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The residual stresses within the laminated Aluminum metal alloy/epoxy-
TiO2 NPs composites were investigated. Residual stresses play a significant 
role in the properties and performance of laminated metal alloys/epoxy 
composites coatings. In this paper, the structural (FE-SEM, XRD and EDS), 
mechanical (tensile strength) and residual stresses using X-ray technique 
studied for pure epoxy at different curing temperature (20, 50 and 75 °C) 
and epoxy reinforced with TiO2 NPs at different weight ratios (2, 4 and 6 wt. 
%) as coating materials deposited on Al alloy substrates using spin coating 
technique. The structural characterizations (FE-SEM and XRD) proved the 
homogeneous and uniform epoxy coatings with thickness about (240 μm). 
The obtained results revealed notable differences in residual stresses values 
depend on the curing temperature and the added TiO2 NPs content of 
the epoxy coatings. The pure epoxy coatings exhibited the higher residual 
stresses values, while the enhanced epoxy coatings with TiO2 NPs showed 
the lowest values. The epoxy coatings deposited at (25 °C) and at (2 wt. %) 
added TiO2 NPs recorded the highest tensile strength values. The results 
demonstrated that the adding of TiO2 NPs to the epoxy coatings enhance 
the final performance of the coatings. The deposition temperature effect 
demonstrated that the epoxy coatings cured at high temperatures (75 °C) 
exhibited high residual stresses values compared to the coatings cured at 
lower temperature (25 °C).

INTRODUCTION
Residual stresses are those stresses locked into 

the material even when it is free from external 
forces. Fabricating processes, thermal processing, 
welding, and heat treatment, mechanical forming, 
and extrusion are the most common sources of 
residual stresses. The residual stresses during cure 
can have a significant effect on the mechanical 
properties by inducing warpage or initiating matrix 
cracks and delamination [1]. It is thus important to 
prediction and measurement of process-induced 

residual stresses because a total elimination 
of residual stresses is hardly ever possible. The 
measurement of stress in a coating with a thickness 
of only several micrometers, which includes 
various phases that differ in their properties, 
presents a certain challenge.  Meanwhile, residual 
stress has a significant effect on the functional 
properties of the coatings, their service life 
periods, and the reliability of the operation 
of coated products. In particular, cracks and 
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interlayer delamination can form in the coatings, 
which leads to the destruction of the structure, to 
chipping, and to the loss of functional properties. 
Compressive stress usually leads to the formation 
of delamination and longitudinal cracks [2-4], 
whereas tensile stress leads to the formation of 
transverse cracks [5,6]. The distribution of residual 
stress in the coating affects both the adhesion to 
the substrate and the fracture toughness [7,8,9]. 
Various defects on the surface of the substrate 
(micropores, cracks, irregularities, dirt spots, etc.) 
[10-13] as well as defects in the coating itself 
(microdroplets, interlayer delamination, etc.) have 
a significant influence on the coating formation 
process [11, 12,14].

Epoxy coatings consisting of two components, 
a base and a hardener, are employed for many 
applications. However, a range of factors, including 
intrinsic characteristics, thermal influences, 
volumetric changes, and lattice disparities, 
can introduce residual stress into these epoxy 
coatings, [15]. Due to the mismatch in coefficient 
of thermal expansion of the resin and a hardener 
material or additions such as filler, fibers and 
glass-flake the two materials base and hardener 
shrink with a different rate and thus introduce 
residual stresses [16,17]. It is well known that 
epoxy resins are brittle and show poor resistance 
to crack initiation and crack propagation. For 
these reasons, in recent years, research activities 
have been focused on techniques to improve the 
fracture resistance (toughness and brittleness) of 
epoxy resins. One of the most studied techniques 
consists to incorporate inorganic nanoparticles 
into the polymer matrix, such as titanium dioxide 
(TiO2), alumina (Al2O3), silica (SiO2), carbon 
black, nanoclays, carbon nanotubes (CNTs) and 
others [18]. The resulting nanocomposites can 
exhibit improved thermal, mechanical (including 
toughness), rheological, electrical and optical 
properties, among others, even with very low 
nanofiller contents.

