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Abstract: This study evaluates the mechanical durability and solid particle erosion (SPE) behavior of a 50%-50% ZnO-
TiO2 nanocomposite coating designed for protective, self-cleaning solar applications. Nanoparticles synthesized via
hydrolysis were deposited onto glass substrates using thermal spraying to a 1 um thickness. The coating’s structural,
morphological, and chemical properties were rigorously characterized using (XRD), (SEM), (EDX), and (AFM). Erosion
resistance was tested at impact angles of 15°, 30°, 45°, and 60°. The composite material exhibited a high maximum
transmittance of 94% in the visible and infrared (VIS-IR) spectral range. The erosion rate increased with the impact angle,
rising from ~0.0004 mg/g at 15° to ~0.0016 mg/g at 60°. The erosion mechanism is governed by brittle fracture mechanics,
where higher impact angles promote crack propagation and material spallation. These results serve as a vital reference for

enhancing the longevity of solar modules in sand-intensive environments.
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1. Introduction

The global transition toward renewable energy has
established solar photovoltaics (PV) as a critical technology
for reducing greenhouse gas emissions [1-3]. However, the
operational efficiency of PV panels is severely hindered by
environmental factors, most notably “soiling," where the
accumulation of atmospheric dust on the module surface
can reduce power output by up to 50% in arid and desert
regions [4-7]. Beyond simple light obstruction, windblown
sand causes significant mechanical erosion, resulting in
surface scratches and cracks that permanently degrade the
optical transmittance and structural integrity of the
encapsulating glass [1-9]. To mitigate these losses,
researchers have developed various anti-soiling and self-
cleaning coatings, with metal oxides such as (TiO2) and
(ZnO) emerging as leading candidates due to their excellent
photocatalytic properties, mechanical stability, and high
visible-light transparency [10-13]. Research indicates that
solid-particle erosion behavior is highly dependent on the
impingement angle; while brittle materials like coating
materials typically exhibit maximum mass loss at a normal
impact angle (90°), ductile materials peak at acute angles
(15°-30°), and reinforced composites often show a semi-
ductile response peaking between 45° and 60° [14-17].
Despite these advancements, a significant gap remains in
the current literature regarding the specific damage
behavior and durability of 50%-50% ZnO-TiO2 composite
coatings. While the individual properties of these oxides are

well-documented, there is a lack of detailed analysis on
how their hybrid formulation responds to varying impact
angles under desert-like erosive conditions. Understanding
the relationship between erosion and impact angle for this
specific composite is essential to ensure the long-term
durability of protective coatings in harsh environments [18-
20].

1.2. State of the art.

ZnO-TiO2 nanocomposites represent a state-of-the-art class
of multifunctional thin films increasingly deployed for
photo catalytic degradation, self-cleaning surfaces, and the
enhancement of optical transmittance in photovoltaic (PV)
modules [1-4]. Current literature trends indicate that
modulating the crystalline structure specifically the phase
transition between amorphous, anatase, and rutile TiO2
significantly impacts functional efficiency by altering
bandgap energies and reducing electron-hole recombination
rates [5-7]. To evaluate the mechanical integrity of these
metal-oxide films, solid particle erosion (SPE) testing is
traditionally utilized, often following ASTM G76 standards
to map mass loss or volumetric wear as a function of
particle velocity and impingement angle [8-10]. These
methodologies traditionally distinguish between ductile
mechanisms (peaking at 15°-30°) and brittle fracture
mechanics (peaking at 90°) to estimate the lifespan of
protective ceramic coatings [11-13]. Critical Challenges
and Gaps Despite functional advancements, several critical
bottlenecks persist in the current domain Structural
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Vulnerability and Brittleness: The inherent brittleness of
the ZnO-TiO> matrix makes it susceptible to aggressive
micro abrasive wear. Under high-velocity impact, material
erosion is primarily driven by the intersection of lateral and
radial cracks, leading to rapid surface degradation [14-16].
Delamination Tendencies High-angle impingement often
induces severe delamination and "tunnel erosion," where
vertical stress components cause the film to shed irregularly
from the glass substrate, compromising its protective utility
[17,18]. Stoichiometric Performance Gaps There is a
notable deficiency in empirical data regarding the
mechanical durability of the specific 50%-50% ZnO-TiO2
hybrid, as most research focuses on pure components or
low-concentration dopants [19,20]. Testing this specific
composite on a controlled erosion testing apparatus directly
bridges the gap between purely chemical / photocatalytic
evaluations and real-world mechanical durability, ensuring
functional longevity in harsh, sand-intensive environments
[21]. This study article simulates in full the features of the
oxide erosion of materials by sand. The damage process of
sand erosion was also explored in detail. The study might
be an essential reference for the improvement of power
generating efficiency and maintenance schedule of
photovoltaic power plants.

