
 

 

 

 

 

 

 

 



Vol.:(0123456789)

International Journal of Precision Engineering and Manufacturing 
https://doi.org/10.1007/s12541-023-00906-4

1 3

REGULAR PAPER

Experimental and Numerical Investigations of the Fatigue Life 
of AA2024 Aluminium Alloy‑Based Nanocomposite Reinforced by  TiO2 
Nanoparticles Under the Effect of Heat Treatment

Hamid M. Mahan1,3 · S. V. Konovalov1,2  · Sherwan Mohammed Najm4,5  · Oleksik Mihaela6 · Tomasz Trzepieciński7

Received: 23 March 2023 / Revised: 9 September 2023 / Accepted: 12 September 2023 
© The Author(s) 2023

Abstract
Using aluminium metal matrix nanocomposites has recently gained increased attention in the industry due to their high 
strength and ductility. In this paper,  TiO2 nanoparticles in volume percentages of 5 wt. % were added to the AA2024 alloy 
using the stir casting method. Using a novel powder injection system,  TiO2 nanoparticles with an average particle size of 
30 ± 5 nm was added to the matrix. The influence of  TiO2 content on the fatigue life before and after heat treatment was 
studied. The results showed the fatigue properties of AA2024 with  TiO2 nanoparticles increased after heat treatment. The 
optimum improvement in fatigue properties was obtained at 5 wt. %  TiO2 after heat treatment, with an improving fatigue 
life in 14.71% compared with sample based. This is due to an increased number of fine precipitates besides its uniformly 
distributed after heat treatment. The fatigue life of the composite materials with added nanoparticles was investigated using 
a finite element-based ANSYS workbench. There was a good match between what happened in the experiments and what 
happened to the numerical fatigue strength. For the composite materials, the difference between the experimental and 
numerical values of fatigue strength was not greater than 4% for the matrix. The results also, indicated that, after ageing, the 
precipitate-free zone at the inter-dendritic zone disappeared or became smaller. However, after adding 5 wt. % of titanium 
and, also, performing heat treatment, it is not possible to precipitate the  Al2CuMg precipitates, and, instead of it, the  Al3TiCu 
and  Al7TiCu phases precipitates have been formed.
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1 Introduction

Aluminium alloys are widely utilised in automotive vehi-
cles and a variety of other products in daily use. These 
metals are favored for their excellent combination of 
lightweight, high strength, good corrosion resistance, and 
cost-effectiveness [1]. The substitution of heavy metals 
with lightweight materials has been a common practice 
in aerospace structures for many years, and it has now 
become a key focus in other industries, including auto-
motive, truck manufacturing, and military vehicles [2, 
3]. Aluminium alloys are increasingly replacing steel in 
applications where reduced weight and lower maintenance 
costs are desired. Moreover, aluminium alloys offer the 
advantages of being lightweight and having a favorable 
strength-to-weight ratio. In order to be suitable for struc-
tural applications, materials must possess good fatigue 
resistance. Some aluminium alloys are strengthened 
through precipitation hardening, which is one of the most 
significant strategies for enhancing aluminium's durability 
[4, 5]. Hybrid composite materials are increasingly being 
used in many engineering applications due to their supe-
rior properties and benefits over conventional composite 
materials [6, 7]. The goal is to achieve a synergistic effect 
of reinforcing properties on the overall composite prop-
erties [8]. In hybrid composite materials, multiple types 
of reinforcement are used within a single matrix. This 
approach offers greater control over the properties of the 
composite and enables a better balance between the advan-
tages and disadvantages of different composite materials 
[9]. It is estimated that approximately 90% of mechanical 
service failures are caused by wear and fatigue. Fatigue 
can be categorized into several types, including mechani-
cal fatigue from fluctuating stresses, creep fatigue from 
cyclic loads at high temperatures, thermal fatigue from 
cyclic temperature changes, thermo-mechanical fatigue 
resulting from a combination of mechanical and thermal 
effects, corrosion fatigue from cyclic loads on corroded 
materials, and fretting fatigue due to cyclic stresses and 
sliding friction between surfaces. Fatigue failure occurs at 
stress levels well below the material's yield point [10, 11]. 
Fatigue is a failure that occurs in metals when subjected 
to alternating loads, so the operational stresses must be 
kept below the ultimate stress level. If the loads exceed the 
ultimate stress, micro cracks will initiate, propagate, and 
ultimately lead to material failure [12]. There are many 
ways to reduce fatigue failure using surface processing 
methods such as laser, shot peening, and heat treatment. 
Another method used to improve the fatigue resistance of 
aluminium and its alloys is to reinforce them with nano-
particles of SiC,  TiO2,  Zr2O3 and  Al2O3 with a particle 
size less than 100 nm [13]. In general, the distribution of 