Various methods are used to determine the 
stress in the coating structure [19]. Most of the 
experimental methods include the layer removal 
method, neutron diffraction and the X-ray 
diffraction (XRD) [20]. Some of these methods 
are destructive and some are nondestructive. 
Among the above-mentioned methods, XRD is a 
technique with high accuracy and nondestructive 
characteristics, and hence is one of the best 
choices and convenient tools for the measuring of 

surface residual stresses. In the X-ray diffraction, 
the strain in the crystal lattice is measured and the 
associated residual stress is determined from the 
elastic constants assuming a linear elastic distortion 
of the crystal lattice plane [21]. Residual stress 
evolution in epoxy coatings has been a small area 
of researches. D. Taisei, et al. (2015) [22] measured 
the residual stress in polyamide film polymer using 
the X-ray diffraction technique. The diffractometer 
with a transmission method was used in 
experimental measurement. They discussed the 
problems related to measuring residual stresses 
in polymer coatings and showed that the X-ray 
technique is a good method to measure residual 
stresses in polymer coatings. Mamoon (2021) 
[23] studied the effects of added nano particles 
on the mechanical properties of MMNC. Used 
Aluminum alloy 6061 and 6082 as base material 
to the Aluminum matrix nano composites (AMNC 
) and different Titanium Dioxide (TiO2) nano 
particles reinforcement wt. % of Ti(0.5, 1.0, 1.5 
and 2.0), by using stir casting method. The results 
indicated improve in the mechanical properties. 
Observed that the nanomaterial reinforcement 
led to high improvement in ultimate strength (σu), 
yield stress (σy), hardness (BHN) and ductility. 
Hassan, S.R., et al. (2024) [24] measured the 
residual stresses in combination of silicon carbide 
substrate and aluminium oxide (SiC-5wt.% Al2O3) 
used as the wear protection coating specifically 
in wear protection coating, using the sin2ψ based 
on the X-ray diffraction technique. Measured the 
diffraction angle, 2θ, experimentally, and the lattice 
spacing is calculated using Bragg’s Law using the 
measured diffraction angle and the known X-ray 
wavelength. They prove that the X-ray diffraction 
method is a feasible tool to evaluate and analyse 
the residual stresses distributions in composite 
wear protection coating units. The present 
study concentrated on the characterization and 
determination of the structural, mechanical and 
residual stresses for laminated materials consist 
of Al alloys coated with epoxy resin and study the 
effect of deposition temperature and the addition 
of TiO2 NPs on the prepared laminated materials 
properties, the X-ray diffraction technique used 
to determine and investigate the residual stresses 
within the prepared samples.

MATERIALS AND METHODS
Used Materials

The epoxy Sikadur 52 produced by Sika USA 
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company with its hardener used in this work as 
coating material, the epoxy has a transparent 
color while the hardener brownish color, the 
density of purchased epoxy of (1.06 Kg/l). The 
aluminum alloy 6061 used as substrates in 
present work purchased from Tanc Gang company 
with purity of (97 %) that widely used in various 
industry applications, Fig. 6 and Table 1 present 
the Aluminium alloy composition obtained from 
EDX exam. The enhancement titanium oxide 
nanoparticles TiO2 NPs purchased from SkySpring 
Nanomaterials, Inc, with purity of (99.5 %) and 
average particle size of (30 nm) were used without 
any purification.

Laminated Samples Preparation
The Aluminum A6061 with dimensions of (3×3 

cm) and thickness of (6 mm) were polished and 
cleaned to be used as substrates, the substrates 
dimensions are considered according to ASTM-
E0915-96R02 [25]. Two groups of epoxy coatings 
have been used in this study. The first group 
includes pure epoxy coatings which consist of two 
parts base and hardener in the liquid state, the 
base and the hardener mixed carefully together 
in volume ratio (1:2) before being applied to the 
A6061 aluminum substrates surface at different 
deposition temperature (25, 50 and 75 °C) using 
the spin coating technique. The second group 
included the prepared pure epoxy enhanced with 
different weight ratio (2, 4 and 6 wt. %) of titanium 
oxide nanoparticles TiO2 NPs deposited on the 

A6061aluminum substrates using spin coating 
technique. The prepared laminated samples 
are ready for testing and analyzing. Fig. 1A, B, C 
presents the Aluminum A6061 substrates before 
coating, laminated samples coated with pure 
epoxy, laminated samples coated with epoxy/TiO2 
NPs respectively. The thickness of epoxy coatings 
deposited using spin coating technique was 
calculated through the cross-section image using 
the field emission scanning electron microscope 
(FE-SEM) to be about (236 μm), as shown in Fig. 
1D.