2. Materials and experimental Study.

2.1. Practical Part

Nanoparticles of both Zinc oxide and titanium oxide were
prepared by hydrolysis at a molar concentration of 0.1 M
.(0.81 and 2.33) grams respectively of each material were
dissolved in 100 mL of non-ionic water using a hot stirrer
at 70°C for two hours. After obtaining the nanoparticle
solution, it was deposited onto glass slides (2.5 x 2.5) cm as
shown in Fig (1) by thermal spraying to a thickness of
approximately 1 pm. The thickness was measured

gravimetrically. The samples were tested for deposited on
glass using zinc oxide with titanium oxide to determine the
hardness range.

Fig. 1: Nanoparticles ZnO 50%-TiO2 50% prepared by
hydrolysis.

2.2. Erosion Experiments and Impact Studies.
2.2.1. Methods and Apparatus of the Experiment

The experimental platform created in this part is a desert
wind and sand erosion simulation system. The structure of
the experimental platform is depicted in Fig (2) [14].
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Fig. 2: Simulation system of desert wind and sand erosion.

As seen in Fig (2), the experimental platform is made up of
an air compressor, airflow control valves, a sandbox, a
sandblasting gun, an erosion chamber, and a recycling
container. The experimental process is as follows: first, air
compressors are used to provide a hight-pressure airflow,
and airflow control valves are used to control the erosion
rate produced by this flow; second, the sandblasting gun is
used to direct the sandflow from the sandbox and mix it
with the hight-pressure airflow into the erosion chamber;
finally, the abraded sand particles are collected in the
recycling container and recycled for use in other
experiments. The comparison of the glass sample sprayed
with 50%-50% ZnO-TiO: before and after erosion requires
the accurate measurement of the mass of the sample before
and after the experiment using a precision electronic
balance. This section presents the analysis at the erosion
velocity of sand and dust of 4 m/s. The selected abrasion
angles are 15°, 30°, 45° and 60° to study the effect of sand
and dust erosion on photovoltaic module and its
performance parameters. The erosion experiment was
limited to 30 min because of the small size of the sand
particles (90um) used and the long time required for the
erosion process of the coating film by wind and sand [14].

2.2.2. Evaluation of Erosion Results

The degree of erosion damage to the PV module can be
characterized by the relative erosion rate Eo [20], which is
expressed as shown in (1).

Eo=m; -mz/m (1
Where: mi: mas of sample before erosion

mz: mas of sample after erosion
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3. Results and Discussion

The XRD pattern of the TiO2-ZnO nano-composite is
depicted in the provided Fig (3). The diffraction peaks
provide direct evidence that the substance that was
synthesized is of a crystalline type. In the vicinity of 25.3
degrees, the strong diffraction peak corresponds to the
(101) plane of anatase TiOz; on the other hand, the peaks
that are placed at around 31.7 degrees, 34.4 degrees, 36.2
degrees, 47.5 degrees, 56.6 degrees, 62.8 degrees, and 67.9
degrees are indexed to the hexagonal wurtzite structure of
zinc oxide. The nanocomposite exhibits a high phase purity,
as evidenced by the absence of major impurity peaks.
Following the use of Scherrer's equation, it was determined
that the average crystallite size was somewhere between 31
and 33 nanometers. Interference  construction
monochromatic rays reflected from any point of lattice
levels at specific angles make up X-ray diffraction peaks.
The distance interfaces between the diffraction angle levels
at a particular peak can be found by using Bragg's law [22].

n A= 2d sinfs (2)

where n is an integer representing the degree of interference
(n=1,2,3), The X-ray's wavelength is 1.54A, the Bragg's
angle is 0, and the distance between diffracting surfaces is

that could be utilized to shed light on the deposited film
research. Since it is equal to the width of the line profile (in
radians) at half of the greatest intensity, the FWHM of the
preferred orientation (peak) might be measured [23]. The
single line approach is one of several line profile analysis
procedures based on a Voigt function to determine the size—
strain parameters (micro-strains and crystallite sizes). The
average crystallite size (D) can be estimated using
Scherrer's formula [24].

