. [47, 48] constructed a finite-

element model of the NIN process for corrosion-

resistant Al coating. The NIN approach is commonly 

used to assess the nanometer-scale hardness and 

decreased elastic modulus of materials [38]. The 

substitution of pure Al single layer with Al/Al2O3 

multilayers should hinder columnar development and 

increase the CRST of the substrate of sintered NdFeB 

magnets [49]. 

Researchers are intensely interested in producing 

alumina thin films to shield substrates made of 

metallic and other materials. The Sol–gel deposition 

of a single layer of Al2O3 enhanced the CRST of the 

substrate [50, 51]. Also developed was an ultra-thin 

(10–100 nm) protective alumina coating deposition 

on a 100Cr6 steel substrate. The corrosion rate (CR) 

dropped by one to four orders of magnitude as the 

Al2O3 sheet's thickness grew from 10 to 100 nm, 

according to D'az et al [52]. Similar findings were 

also reported by Potts et al. [52] using the salt spray 

test technique. In their investigation, the CRST of 

thicker alumina coatings, such as 50 nm, was greater 

than that of thinner coatings, such as 10 nm. On 

Ck45, low-carbon steel, reactive evaporation, and ion 

beam-assisted deposition (IBAD) procedures were 

used to create strong and corrosion-resistant alumina 

thin coatings [53, 54]. Stippich et al. [54] observed 

that an alumina coating with a thickness of 100 nm 

exhibited greater CRST; nevertheless, the critical 

thickness of CR was in reverse proportional to the 

thickness beyond this point. The CRST of the direct 

sputtered film was greater than that of the reactive 

sputtered film, which might be attributed to the 

increased film thickness [55]. High CRST values 

were observed for coated conditions relative to the 

base alloy, principally owing to the barrier and inert 

nature of micro-arc oxidation (MAO) coatings when 

evaluated in 3.5% NaCl [56]. Combining 

comparatively decreased surface roughness (Ra), a 

corrosion-resistant barrier coating, and favorable 

subsurface compressive residual stresses is optimal 

for protecting components from corrosion and 

corrosion-fatigue damage [56]. 

Selected solar coatings are applied to the receiver 

tube for excellent absorbance and low emissivity 

[57]. It has been reported that the Al-Ni/Al2O3 

coating has a strong selectivity (absorbance/emittance 

(α/ε)) of 0.96/0.10 [58]. Al and Ni proposed to have 

FCC structures to prevent heat transfer between the 

substrate and Al coating. The effect of the deposited 

layers on the characterization is affected by different 

factors one of them being the substrate materials.  

Our previous work, the Al/Al2O3 thin layer has a 

higher selectivity (absorbance/emittance (α/ε)) 

(0.92/0.05) than the Ni/Al2O3 coating, which has a 

value of 0.91/0.15 on 304LSS substrate [24]. This 

research aims to fabricate and characterize the 

sustainable and echo-environmentally friendly 

Al/Al2O3-FGNM (AA-FGNM) and Al/Ni/Al2O3-

FGNM (ANA-FGNM) using magnetron sputtering 

(radio-frequency (RF)) technique on pure Al 
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substrate. The X-ray diffraction (XRD), scanning 

electron microscope (SEM), energy dispersive X-ray 

analysis (EDX), mapping for elemental distribution, 

atomic forced microscope (AFM), Fourier transform 

infrared spectroscopy (FTIR), and spectrophotometer 

were investigated for the fabricated FGNMs. Also, 

the nanoindentation (NIN), electrochemical behavior 

in 3.5%NaCl, and the wettability test were examined.