RESULTS AND DISCUSSION
Structural Characterizations
Field-emission Scanning Electron Microscopy (FE-
SEM)

The FE-SEM exam carried out for all prepared 
laminated samples in order to investigate the 
morphology and surfaces nature of prepared 
samples as a function of deposition temperature 
and TiO2 NPs addition. Typical morphology view FE-
SEM images of Aluminium  alloy substrate coated 
with pure epoxy at different temperatures (25 °C, 
50 °C, 75 °C) presented in Fig. 2. From the FE-SEM 
results observed that the morphology of coated 
pure epoxy on aluminum alloys substrates as 
super hydrophobic epoxy coatings exhibited dense 
micrometer-porous structures of Al substrate 
type, also observed that the micrometer pores 
size of deposited pure epoxy on Al substrate are 
bigger size and less number, this can be attributed 

  

  
 

  

Fig. 1. (A) A6061 substrates before coating (B) A6061substrates coated pure epoxy 
(C) A6061substrates coated epoxy/TiO2 NPs (D) cross-section FE-SEM image of epoxy 

coating on the substrates with thickness about (236 μm) 
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to higher compatibility of epoxy with the Al alloy 
substrate as a result of lower rate evolution of 
hydrogen [26]. On the other hand, observed that 
the increasing of curing temperature at (75 °C) led 
to significant decreasing in the number and size 
of the pores compared to that at (25 °C and 50 
°C), which can be attributed to the softening and 
increasing of the mobility of molecules epoxy at 
higher curing temperatures. The increase in curing 
temperature leads to reduce the pores in the 
epoxy matrix [27,28].

Fig. 3 presents the FE-SEM images of epoxy 
enhanced TiO2 NPs coatings at different weight 
ratios (2, 4 and 6 wt. %) deposited on Al alloy 
substrate. From the FE-SEM images observed that 
the adding of TiO2 NPs to the epoxy matrix led to 
significantly reduce the porosity structure nature 
of the epoxy compared with the pure epoxy 
coatings presented in Fig. 2, where the results 
showed that the TiO2 NPs well dispersed within the 
epoxy porous structure and led to obtained good 
homogeneous morphology nature of the enhanced 

epoxy coatings attributed to the TiO2 NPs occupied 
the pores within the epoxy structure, as presented 
in Fig. 3. The FE-SEM images also indicates clear 
lack of huge pores sizes after the adding of TiO2 
NPs, which confirmed the good dispersion of TiO2 
NPs during the samples preparation procedure. 
The nano-sizes of the added TiO2 nanoparticles is a 
good advantage to be able to penetrate the ultra-
small holes, capillary and indentation regions for 
the metallic Al substrates and the epoxy coatings 
structure. In the presence of TiO2 NPs at different 
ratios (2, 4 and 6 wt. %), the coatings of epoxy 
nanocomposite demonstrated a textural structure 
with no agglomeration due to the spherical shapes 
characteristic of the TiO2 nanoparticles, as shown 
in Fig. 3.

X-ray Diffraction (XRD)
The XRD exam carried out to determine 

the phase type within the prepared laminated 
samples using spin coating technique. Fig. 4 
present the XRD patterns of Al alloys substrates 

 

 

 
 

 

  

Fig. 2. FE-SEM morphology images of Al alloy substrates deposited epoxy at different curing 
temperatures (a) at 25 °C (b) at 50 °C (c) at 75 °C
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deposited epoxy at different temperatures (25, 
50 and 75 °C) respectively, and figure 5 show the 
XRD patterns of Al alloys substrates deposited 
epoxy mixed with different weight ratio (2, 4 and 
6 wt. %) of titanium oxide nanoparticles TiO2 NPs 
respectively. From Figs.  4 and 5 observed there 
are several characteristic peaks of prepared Al 
alloy substrates deposited epoxy at (2Ѳ = 38.46°, 
44.71°, 65.09°, 78.22°) with d-spacing (2.3382 A°, 
2.0250 A°, 1.4318 A°, 1.2211 A°) of planes (111) 
(002) (022) (113), these observed peaks assigned 
to the cubic Al phase within the Al alloy substrates 
structure with space group (Fm-3m no.225), 
lattice parameters (a = b = c = 4.0500 A°) and (α = 
β = γ = 90ᵒ) which well matched with the standard 
data (JCPDS 98-004-3423). While the detected 
broad characteristic peak centered around (2Ѳ = 
18 °) attributed to the epoxy phase [29]. The XRD 
patterns of Al alloy substrates deposited epoxy 
with different ratio of TiO2 NPs (Fig. 5) showed 
additional characteristic peaks at (2Ѳ = 25.41 