the reinforcements and homogeneity play a significant role 
in the fatigue properties. The effect of orowan strengthen-
ing may be another source for strengthening composites 
[14]. According to the orowan mechanism, nanoparticles 
act as obstacles that impede the movement of dislocations 
near the reinforcing particles within the matrix. The load 
shift from the matrix to the nanoparticles also plays a main 
role. The addition of BN and SiC particles avoids cracking 
during loading and may enhance the strength. The addition 
of TiN nanoparticles restrains grain growth during sinter-
ing. The high strength of the Al2024-TiN nanocomposite 
is mainly attributed to ultra-fine grains, Orowan strength-
ening, and dislocation strengthening caused by the TiN 
nanoparticles [15].

In recent years, aluminium metal matrix composites 
(AMMCs) have attracted a lot of attention because of their 
good machinability, light weight, weldability, low coefficient 
of thermal expansion, corrosion resistance and favourable 
mechanical properties, for example, ultimate tensile strength 
(UTS), hardness and yield strength (YS) [16, 17]. These 
advantages have led to the utilization of AMMCs in various 
applications across industries such as aerospace, aircraft, 
and automotive. They are used in the production of cam-
shafts, cylinder liners, connecting rods, brake rotors, main 
bearings, calipers, electronic components, engine pistons, 
and more [18]. Some advantages of AMMCs in the field of 
transport are reduced noise, low airborne emissions and low 
fuel consumption. In addition, the reinforcement techniques 
of AMMCs can provide economically viable solutions as 
shown by recent successes in military and commercial 
applications of the use of various nanoparticles such as SiC, 
 Co2O3,  TiO2,  Zr2O3 and  Al2O3 [19, 20]. Several manufactur-
ing methods are employed to produce composite materials, 
including compo casting, stir casting, spray decomposition, 
and powder metallurgy [21, 22]. Jaber et al. [23] investigated 
the stir casting technique and the fatigue and mechanical 
characteristics of AA6063-T4 aluminium matrix composites 
reinforced with 3, 5 and 7 wt. % of  TiO2. They observed 
that the ultimate tensile strength (UTS) and yield strength 
(YS) improved with increasing  TiO2 content. The optimal 
improvement in these mechanical properties was achieved 
at 7 wt. %  TiO2, with approximately 9% improvement in 
UTS and 18% improvement in YS compared to the base 
alloy. The study also demonstrated that at 7 wt.%  TiO2, the 
fatigue behavior (life and strength) improved compared 
to the base matrix. This improvement in fatigue behavior 
can be attributed to the presence of hard  TiO2 particles, 
which enhance the strength of the soft matrix and result in 
increased composite strength. In another study, Rahma et al. 
[24] utilized the stir casting method to investigate changes 
in the tensile strength and fatigue properties of AA7075-T6 
aluminum alloy with the addition of 1, 3, 5, 7, and 9 wt. % 