094 A
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The c-lattice constant of the structure deviates from the
ASTM value due to microstrains that are created during the
formation of thin films and are raised by stretching or
compression in the lattice. Therefore, different atom
displacements with respect to their reference lattice position
are what generate the strain broadening (102). The formula
(4) can be used to compute this strain:

— Castm— CxRrD @)

Castm

Where: Castv Lattice constant by standard ASTM card and
Cxrp Lattice constant measurement by XRD.

X 100%

(n) can be calculated using the following relation (5):

d. Typically, XRD is used to compute several parameters 5§ = = (lines/nm)>2 (5)
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Fig. 3: XRD pattern of the TiO2 50%-Zn0O 50% nanocomposite
Table 1: Structural parameters obtained from XRD analysis of TiO»>-ZnO nanocomposite.
20 (hkl) Phase d d FWHM | D 6 x10™ | q %10~
(deg) Plane observed | standard | (deg) (mm) | (lines'm™?) | (lines*> m™)
A) A)
25.32 | (10D) TiO2 (Anatase) | 3.51 3.52 0.27 31.21 | 10.26 11.59
31.77 | (100) Zn0O 2.81 2.81 0.25 33.25 ]9.04 10.88
34.42 | (002) Zn0O 2.6 2.6 0.28 31.08 | 10.34 11.64
36.25 | (101) Zn0O 248 247 0.29 30.02 | 11.1 12.15
47.54 | (200) TiO: (Anatase) 1.91 1.89 0.31 28.07 | 12.69 13.42
56.6 (110) Zn0O 1.62 1.63 0.3 29 11.89 12.88
62.86 | (204)/(103) | TiO2/ZnO 1.48 1.48 0.33 2642 | 14.33 14.91
© 2026 NSP

Natural Sciences Publishing Cor.


http://www.naturalspublishing.com/Journals.asp

158 Eensp)

A. Ooda Abd et al.: A Comprehensive Study on Solid Particle Erosion...

Fig (4) indicates the recorded absorption spectra of ZnO
50%-Ti0O2 50% colloidal solutions function of wavelength.
It observed that the absorption is highest in the UV- region
(short wavelengths corresponding to high photon energy)
and sharply declines as wavelength increases. This
phenomenon is explained by the interaction of light photons
with the material, which promotes electrons from the
valence band to the conduction band by absorbing photons

with energy equal to or greater than the optical band gap.
Lower absorption values occur from a decrease in the
likelihood of electronic transitions when photon energy
falls at longer wavelengths. ZnO-TiO2 has a high
transmittance in the VIS-IR spectrum; at wavelengths
between 400 and 1100 nm, ZnO-TiO2 had the maximum
transmittance of 94%, indicating its potential for usage in
solar systems.
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Fig. 4: Absorption and Transmittance spectra of ZnO 50%-TiO2 50% nanocomposite
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Fig. 5: 3D AMF Images and chart distribution for ZnO-TiO2 nanocomposite before erosion

© 2026 NSP
Natural Sciences Publishing Cor.



Int. J. Thin. Fil. Sci. Tec. 15, No. 2, 155-163 (2026) / http://www.naturalspublishing.com/Journals.asp

159

AFM micrographs were taken utilizing digital instruments,
Inc. Nanoscope and Dimension 3100 to evaluate the surface
roughness and topography of deposited thin films. AFM
imaging data are root mean square (RMS) roughness and
grain size. It has three major forms of topography mapping:
touch, non-contact (used in our morphology investigation)
and intermittent contact or tapping. The tip with its
nanometer radius of curvature is the most critical part of an
AFM. The tip is linked to a microscale cantilever that
responds to the van der Waals force and other forces
between the tip and the sample. The ZnO-TiOz film before
and after erosion analysis using atomic force microscopy
(AFM) with special software (Imager 4.62). Fig (5) shows
3D FM image the surface topography data analyzed using
powerful atomic microscopy (AFM) or a similar
optical/pencil topography technique. This section presents
three-dimensional surface maps along with elevation

distribution histograms and Abbott-Firestone curves. These
micro- or nano-maps show the surface of ZnO-TiO2 over a
defined area (2um x 2um). The color bars indicate surface
roughness elevation characteristics ranging from 0 to
approximately 20 nm (top image) and up to 60 nm (bottom
image). Abbott-Firestone curves and histograms (right
panels): Blue histograms: Show the statistical distribution
of surface data points at different elevation levels. Red S-
curves (Abbott-Firestone curve): Represent the cumulative
probability distribution of the surface profile elevations.
This program describes the material content as a function of
depth, which is very useful for analyzing surface, loading
zone characteristics, and fluid retention capacity. The main
metrics and standards typically extracted from this
program, several basic functional surface roughness
58nm) and the average

parameters are calculated: (Sq=
grin size = 59.9 nm).
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Fig. 6: 3D AMF Images and chart distribution for ZnO-TiO2 nanocomposite after erosion

Fig (6) shows zinc oxide and titanium films after erosion. It is
observed that the film was not completely removed from any
location in the deposited layer, consistent with the SEM
results, with a slight increase in roughness and a decrease in
average particle size to ... nanometers.