 

2. Materials and Methods 2.1 FGNM preparation 

Two distinct layers were deposited by sputtering 

under defined deposition circumstances. Fabrication 

of AA-FGNM and ANA-FGNM by depositing thin 

layers as Al2O3 and Ni/Al2O3, respectively, on Al 

substrate using a PROTOFEEX sputtering 1600- 

Magnetron 6 (USA) sputtering equipment with an 

extreme output power of 2.5 kW and a frequency of 

13.6 MHz. The Al substrate was used 99.9% of the 

time. Pure Ni target (99.999%) and pure Al2O3 target 

(99.999%) of size (30x10 cm2) were used for the 

deposition of all thin layers in the reactive medium 

employing 30 Sccm of Ar gas. The size of the Al 

substrates was 20x20x1 mm3. Substrates were placed 

in the chamber for each run, which was cleaned with 

acetone and isopropanol and then dried. They were 

positioned in the deposition chamber with a rotational 

speed of 10 rpm and a bias voltage of 150 V. 

Throughout the deposition, the sputtering power was 

maintained at 1.15 kW, and the starting vacuum 

pressure was 10-5 Pa, but the chamber base pressure 

was lowered to 10-3 Pa. During the sputtering 

process, the chamber (of circular shape with a 50 cm 

diameter) was worked at 160 °C, as shown on the 

digital screen, and the distance relating the substrate 

and the target was 10 cm. Each process deposition 

took about 140 min. The design of selective solar 

absorber (SSA) layers placed on an Al substrate is 

shown in Fig. 1: AA-FGNM and ANA-FGNM. 

 

 

Figure 1: The SSA layers design 

 

2.2 Morphology 

The SEM (model FEI inspect S-Netherlands) and 

EDX were used to examine the surface morphology 

(SM) and cross-section of the samples (Bruker AXS-

flash detector Germany). The elements distribution 

on the surface and cross-section of the fabricated thin 

layers was identified using mapping. In addition, an 

Agilent Technologies 5600LS AFM atomic force 

microscope (AFM) was employed to acquire 2D and 

3D AFM images for surface morphological 

investigation. AFM revealed the thickness and 

overall roughness of the fabricated thin layer. 

 
2.3 Phase Identification (PI) 
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The PI was studied using XRD (model Bruker) with 

scanning range 10 ≤ 2θ ≤ 100° intervals, step size 0.1 

deg, and α Cu target running at 40 kV and 30 mA. 

The average particle size of the coating was estimated 

through Debye–Scherer equation as provided in Eq. 

1: 

D = 
� �

� ��� Ө                                    (1) 

where "D" denotes the particle size, "k" denotes 

Scherer's constant (K=0.94 for spherical shape), "λ" 

denotes the wavelength (λ = 1.54056 Å) of X-ray 

radiations, "β" means the width (full-width half 

maxima) of XED peak in radians and "θ" denotes the 

Bragg angle [24, 59]. 

 
2.4 Wettability 

The wetting angle has long been an essential metric 

for determining the wetting qualities of substances. It 

is mainly utilized to determine the hydrophobicity 

and hydrophilicity of substances. A high wetting 

angle indicates poor wetting capability [25]. 

 
2.4 Optical characteristics  

A spectrophotometer evaluated the optical 

characteristics and FTIR for absorbance and 

emittance, respectively. FTIR is a NICOLET 6700 

model where the spectrophotometer is UV-3600 from 

Shimadzu. The absorbance was measured in the ultra-

violet (UV), visible, and near-infrared (near IR) 

ranges (0.2 – 2.5 µm), whereas the emittance was 

recorded in the long IR range (2.5-25 µm). Optical 

characteristics were conducted at room temperature 

(RT). Using Kirchoff's rule, which states that for 

opaque materials, absorbance α(λ) and thermal 

emittance ε (λ) are equal, the requisite characteristics 

were estimated from the test data. Eq. (2) may be 

used to obtain α & ε [60] from the reflectance R(λ): 

α(λ) = ε(λ) = 1 - R(λ)                            (2) 

The equation can express the emittance ε(T) at 

definite temperature T (3) [24, 61]: 

ε(T) = 
	 
����,������,��������

����
���                       (3) 

σ describes the Stefan–Boltzmann constant (5.6696 × 

10-8 W.m-2.K-4). 

B (λ, T) denotes blackbody spectral irradiance at λ, 

and T. Planck's law is employed to determine B (λ& 

T) as revealed in Eq. (4): 

(λ, T) = 
��

�� 
 !"#
�$%&��

                           (4) 

Planck's first and second constants denote c1 = 

3.7405 × 108 W.µm4.m-2 and c2 = 1.43879×104 µm. 