International Journal of Precision Engineering and Manufacturing 

1 3

 TiO2 nanoparticles. The findings revealed that the fatigue 
strength of the specimen with 9 wt. %  TiO2 nanoparticles 
at 108 cycles was 81.7 MPa, compared to 73.9 MPa for 
AA7075-T6 aluminum alloy alone, representing a 7.8% 
improvement in fatigue strength. Mamoon and Al-Jaafari 
[25] studied the fatigue properties of AA6061 aluminium 
alloy as a base metal matrix reinforced with SiC nanopar-
ticles (0.5, 1.0, 1.5, 2.0 and 2.5 wt. %) with a particle size 
of 10 nm [26]. The nanocomposite was fabricated using the 
stir casting method. Fatigue testing was performed using a 
rotating bending load and stress ratio (R = − 1). The high-
est fatigue strength and life were observed at 2.0 wt. % of 
SiC nanoparticles at 107 cycles, showing an improvement 
of approximately 11.48% compared to the as-cast AA6061 
alloy [27]. The authors attributed the enhancement in the 
nanocomposite to factors such as reduced porosity, strong 
bonding between SiC and the AA6061 matrix, and the high 
mechanical properties and uniform distribution of SiC. Raw-
naq [28] studied the mechanical properties and damping 
characteristics of cast A332 aluminium alloy-based com-
posites produced by the stir casting method. The author con-
sidered three different amounts of added alumina  Al2O3, and 
different particle sizes. The study explains that heat treating 
the alumina particles with the use of the injection and mix-
ing process improved the homogenisation and distribution 
of the nanoparticles. Melting the aluminium also improved 
the properties of hardness, yield strength, and wear resist-
ance and these properties improve as the amount of alumina 
increases compared to the original base alloy. The wear rate 
was lower than that of the original alloy, and an enhance-
ment in the damping property was also observed.

After reviewing the available literature, it has been found 
that the impact of adding titanium to Al-Cu-Mg alloys 
through stir casting has not been thoroughly investigated. 
The AA2024 aluminum alloy belongs to the Al-Cu-Mg 
alloy series, which relies on S  (Al2CuMg) and θ  (Al2Cu) 
precipitates as the primary strengthening factors. Introduc-
ing titanium to this alloy group can facilitate the formation 
of high-strength titanium aluminides. One drawback of Al-
Cu-Mg alloys is their vulnerability to thermal instability at 
higher temperatures. However, by creating titanium alumi-
nides, which exhibit excellent thermal stability, and ensuring 
their uniform distribution throughout the aluminum matrix, 
the thermal stability of these alloys can be improved. The 
purpose of this study is to address this research gap by incor-
porating  TiO2 nanoparticles as reinforcement for aluminum 
AA2024 alloys.

In this study, AA2024-TiO2 nanocomposites with a  TiO2 
content of 5% wt. was fabricated using the stir casting pro-
cess. The effects of heat treatment on the fatigue behavior 
of AA2024-TiO2 at room temperature were investigated. 
The fatigue properties of the nanocomposite were com-
pared with the results of the base metal. The priorities of 

modern engineering applications, particularly for the auto-
mobile and aerospace industries, are attractive properties 
such as lightweight, high strength, and high resistance. This 
study evaluates the fatigue properties of the aluminum alloy 
AA2024 with  TiO2 nanoparticles obtained from experimen-
tal work, simulates the experimental results using FEM in an 
ANSYS 16.1 workbench, compares the results, and presents 
a reliable validation reference by considering the stress-life 
approach in the calculations.

2  Experimental Work

2.1  Materials

The AA2024 aluminium alloy was used in this study due 
to its favourable mechanical properties (high toughness, 
high strength, and good wear resistance), so it is preferred 
in automobiles, aircraft, the aerospace sector, and missile 
components. The chemical analysis of this alloy was studied 
at Russia’s Samara universities. Scanning electron micros-
copy (SEM) (by TESCAN VEGA) was carried out to reveal 
the micrographs of the fracture surface and to analyse the 
microstructure AA2024 aluminium alloy-based nanocom-
posite, the mechanical properties are presented in Table 1

The selected reinforcement material was  TiO2 nanoparti-
cles with a size of 30 ± 5 nm. The physical–chemical proper-
ties of the nanoparticles are presented in Table 2, and their 
SEM micrograph is shown in Fig. 1. The composite was 
prepared with a reinforcement content of 5 wt. %.