(Fig 7,a) shows the morphological characteristics of dissolved
Zinc oxide (ZnO) and titanium dioxide (TiO2) nanoparticles at
a concentration of (0.1) M which is deposited on glass
substrate (25 x 25) mm? has different particles sizes. Clear
differences in particle size can be observed from the images.
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The diameter of booth the Zinc oxide (ZnO) and titanium
dioxide (TiO2) nanoparticles is (50-200) nm.

It consists of nanoparticles with various geometric shapes,
such as spherical or silica-like forms. Visual features indicate
the presence of closely packed, small grains, consistent with
scanning electron microscopy (SEM) images of nanomaterials.
This is particularly true for (ZnO) and (TiO») particles. The
homogeneity and regularity of the film deposited on the glass
indicate a suitable preparation and deposition method,
resulting in surfaces with strong hardness and cohesion. There
is no evidence of dislocations, cracks, or interstitial spaces, and
the deposition temperature does not generate any defects in the
film.

(ZnO) and (TiO2) both possess exceptional properties,
including high photo-catalytic activity, stability, and
antimicrobial efficacy, making them preferred semiconductors
for the analysis of organic pollutants in water bodies.
However, their large band gap and rapid -electron-gap
recombination  limit  their = photo-catalytic  activity.
Consequently, decorating the surface of ZnO and TiO> with
metallic nanoparticles such as r (Ag), (Pt), (Pd), and (Au) has
garnered significant attention to overcome these limitations
These metallic nanoparticles have gained considerable interest
due to their characteristic localized surface plasmon resonance
(LSPR) effect, which allows for enhanced absorption of visible
light, and their ability to trap electrons, which facilitates
efficient charge separation by slowing down electron-gap
recombination and thus increasing photo catalytic activity. At
the interface between semiconductors (such as zinc oxide and
titanium dioxide) and metal nanoparticles, a Schottky surface
forms due to work function differences and energy band
alignment, typically leading to the separation and transport of

SEM HV: 20.0 kV
View field: 4.61 pm
SEM MAG: 30.0 kx

Date(m/dly): 08/11/25

MIRA3 TESCAN

photoexcited charge carriers. Thus, the incorporation of
semiconductors with metal nanoparticles alters the electron-
gap charge carrier pathways and their recombination rate,
thereby improving the overall photo catalytic efficiency
[25,26].

(Fig 7,b) shows (SEM) images of ZnO-TiO. Nano composites
typically reveal a heterogeneous structure combining ZnO rods
or nanoparticles with TiO. Nano spheres. These images
highlight the surface distribution, agglomeration, and specific
nanostructures of the materials. Explore these official, peer-
reviewed resources for typical SEM images, structural
analyses, and morphological properties.

Sandblasting (abrasive blasting) is used in industry as a
destructive method to assess the adhesion strength of films and
coatings to surfaces, to test mechanical durability. The goal of
this procedure is to cause damage to the coating in order to
gauge its strength. A high-pressure stream of sand or other
abrasive material is directed at the film as part of the test
mechanism. The objective is to measure the force or pressure
required to remove or peel the coating from the surface,
reflecting the quality of the preparation. As shown in the
figure, after sandblasting the ZnO-TiO: film, a large surface
area composed of nanoparticles is removed, and the remaining
particles are fragmented into spherical or semi-spherical
particles with dimensions not exceeding 70 nanometers, as
illustrated in the Fig (b) . In the case of the composite ZnO-
TiO2, we observe that the effects of blasting and particle
fragmentation were present, but the strong adhesive force
prevented the erosion of the lower layers of the membrane.
Compared to the previous figure, we note that no gaps or
complete localized removal will appear, as shown in the Fig

(b).
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Fig. 7: a: Image of ZnO-Ti02 nanocomposite before erosion, b: Image of ZnO-TiO2 nanocomposite after erosion.

© 2026 NSP
Natural Sciences Publishing Cor.