°, 38.14 °, 48.22 °, 54.34 °, 55.29 °, 63.08 °) with 
d-spacing (3.5014 A°, 2.3575 A°, 1.8855 A°, 1.6868 
A°, 1.6601 A°, 1.4724 A°) of the planes (101) (004) 
(200) (105) (211) and (204), the detected peaks 
attributed to the tetragonal TiO2 phase within the 
laminated Al alloy substrates structure with space 
group (I 41/amd no.141), lattice parameters (a = b 
= 3.7710, c = 9.4300 A°) and (α = β = γ = 90ᵒ) which 
well corresponded with the standard data (JCPDS 
96-152-6932).

The obtained XRD results confirmed the 
presence of all used phases within the prepared 
samples. The XRD results proved that the 
increasing of the TiO2 NPs content within the 
samples structure as shown in Fig. 5 led to raise 
the characteristic peaks intensity to be more clear 
and defined. The XRD results demonstrated that 
the obtained peaks of all prepared laminated 
samples slightly shifted from its origin positions 
with the increasing of temperature and the adding 
of TiO2 NPs at different content as shown in 

 

 

 
  Fig. 3. FE-SEM morphology images of Al alloy substrates deposited epoxy mixed TiO2 NPs at 

different ratios (a) 2 wt. % (b) 4 wt. % (c) 6 wt. %
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inset plots within the Fig. 5, which indicated the 
changing of the residual stresses of the laminated 
prepared samples as a function of temperature 
and TiO2 content [30-32].

Energy-dispersive X-ray spectroscopy (EDS) 
An elemental examination of the Aluminium 

alloy substrate 6061 was conducted using Energy 
Dispersive X-ray Spectroscopy (EDS) to determine 
the chemical composition and elements ratios 
within the A 6061 substrate. The obtained EDS 
results were introduced in two structures: Weight 

ratio (Wt. %) and Atomic ratio (At %). The aluminum 
was the predominant component, followed by 
little amounts of magnesium, iron, chromium, and 
manganese, as reinforcing elements to enhance 
the mechanical and corrosion-resistant properties 
of the Al alloy substrate, Table 1 shown the atomic 
and weight ratios of Al alloy 6061 substrate 
elements. Fig. 6 presented the EDS pattern of Al 
substrate which shows the characteristic peak 
for each component, responding to the photon 
energies during electronic transitions. The 
examination provided evidence for the aluminum 

 
  

  

Fig. 4. XRD patterns of Al alloy substrates deposited epoxy at different 
temperatures (a) 25 °C (b) 50 °C (a) 75 °C.

 

  
Fig. 5. XRD patterns of Al alloy substrates deposited epoxy mixed with 

different weight ratio of TiO2 NPs (a) 2 wt. % (b) 4 wt. % (a) 6 wt. %.
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alloy 6061 structure.

Mechanical Properties
Tensile Strength

The measurement of mechanical properties 
(e.g., elastic modulus and Poisson’s ratio) of the 
epoxy coatings has some difficulties because 
the structure of epoxy coatings is complex and 
contains lamellae, pores, micro-cracks. The tensile 
test achieved to measure the elastic modulus 
and Poisson’s ratio of epoxy coatings. The load 
is increased continuously with deformation 
(stress with strain) until failure. Fig. 7 shows the 
stress-strain curves of the epoxy coatings cured 
at different temperatures and Fig. 8 shows the 
stress-strain curves of the epoxy coatings with 
different TiO2 NPs ratios. From Fig. 7 observed 
there is linear elastic response of the stress-strain 
curves until point of maximum stress followed by 
suddenly failure at strain larger than (14.52 %) 
at a temperature 25 °C, (80 %) at 50 °C and (77.6 
%) at 75 °C, while for epoxy coatings enhanced 
different ratios TiO2 NPs (2, 4 and 6 wt. %) is (25.85 
%, 29.6 %, and 64 %) respectively. Elastic modulus 
was extracted from stress-strain curves curried 
at various temperatures, while Poison’s ratio are 