2.2  Casting Process

The matrix material samples were preheated to 700 °C in a 
graphite crucible using an electric furnace to ensure all the 
contents were completed melted. The reinforcement nano-
particles  (TiO2) were stirred for about 4 min at 200 rpm to 
achieve a homogenous mixing of the particle reinforcing 
agents in the matrix. Subsequently, the samples were solu-
tion treated at 500 °C for 3 h in an air-circulated furnace and 
water quenched at room temperature. The water quenching 

Table 1  Mechanical properties of AA2024 alloy and composites with 
5 wt. % of  TiO2 [29]

Types of material Hardness HV UTS MPa YS MPa Impact 
strength 
J/m2

0 wt.%  TiO2 110 296 240 7
5 wt.%  TiO2 140 420 300 12
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was followed by an aging process at 175 °C for 3 h, and then 
the samples were cooled in air, as illustrated in Fig. 2

2.3  Fatigue Testing

The fatigue test was conducted to determine the fatigue 
strength of the material. Due to the statistical nature of 
fatigue, a significant number of tests are required. In the 

rotating-beam test, a constant bending load is applied, and 
the number of revolutions (stress reversals) required for the 
beam to fail is recorded [30]. The initial test is performed 
at a stress level slightly below the ultimate strength of the 
material. Subsequent tests are carried out at progressively 
lower stress levels. This process is repeated, and the results 
are plotted os an S–N diagram.

Table 2  Physical–chemical properties and SEM micrograph of the  TiO2 nanoparticles

Property Purity Density (g/cm3) Melting point 
(C)

Particle size 
(nm)

Crystal struc-
ture

Boiling point 
(C)

Molar mass (g/
mol)

Chemical com-
position

TiO2 99.9 4.23 1843 30–50 tetragonal 2.972 79.9378 Ti- 59.93, oxide 
40.07

Fig. 1  SEM micrographs of 
 TiO2 nanoparticles

Fig. 2  A The casting mould and 
B The stir casting furnace for 
melting
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The specimens were made with the CNC Milling 
Machine computer program (C-test). To achieve adequate 
dimensions for fatigue tests based on standard standards, 
all samples were machined with meticulous control to pro-
duce a good surface polish and decrease residual stresses. 
A HI-TECH rotating-bending fatigue testing machine 
(Fig. 3) was used to ensure all fatigue specimens received 
constant and variable amplitude loading.

Samples for the fatigue test were prepared from the 
base alloy (AA2024) with dimensions in mm according to 
(DIN 50113) standard values. All samples were machined 
with careful control to produce a good surface finish and 
to reduce residual stresses to obtain suitable dimensions 
for fatigue samples based on standard specifications. The 
dimensions of specimens for the fatigue testing are shown 
in Fig. 4.

3  Results and Discussion

The first attempts to analyses the fatigue behaviour of 
materials and structures were based on experience with 
real-world constructions. The fatigue life of a specimen 
or structure is the number of stress cycles taken for its to 
break.

This number of cycles is affected by many factors, such 
as the stress level, stress state, cyclic wave form, fatigue 

environment, and the metallurgical condition of the mate-
rial. Using the experimental data in Table 3, the S–N curves 
for the base material AA2024 and the composites were 
produced.

3.1  S–N Curves Results

Aluminium alloys are regarded as particularly appealing 
structural materials, and they also offer adequate corrosion 
resistance due to their inherent ability to form a very solid and 
adherent passive layer under normal atmospheric conditions. 
The fatigue behaviour can be described by Basquin’s equation:

Fig. 3  The HI-TECH rotating-
bending fatigue testing machine 
[31]

Fig. 4  Fatigue test sample with 
dimensions in mm

Table 3  Experimental fatigue testing results under constant amplitude 
loading for all samples

Condition Heat treat-
ment

Spec. no Applied 
stress, 
(MPa)

Nf cyclec 
(avg.)

Base material Before 1, 2, 3 100 55,000
4, 5, 6 65 150,000

5 wt.%  TiO2 Before 13, 14, 15 120 57,000
16, 17, 18 100 180,000

Base material After 1, 2, 3 78 100,000
4, 5, 6 70 2,000,000

5 wt.%  TiO2 After 13, 14, 15 130 595,000
16, 17, 18 82 4,700,000



 International Journal of Precision Engineering and Manufacturing

1 3

where  Nf is the number of strain cycles to failure, σf is the 
fatigue strength coefficient, A and α are materials instants 
as shown in Table 4.

where Σf is the applied fatigue stress (MPa) and H is number 
of stress levels applied.