K, respectively. 

 
2.5 Nanoindentation (NIN) 

The NIN was determined to estimate the mechanical 

properties using the Nano Indenter® G200 device, at 

a loading capability of 500 mN, delivering <0.01nm 

(10 pm) displacement resolution and more than 500 

μm maximum indentation depth and indenter travel 

with 0.2 pm displacement resolution.  

The NIN testing, the hardness H, and the reduced 

elastic contact modulus '(
ˋ∗ of investigated materials 

are estimated as a function of the indentation depth. 

The hardness is known as the load separated by the 

projected contact area between the indenter and the 

specimen [62]: 

H = +
,-

                                      (5) 

P denotes the applied load, and Ac represents the 

projected contact area. The  ./  is calculated using a 

geometrical relation from the contact depth ℎ/. 

.( = 2 �tan�6�ℎ/�^2                       (6) 

Where 6 denotes the equivalent angle of the 

conical indenter (for a Berkovich tip, 6 =70.32°).  

 
2.6 Corrosion characteristics: 

2.7.1 Potentiodynamic Polarization (PDP) 

The electrochemical investigation was conducted at 

25 °C using a PGZ 100 Potentiostat device and a 

corrosion cell holding 500 ml of 3.5% NaCl at 

ambient temperature (RT). The open circuit potential 
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(OCP) was measured using a platinum auxiliary 

electrode and a calomel reference electrode. Each test 

employs a fresh specimen. The analysis of 

potentiodynamic polarization was conducted from -

500 mV vs. OCP to +500 mV vs. OCP at a scan rate 

of 2 V/s, followed by the measurement of corrosion 

currents. From Tafel curves of potential vs. the 

logarithm of corrosion current density, the corrosion 

potential (Ecorr) and corrosion current density (icorr) 

are assessed. In Eq. 7 [63], the CR is determined as 

follows: 

CR (mm/y) = (0.00327 x icorr x eq.Wt)/D           (7)  

Where icorr denotes the current density in mA/cm2, D 

represents the density in g/cm3; eq. wt. is the 

equivalent weight in grams.  

3. Results and Discussion  

3.1 Morphology  

3.1.1 Surface Morphology (SM)  

Fig. 2 explains the SEM and mapping results 

of the coated AA-FGNM. The EDX results 

of the surface-coated AA-FGNM in wt.% 

are 7%O and 93%Al. Fig. 2 illustrates the Al 

and O elemental distribution mapping on the 

Al substrate surface, indicating their good 

distribution over the surface. Fig. 2 confirms 

the successful deposition of the Al2O3 film 

on the Al substrate, which ensures the 

appropriateness of the deposition conditions. 

The Al and O show a uniform distribution 

on the Al substrate. 

 

 

Figure 2: The SEM and mapping images of AA-FGNM 
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3.1.2 Cross-section Morphologies 

Fig. 3a shows the SEM morphology and line-EDX 

pattern of the cross-section of AA-FGNM. Fig. 3b 

presents the mapping of the cross-section of AA-

FGNM. The Al2O3 layers are cleared at the surface of 

the mapping. Also, Fig 4a provides the SEM 

micrograph and line-EDX pattern of the cross-section 

of ANA-FGNM, and Fig 4b gives the mapping of 

ANA-FGNM of the cross-section with Ni/Al2O3 

coating layers. The mapping of the cross-section of 

AA-FGNM and ANA-FGNM shows a uniform 

distribution of the coating layers on the Al substrate. 

The SEM, EDX, line-EDX, and mapping were 

performed as evidence of the deposition of the 

coating layers with a good distribution along the Al 

substrate. 

 

 

 

Figure 3: The cross-section of AA-FGNM 
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(a) SEM/Line-EDX analysis of a cross-section of ANA-FGNM 

  

 

(b) Mapping of the cross-section of ANA-FGNM 

Figure 4: The cross-section of ANA-FGNM 

 

3.1.3 AFM study 

Fig. 5 shows the 2D and 3D AFM images of the Al 

substrate, AA-FGNM, and ANA-FGNM. Fig. 6 

provides the thickness of the deposited layers on Al 

substrates. The thickness values of AA-FGNM and 

ANA-FGNM are 200 µm and 201 µm, respectively. 