Int. J. Thin. Fil. Sci. Tec. 15, No. 2, 155-163 (2026) / http://www.naturalspublishing.com/Journals.asp %Nféb 161
80k -
1 Element Weight %
60k -
: 0 57.2
1 Ti 32.0
40k - Ti
Lo Zn 10.8
20k -2
] Ti on 4
0 G T T T T i} /\F"’*A T Y ~r T T T T T 1
0 keV 5 keV 10 keV 15 keV 20 keV

Fig. 8: EDX Spectra of ZnO-TiO2 nanocomposite before erosion.

Fig (8) (EDS or EDX) spectrum, which is used to
determine the elemental composition of a sample. The main
features of the spectrum are: the x-axis (horizontal),
representing the energy of the X-rays measured in kilo
electron volts (keV); the y-axis (vertical), representing the
intensity or counting rate of the detected X-rays; and the
peaks, each sharp peak indicating a specific element present
in the sample. (EDX) for ZnO-TiO: (Zinc Oxide-Titanium
Dioxide) composites confirms elemental composition and

purity. It identifies the presence of Zinc (Zn), Titanium
(Ti), and Oxygen (O), and maps their spatial distribution
without additional impurities. Characteristic Peaks In an
EDX spectrum, you will typically see distinct X-ray
emission peaks corresponding to specific energy levels:
Titanium (Ti): Ka = 4.51 keV, KB = 4.93 keV , Zinc (Zn):
La~=1.01 keV, Ka = 8.63 keV, KB = 9.57 keVOxygen (O):
Ka=0.52 keV.
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Fig. 9: EDX Spectra of ZnO-TiO2 nanocomposite after erosion.

Fig (9). shows the results of EDS analysis of sample ZnO-
TiO2, showing the X-ray energy on the x-axis and the
signal intensity on the y-axis. The table inset lists the
elements detected in the sample and their weight
percentages, with carbon (C) at 12.6%, oxygen (O) at
37.2%, silicon (Si) at 18.9%, and titanium (Ti) at 16.6%

being the main elements. The peaks of the graph clearly
indicate the presence of elements such as titanium (Ti),
calcium (Ca), magnesium (Mg), sodium (Na), zinc (Zn),
silicon (Si), sulfur (S), chlorine (Cl), and potassium (K).
This type of analysis is commonly used to determine the
chemical composition of compound (ZnO:TiO2 ) after.
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Fig. 10: Erosion of the ZnO 50%-TiO2 50% nanocomposite with the impact angle of the sand particles.

Fig (10) illustrates how the sand particle impact angle
affects the 50%-50% ZnO-TiO> coating's degradation rate.
The erosion rate rises steadily as the impact angle increases,
from roughly 0.0004 mg/g at 15° to roughly 0.0016 mg/g at
60°. The gradual increase between 15° and 45° indicates
that as the normal component of the impact force increases,
the coating undergoes incremental surface degradation.
Improved material erosion at greater impact angles is
indicated by a more noticeable increase between 45° and
60°. This behavior is typical of brittle materials, where
crack initiation and propagation rather than cutting or
plowing mechanisms are the main factors controlling
erosion. Higher impact angles cause the usual impact stress
to take over, which encourages the development of lateral
and radial cracks beneath the coating surface. Increased
erosion loss and coating fragment spallation are the results
of these cracks spreading and coalescing. The greatest
erosion rate observed at 60° suggests that the degradation
of the 50%-50% ZnO-TiO2 covering during sand-particle
bombardment is mostly caused by normal impact pressures.
This pattern implies that brittle fracture processes govern
the erosion mechanism, resulting in increasing material
removal and progressive surface deterioration as the impact
angle gets closer to normal incidence [14].

4. Conclusion

This study successfully evaluated 50%-50% ZnO-TiO:
nanocomposite coatings as a thin film for solar modules
against desert-induced erosion. Structural characterization
via XRD, SEM, EDX, and AFM confirmed a high-purity
crystalline matrix with crystallite sizes of 31-33 nm.
Critically, Erosion testing revealed a significant mass loss
increase from ~0.0004 mg/g at 15° to ~0.0016 mg/g at 60°,
identifying brittle fracture mechanics driven by crack
propagation and spallation as the primary degradation
mode. Despite surface particle fragmentation, the coating’s
strong adhesive force prevented its complete removal from

the glass substrate. Ultimately, this work provides an
essential reference for enhancing the maintenance
schedules and operational efficiency of solar plants in
harsh, sand-intensive environments. By mastering the
mechanical durability of these multifunctional films, We
strive to overcome the challenges posed by sandy
environments to ensure the success of the global transition
toward energy sustainability.
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