Figure 5 shows the behaviour of fatigue in a constant 
amplitude test (RT) for a sample with 5 wt.%  TiO2 nano-
particles and compares it with a sample free of nanoma-
terials before and after heat treatment and ageing. The 
endurance limit results show that the nanocomposite has a 
higher fatigue strength when compared with a sample of the 
base material (samples free of nanomaterials). The endur-
ance fatigue limit of the nanocomposite is clearly higher 
by 7.3% than the base metals. The nanocomposite has a 
maximum fatigue strength of 82 MPa. The existence of 
hard  TiO2 nanoparticles, which provide strength to the soft 

(1)�
f
= AN

�

f

(2)α =
h
∑h

i=1
logσfilogNfi −

∑h

i=1
logσfi

∑h

i=1
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h
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i=1
(logNfi)

2 − [
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i=1
logNfi]

2

(3)LogA =
h
∑h

i=1
logσfi − α

∑h

i=1
logNfi

h

aluminium matrix, resulting in higher composite strength, 
can explain the improvement in fatigue behaviour (life time 
and strength). This happens as hard nanoparticles dispersed 
in the base metal can lead to a small flow of elastic met-
als, enhancing the composite’s strength. Furthermore, the 
interaction between nanoparticles and dislocations during 
cyclic loading significantly influences the fatigue behavior 
of aluminum alloys. Nanoparticles can act as obstacles for 
dislocation movement, effectively strengthening the material 
and improving its fatigue resistance. These findings coincide 
with those of Parast et al. [33].

It is clear the AA2024-5 wt.%  TiO2 nanocomposite has 
the best fatigue strength. This means the addition of 5 wt.% 
 TiO2 results in increasing the fatigue strength by 7.18%.  R2 
is the correlation coefficient which represented the fitting 
of the experimental data to the line of the equation. This 
finding agrees well with the conclusion of Parast et al. [34]. 
Heat treatment has the ability to alter the microstructure 
of aluminum alloys by influencing the distribution and size 
of precipitates, grain size, and the presence of dislocations. 
The incorporation of nanoparticles can further impact these 
microstructural changes. These modifications can contrib-
ute to improvements in fatigue resistance by reducing crack 
initiation and propagation. The formation of fine precipitates 
and particles in the microstructure can enhance the fatigue 
limit and generate more strain fields as the content of Al-Ti-
based intermetallics (IMCs) increases. It is likely that the 
formation of these IMCs plays a crucial role in enhancing 
the durability of these alloys, as the alloy elements are uni-
formly distributed within the solid solution.

3.2  Microstructure of the Fracture Region

The cooling process results in tangential compressive 
stress in the matrix and radial hydrostatic tensile stress 

Table 4  Fatigue behaviour for four cases tested under constant load

Status Materials A α

Before heat treatment 0 wt.%  TiO2 244 − 0.0816
5 wt.%  TiO2 286 − 0.0787

After heat treatment 0 wt.%  TiO2 291 − 0.0826
5 wt.%  TiO2 294 − 0.0880

Fig. 5  S–N curves for AA2024 
aluminium alloy with different 
weight percentages of  TiO2 
nanoparticles, test temperature 
25 °C
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in the nanocomposite. As a result, when there are small 
cracks, the matrix’s compressive stress stops them from 
spreading. This has a positive effect on the fracture tough-
ness of the composite. As shown in Fig. 6B, the preferen-
tial direction of the crack propagation is perpendicular to 
the tensile stress direction and parallel to the direction of 
the compressive stress [35, 36].

There is a lot of stress in the second phase and this 
can make the tip of the crack go in a different direction 
in the matrix than if there had not been stress. In the 
second phase, radial stress and tangential compression 
in the matrix can make the tip of the crack move when it 
comes close to the reinforcing particles. Residual stress in 
the matrix becomes more pronounced when nanoparticles 
have a spherical shape and possess higher strength and 
elastic modulus than the matrix without nanoparticles. 
Heat treatment can introduce surface modifications, such 
as the formation of oxide layers or diffusion of alloying 
elements. These modifications can influence the fatigue 
behavior, particularly at the surface, by altering crack ini-
tiation sites or creating residual stresses that affect crack 
propagation. The presence of nanoparticles can interact 

with these surface modifications, further influencing the 
fatigue properties. This phenomenon holds true for com-
posites containing various types of nanoparticles [37].