The roughness of Al substrate, AA-FGNM, and 

ANA-FGNM surfaces are 1.33, 8.06, and 2.80 nm, 

respectively. After depositing thin film for AA-

FGNM, the roughness of the coated surfaces 

increased. This raised the absorbance due to 

enhanced light scattering in the thin layer, as stated in 
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the section on optical characteristics. The deposited 

films of AA-FGNM and ANA-FGNM have a 

thickness of around 200 nm, which is suitable for 

selective solar applications. 

 

 

Figure 5: AFM images 2D and 3D of (a) Al substrate, (b) AA-FGNM, and (c) ANA-FGNM  

 

Figure 6: Thickness of deposited layers (a) AA-FGNM, and (b) ANA-FGNM  
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3.2 Phase Identification 

The Al substrate, AA-FGNM, and ANA-FGNM 

patterns are shown in Fig. 7. The 2θ values of the Al 

substrate are 38.56°, 44.83°, 65.26°, and 78.44°. 

(Pattern: COD 1512488). Al2O3 (orthorhombic 

structure) has 2θ values of 38.52°, 40.52°, 41.67°, 

44.77°, 65.12°, 77.22°, and 78.27° in AA-FGNM 

(Pattern: COD 1000442). Applied to the Debye–

Scherer equation, the average particle size of Al2O3 is 

20 nm for Al/Al2O3-FGNM and about 45 nm for 

Al/Ni/Al2O3-FGNM. In ANA-FGNM, the diffraction 

peaks of Ni at 2θ at 44.21°, 51.51°, and 75.84° with 

(Pattern: COD 2100637), and 2θ of Al2O3 (hexagonal 

structure) are 37.76°, 41.67°, 43.34°, 46.16°, 66.49°, 

and 77.22° with (Pattern: COD 1000017) [64, 65, 

66]. Al2O3 in AA-FGNM has the alpha form of the 

Al2O3 orthorhombic structure. Still, the oxide layer in 

ANA-FGNM has the alpha form of the Al2O3 

hexagonal structure, as shown by XRD peaks at 2θ 

values at 44.21°, 51.51°, and 75.84° which (Pattern: 

COD 2100637), and 2θ values of Al2O3 (hexagonal 

structure) are 37.76°, 41.67°, 43.34°, 46.16°, 66.49°, 

and 77.22° (Pattern: COD 1000017) [64, 65, 66]. The 

XRD results show that the Al2O3 in AA-FGNM is the 

alpha form of the Al2O3 orthorhombic structure, 

while the oxide film in ANA-FGNM is the alpha 

form of the Al2O3 hexagonal structure.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: The XRD results of Al substrate, AA-FGNM, and ANA-FGNM 

 

3.3 Wettability 

Fig. 8 represents the contact angles of the wettability 

test of the Al substrate, AA-FGNM, and ANA-

FGNM. The right contact angles for Al substrate, 

AA-FGNM, and ANA-FGNM are 81.50°, 106.99°, 

and 86.10°, respectively. ANA-FGNM is a 

hydrophilic coating, whereas AA-FGNM is a weak 

hydrophobic coating. 

 

 

   

(a) (b) (c) 

Figure 8: Contact angles for the wettability test of (a) Al substrate, (b) AA-FGNM, and (c) ANA-FGNM 
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 3.4 Optical Properties 

Fig. 9 shows the optical properties (absorbance% and 

emittance %). Fig.9(a) provides the absorbance 

percentage of Al substrate, AA-FGNM, and ANG-

FGM vs. wavelength in nm. Fig. 9(b) gives the 

emittance percentage of Al substrate, AA-FGNM, 

and ANG-FGM vs. wavelength in nm. This is due to 

the restricted travel distance of the reflected light 

beam of the spectrophotometer, which is smaller than 

the thickness of the thin layer [67]. As seen in Fig. 