determined from longitudinal and lateral strain 
measured by strain gages during testing. The 
behavior of all epoxy coatings is similar to metallic 
materials as indicated in stress-strain curves, i.e. 
the tensile strength increased with increasing load 
until failure. Table 2 and 3 are summarized the 
elastic modulus and Poison’s ratio values for epoxy 
coatings. The epoxy coatins demonstrates higher 
tensile strength at 25°C compared to 50°C and 75 
°C. This is mainly because of how temperature 
affects the polymer›s molecular structure and its 
mechanical properties. At lower temperatures, 
the epoxy’s molecular chains move less, making 
a rigid and strong material. While when the 
temperature rises, these molecular chains 
become more mobile, reducing the connections 
between molecules, therefore lowering tensile 
strength [33,34]. The observed decrease in epoxy 
tensile strength at elevated temperatures is linked 
to enhanced molecular movement. This insight is 
essential for applications where epoxy materials 
experience different thermal conditions, as it 
affects their mechanical performance and how 
long they last [35,36]. At a curing temperature of 
25°C, the tensile strength (T.S) increased by 50%. 

The Adding of TiO2 NPs increased the tensile 

Element Atomic % Atomic % Error Weight % Weight % Error 
Al 97.4 0.2 97.1 0.2 

Mg 0.9 0.0 0.9 0.0 
Cr 0.1 0.0 0.2 0.0 

Mn 0.1 0.0 0.1 0.0 
Fe 0.8 0.0 1.7 0.0 

 
  

 

  
Fig. 6. EDS pattern of used Al 6061 alloy substrate.

Table 1 Chemical composition of Al 6061 alloy substrate. 
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strength of epoxy coatings by 25% due to enhanced 
load transfer at the matrix–particle interface. As 
showed from Table 4 has higher values of elastic 
modulus and Poison’s ratio due its rigidity because 
of enhancement by TiO2 NPs compared to others 
[37,38]. Observed that the elastic modulus values 
of epoxy coatings cured at different temperatures 
are less compared to epoxy coatings enhanced 
with TiO2 NPs.

Residual Stresses Calculated Using X-ray Diffraction
The residual stresses of all prepared epoxy 

coatings samples calculated by the x-ray diffraction 
technique using the sin2 Ψ method. The d-spacing 
was measured by a diffractometer for different 

values of Ψ. Fig. 9 presents the obtained curves 
of sin² Ψ vs. d-spacing for each sample, the slop 
calculated for all samples, and then the residual 
stress is obtained using the following relationship 
[39,40]:

σres. =
ϵ

(1 + υ) sin2 ψ
𝒹𝒹ψ−𝒹𝒹𝓃𝓃
𝒹𝒹𝓃𝓃

 

Where dψ is the inter-planar spacing of planes 
at an angle Ψ to the surface; dn is the inter-
planar spacing of planes normal to the surface; ɛ 
is the elastic modulus of the coatings (GPa), ν is 
Poisson’s ratio and Ψ are the angles through which 

 

  

 

  

Fig. 7. Stress-strain curves of epoxy coatings at different curing 
temperature (25, 50 and 75 °C).

Fig. 8. Stress-strain curves of epoxy coatings with different TiO2 NPs 
ratio (2, 4 and 6 wt. %) (At 25 °C). 
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the sample is rotated.
Table 4 shows the residual stress values 

obtained through x-ray diffraction using (sin2 ψ) 
methods for all prepared laminated samples. 
The residual stresses values for Al alloy substrate 
coated epoxy at different temperature (25, 50, and 
75 °C) are (−37.64 MPa, −43.89 MPa, and −45.45 
MPa) respectively. The obtained results revealed 
non-linear pattern: the compressive residual 
stress intensified (became more negative) at 75°C, 
as shown in Fig. 10.

At curing temperature 25°C, the residual stress 
indicates limited curing and low cross-linking 
density, as only partial polymerization occurs at 
room temperature. As the curing temperature 
increased to 50°C, the epoxy system entered a more 
efficient curing stage, increasing the cross-linking 
density and resulting in a higher compressive 
residual stress. At 75°C, near-complete curing 
was achieved, forming a highly cross-linked and 
rigid polymer network. This led to significant 
thermal shrinkage during cooling, producing the 
highest residual compressive stress observed 
(−45.45 MPa). This shows that there is a significant 
increase in residual stress values with an increase 
in curing temperatures of coatings, whereas these 
values are lower at lower temperatures. It is found 
from Fig. 10 that the curing temperature 25°C 
recorded lower value of residual stresses. From 
these results, it is demonstrated that the residual 
stresses generated will increase by percentage 
values of (16.61 and 3.55 %) for epoxy coating 
when the curing temperature rises from 25 to 
75°C. One of the most important properties of 
epoxy coatings influenced by curing temperature 
due to the cross-linking density of the epoxy 

coatings and its process, and this directly affects 
the values of initiated residual stress. A very 
dense cross-linking between coating components 
forms a very strong network through the epoxy 
coating and enhances its mechanical properties 
[41]. The Sikadur epoxy system consists of two 
main components: a base resin, typically based 
on Bisphenol A diglycidyl ether (DGEBA), and a 
hardener, usually formulated from various amine 
compounds such as aliphatic or cycloaliphatic 
amines. When these two components are mixed, a 
chemical reaction is initiated between the epoxide 
functional groups in the resin and the amine 
groups in the hardener. This reaction leads to the 
formation of a three-dimensional cross-linking 
polymer network, where each amine group can 
react with multiple epoxy groups. The extent and 
density of these crosslinks—known as the crosslink 
density—play a fundamental role in determining 
the final mechanical and physical properties of the 
cured epoxy. The curing temperature significantly 
influences the crosslinking process: at low curing 
temperatures, the reaction progresses slowly, and 
not all reactive groups fully participate. As a result, 
the cross-linking density remains relatively low, 
leading to a softer material with lower mechanical 
strength. At moderate curing temperatures (50 – 
60 °C), the reaction rate increases, resulting in the 
consumption of more epoxy and amine groups. 
This results in a denser cross-linking network, 
improving properties such as hardness, tensile 
strength, and chemical resistance. At higher curing 
temperatures (70 °C or above), although cross-
linking may initially continue, excessive heat can 
cause partial degradation of the formed network 
or volatilization of some reactive components. 

Curing temperature °C Elastic modulus (MPa) Poisson’s ratio 
25 3800 0.302 
50 4400 0.313 
75 5500 0.319 

 
  

TiO2 NPs (wt. %) Elastic modulus (MPa) Poisson’s ratio 
2 % 6400 0.320 
4 % 5200 0.322 
6 % 4000 0.327 

 
  

Table 2 Elastic modulus and Poisson’s ratio of epoxy coatings deposited at different temperatures.

Table 3 Elastic modulus and Poisson’s ratio of epoxy/TiO2 NPs coatings at different ratios (25 °C).
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This may limit further cross-linking or even slightly 
reduce crosslink density if not controlled properly 
[42].

From Table 4, the obtained results demonstrated 
that the residual stresses significantly decreased 
when the TiO2 NPs added at various ratios (2, 4 and 
6 wt. %) compared with the pure epoxy coatings at 
different temperatures as shown in Fig. 11.

At the TiO2 NPs ratio (2 wt. %), the residual 
stressed is slightly reduced to (−31.41 MPa), this 
decrease is explained by TiO2 capacity to boost 

the thermal and mechanical characteristics of 
the epoxy matrix []. The nanoparticles strengthen 
the material, aiding in a more even distribution 
of thermal expansion throughout the coating. 
The TiO2 nanoparticles exhibits a low coefficient 
of thermal expansion (CTE). Incorporating them 
into the epoxy matrix diminishes the disparity 
between the epoxy and the substrate, thereby 
decreasing residual stresses. This aligns with 
research demonstrating that adding nanoparticles 
to polymer coatings enhances mechanical 