9(a), the as-deposited thin films have more significant 

UV and visible light absorption. High UV and visible 

absorption are characterized by a particularly steep 

edge and metal-like behavior. D-type free electron 

interband transitions are referred to as the rather steep 

edge [68, 69]. AA-FGNM has a greater absorbance 

than ANA-FGNM, as seen in Fig. 9(a). Also, Fig. 

9(b) gives a lower emittance percentage for AA-

FGNM than ANA-FGNM. Due to increased light 

scattering in the thin film, AA-FGNM has the 

maximum roughness, which enhances its absorbance. 

The shadowing effect, which occurs from the 

preferential deposition of incoming atoms on surface 

protrusions, increases Ra during film formation [70]. 

Compared to the ANA-FGNM, the AA-FGNM 

exhibits superior selectivity (absorbance/emittance 

(α/ε) of 0.967/0.18). This combination of 

characteristics makes AA-FGNM an excellent choice 

for solar cell applications. 

The AA-FGNM exhibited a rougher surface than the 

ANA-FGNM, resulting in greater absorbance owing 

to enhanced light scattering. The Al2O3 thin film 

formed in this study, with spherical crystallites 

ranging in size from 20 nm (10~35 nm) for AA-

FGNM and about ~ 45 nm for ANA-FGNM, 

contributed to their selectivity performance. The 

diameters of the crystallites imply that the thin Al2O3 

film formed is of the α-Al2O3 kind. Alpha alumina is 

almost impenetrable and has a small surface area 

[71]. The directly deposited α-Al2O3 in this study had 

an absorbance of 0.967-0.943 and an emittance of 

0.18-0.32 for AA-FGNM and ANA-FGNM, 

respectively. Al/Al2O3 on 304LSS thin films had an 

absorbance of 91.6% and an emittance of 0.05%, 

whereas Ni/Al2O3 on 304LSS thin films had an 

absorbance of 91.3% and an emittance of 0.15%, 

according to the authors' prior work [24]. The Al 

substrate has a more significant impact on absorbance 

and emittance than the 304LSS substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: The Al substrate and different deposited thin films vs. wavelength in nm for (a)  Absorbance percentages and (b) Emittance 
percentages 
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3.5 Nanoindentation (NIN) 

The variation in NIN across coating materials may be 

attributable to the filler's load and composition since 

the coating created on the Al surface is still affected 

by the kind of fillers underneath. Efforts to enhance 

restorative materials have also concentrated on the 

influence of filler load on hardness [45]. The coating 

size and types impact the hardness and mechanical 

characteristics of FGNM [72, 73]. The NIN curves of 

Al substrate, AA-FGNM, and ANA-FGNM are 

shown in Fig. 10. FGNM's maximum intended depth 

is for ANA-FGNM coating materials. This aligns 

with the reduced roughness measured by AFM. 

Increasing the mean roughness (Ra) altered the 

hardness level if the indenter tip struck this region 

[45]. The highest nano hardness is for AA-FGNM, as 

shown in Table 1. 

 

 

Figure 10: The NIN of Al substrate, AA-FGNM, and ANA-FGNM 

 

Table 1:  Nanoindentation test results 

Conditions Al Substrate Al/Al
2
O

3
 Al/Ni/Al

2
O

3
 

Force (max), micro-N 500 500 500 

H (max), nm 7283.2 6268.4 7181.1 

Hardness, 9/;;< 410 548 426 
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3.6 Corrosion behavior 