  
A B 

  
C D 

  
E F 

  Fig. 9. The sin2 Ψ vs. d-spacing curves of Al substrates deposited epoxy (A) Al/epoxy at 25 °C, (B) Al/epoxy at 50 °C, (C) Al/
epoxy at 75 °C, (D) Al/epoxy- 2%TiO2 NPs (E) Al/epoxy- 4%TiO2 NPs (F) Al/epoxy- 6%TiO2 NPs.
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properties, including stress resistance. With 
the increase of TiO2 NPs (4 wt. %) the residual 
stresses further dropped to ( −10.77 MPa), this 

improvement results from the efficient dispersion 
of TiO2 particles within the epoxy matrix. As 
the TiO2 concentration rises to this point, it 

Sample Residual Stress  (MPa) 
Al alloy/Ep at 25 °C -37.64 
Al alloy/Ep at 50 °C -43.89 
Al alloy/Ep at 75 °C -45.45 

Al alloy/Ep- 2 % TiO2 -31.41 
Al alloy/Ep- 4 % TiO2 -10.77 
Al alloy/Ep- 6 % TiO2 -19.80 

 

 

  

Table 4 Residual Stresses values for all prepared epoxy coatings.

Fig. .10. the variation of residual stresses of epoxy coatings cured at 
different temperatures (25, 50 and 75 °C).

 Fig. 11. the variation of residual stresses of epoxy coatings 
with different TiO2 NPs ratios (2, 4 and 6wt. %).
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reinforces the structure more evenly, leading 
to an additional decrease in the residual stress. 
Adding TiO2 helps minimize the thermal expansion 
mismatch between the epoxy and the aluminum 
substrate, a major contributor to residual stress 
in coated materials [43-45]. The even distribution 
of nanoparticles further stabilizes the thermal 
properties of the nanocomposites, resulting 
in a significant reduction in residual stresses. 
This concentration represents the optimal 
loading  level, where the TiO2 NPs well dispersed 
within the epoxy matrix. 

The residual stresses at higher TiO2 NPs 
ratio (6 wt. %) indicated partial re-increasing 
(−19.80 MPa); the rise in residual stresses may 
be attributed to several factors. At this higher 
concentration, the TiO2 NPs might not be evenly 
distributed throughout the epoxy matrix, which 
can form stresses concentrations. Furthermore, 
adding more TiO2 NPs can increase the epoxy 
viscosity, possibly causing poor wetting and 
adhesion between the TiO2 NPs and the polymeric 
matrix. This unevenness can create internal 
stresses because of an incomplete interaction 
between the epoxy and the reinforcing material 
[37]. The increase in residual stress at this 
concentration corresponds with previous studies 
suggesting that excessive nanoparticle loading can 
lead to clumping and ineffective stress distribution 
[38]. In general, in this research residual stresses 
are reduced by adding nanoparticles at the same 
curing temperature (25 oC).

CONCLUSION
This work reports the successful preparation 

of the distinctive laminated Aluminum/epoxy-
TiO2 NPs composites using the simple, easy and 
effective spin coating technique, as well as using 
non-destructive x-ray technique to estimate the 
residual stresses of the laminated samples. The 
results revealed that the curing temperature and 
the adding of TiO2 NPs exhibited significant effect 
on the residual stresses values. The Al alloy/epoxy 
cured at (25 °C) recorded the lowest compressive 
residual stresses value (-37.64 MPa), with the 
increase of curing temperature of (50 and 75 °C) 
led to raise the values of residual stresses. The 
adding of TiO2 NPs to epoxy coatings indicated 
obvious decrease in the residual stresses values 
compared with the pure epoxy coating cured at (25 
°C).  The Al alloy/epoxy- 4 wt. % TiO2 NPs recorded 
lowest residual stresses value to be (-10.77 MPa), 

and (-31.41 and -19.8 MPa) at TiO2 NPs ratios (2 
and 6 wt. %) respectively. At high TiO2 NPs ratio 
(6 wt. %) led to increase the residual stresses 
values due to the TiO2 NPs may forms stresses 
concentrations and poor wetting ratio between 
the nanoparticles and the matrix. The obtained 
results proved that the prepared epoxy coatings 
have high potential to be suitable candidates to 
apply as wear protection epoxy coatings in many 
advanced applications, especially in the oil sector 
in coating the oil pipelines and tanks, and the 
aircraft field.
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