Fig. 11 shows the layer's behavior in 3.5%NaCl at RT 

with a 2 mV/sec scan rate. The electrochemical 

parameters are recorded in Table 2. The formation of 

Al oxide with Ni completely changes the behavior of 

layers. This formation shifts the corrosion potential 

and current density to a negative value. There is a 

relation between the CRST of deposited films and the 

roughness. The more roughness of the surface, the 

less CRST of deposited layers. The deposited layer 

AA-FGNM has the highest CR compared with other 

layers due to the decreasing roughness of the 

surfaces. The AA has a roughness of 8.06 nm, giving 

a CR of 0.1 mm/y. The ANA-FGNM deposited layer 

has the lowest CR of 0.005 mm/y with a roughness 

value (2.80 nm). During film growth, the surface 

roughness increases due to the shadowing effect 

caused by the incident atoms' favored deposition on 

surface protrusions [70]. The combination of 

comparatively decreased Ra, a CRST barrier coating, 

and advantageous sub-surface compressive residual 

stresses is optimal for protecting components from 

corrosion and corrosion-fatigue damage [56]. The 

Al2O3 on the surface may be used in semiconductor 

applications due to its corrosion protection from 

moisture, chemicals, and other environmental factors 

[74]. The CR of deposited nanofilm of Al2O3/Ti on 

316LSS in 3.5%NaCl 4.05 mm/y with a roughness of 

14.41 nm before corrosion while after treatment in 

the furnace is 0.17 mm/y with a roughness of 6.5 nm 

before corrosion [75]. Thus, the corrosion 

characteristics of AA-FGNM are better than these 

results for high roughness results (8.06 nm). While 

the ANA-FGNM has lower roughness and CR of 

them thus it is suitable in marine applications due to 

the high CRST in NaCl. 

 

Table 2: The electrochemical parameters of Al substrate, AA, and ANA-FGNM in 3.5%NaCl at RT 

Conditions 
Ecorr,  

V 

icorr, 

µA/cm² 

Rp, 

 kΩ.cm² 

CR, 

mm/Y 

Al substrate -0.4025 1.54 78.50 0.017 

Al/AL<O@  -0.7727 0.92 9.09 0.100 

Al/Ni/AL<O@  -0.7043 0.49 31.62 0.005 

 

 

Figure 11: PDP plots of the Al substrate, AA-FGNM, and ANA-FGNM in 3.5%NaCl at RT at a scan rate of 2 mV/sec 
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Conclusions 

The echo-environmental friendly and sustainable 

energy materials Al/Al2O3-FGNM and Al/Ni/Al2O3-

FGNM were fabricated by sputtering on an Al 

substrate. The summarized characterization of them 

is as follows: 

1. The SEM, EDX, line-EDX, and mapping of 

Al/Al2O3-FGNM and Al/Ni/Al2O3-FGNM  

have high uniform distribution with 

cohesive deposition. 

2. The thickness coating values of Al/Al2O3-

FGNM and Al/Ni/Al2O3-FGNM are almost 

the same, around 200 µm, while the mean 

roughness of Al substrate, Al/Al2O3-FGNM, 

and Al/Ni/Al2O3-FGNM surfaces are 1.33, 

8.06, and 2.80 nm, respectively.  

3. The Al2O3 thin film formed has spherical 

crystallites ranging in size from 20 nm for 

Al/Al2O3-FGNM to ~ 45 nm for 

Al/Ni/Al2O3-FGNM, as determined by 

XRD.  

4. The contact angles for Al substrate, 

Al/Al2O3-FGNM, and Al/Ni/Al2O3-FGNM 

are 81.50°, 106.99°, and 86.10°, 

respectively. Al/Ni/Al2O3-FGNM is a 

hydrophilic coating, whereas Al/Al2O3-

FGNM is a weak hydrophobic coating. 

5. The nanoindentation results give a higher 

hardness for Al/Al2O3-FGNM than 

Al/Ni/Al2O3-FGNM. 

6. The potentiodynamic polarization test 

examined in 3.5% NaCl shows that the 

Al/Ni/Al2O3-FGNM has higher CRST than 

Al/Al2O3 -FGNM, which reaches 0.005 

mm/y. 

7. The sustainable solar cell material Al/Al2O3-

FGNM shows high selectivity (absorbance/ 

emittance (α/ε)) of 0.967/0.18, compared to 

0.943/0.32 for the Al/Ni/Al2O3-FGNM. This 

combination of properties makes Al/Al2O3-

FGNM a good candidate for solar cells and 

mechanical applications, whereas 

Al/Ni/Al2O3-FGNM is a good candidate for 

marine applications. 
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