3.3  Numerical Analysis Results

In order to obtain a rough answer to the problem, numerical 
software is used. Verification of numerical results is possible 
once the experimental results are available. In this study, a 
finite element analysis (FEA) model was constructed based 
on the dimensions of the experimental fatigue specimen 
[38]. The process of building the model geometry in ANSYS 
Workbench 16.1 begins by sketching a circle shape with a 
diameter of 10 mm and pulling it by 22 mm to create a solid 
geometry. Next, another circle with a diameter of 4 mm is 
selected and pulled by 21 mm. Finally, a third circle with 
a diameter of 10 mm is chosen and pulled by 22 mm to 
complete the desired shape and obtain the entire specimen 
body. The entire 3D model was stored for easy import into 
ANSYS Workbench 16.1. The following command sequence 
can be used to provide material properties for the model: 
engineering data, general material, input properties, and 

Fig. 6  SEM micrographs of the 
fracture surface of AA2024-
TiO2 composites: A 0 wt.% 
before heat treatment, B 0 wt.% 
after heat treatment, C 5 wt.% 
before heat treatment and D 5 
wt.% after heat treatments
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saved data. Furthermore, the meshing process was carried 
out by selecting the automatic method and then choosing 
the 'produce mesh' option. The model's number of elements 
and nodes were created automatically. The total number of 
elements was 510, while the total number of nodes was 2582 
as shown in Fig. 7.

Under the boundary conditions shown in Fig. 8, the 
applied load can be changed to obtain the equivalent alter-
nating stress (applied stress level) and corresponding fatigue 
life. The fixed support indicates that the specimen end was 
clamped with all degrees of freedom fixed (Fig. 8a), and 
at the other end, the load was applied as shown in Fig. 8b.

Fig. 7  A ANSYS model used for fatigue analysis, B The model with mesh

Fig. 8  The model: A with fixed support, and B with applied load

Fig. 9  a figure shows the equivalent stress contour, b contour plot of deformation in the x-direction
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In the fatigue simulation, after entering all the details 
(such as tensile strength 296 MPa, yield stress 240 MPa, 
stress ratio (R =− 1), and strain 20.4, by running the ANSYS 
16.1 program, the theory of failure will be assumed for all 
the materials. And by using the fatigue tool option, we add 
the following: the equivalent stress and fatigue life at differ-
ent loads. For example, as shown in Fig. 9, the maximum 

equivalent stresses induced in the specimen due to the 
applied load are concentrated at the midpoint region of the 
model. The maximum total deformation due to the applied 
load on the specimens, as shown in Fig. 9b, illustrates the 
maximum deformation value occurs at the force point of 
action and then decreases to the minimum value (equal to 
zero) at the fixed support.

Fig. 10  Comparison of the 
S–N curves for the experimen-
tal and numerical data for the 
AA2024-5 wt.%  TiO2 com-
posite

Fig. 11.  Optical microscopy 
images of; A sample 0%TiO2 
before heat treatment, B sample 
0%TiO2 after heat treatment, C 
sample 5wt.%TiO2 before heat 
treatment, D sample 5 wt.%TiO2 
after heat treatment
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In this work, the applied load on the specimen can be 
changed until the part fails due to fatigue, thus altering its 
fatigue life. For each load, the fatigue life can be deter-
mined numerically, and the S–N curve can be obtained 
for each composite material used in this study. The mini-
mum value of the fatigue life is concentrated in the middle 
region of the model, as shown in Fig. 9a.

The fatigue life is the most essential factor that can be 
obtained from numerical analysis based on Basquin's equa-
tion. Figure 10 shows the numerical behavior of fatigue 
life, including the S–N curves for the as-cast AA2024 alu-
minum alloy and the composite AA2024-5 wt.%  TiO2 after 
heat treatment, compared with the experimental fatigue 
life behavior.

The equation for the S–N curves can be deduced from 
the figures above. The comparison between the experimen-
tal work and numerical data showed similar behavior. In 
all cases, the highest percentage error in fatigue strength 
between the values does not exceed 5.5%.

3.4  Microstructure of the Materials

Optical microscopy images of microstructures in various 
samples, before and after heat treatment, are displayed in 

Fig. 11. Microscopically, we can observe several inter-
dendritic IMCs as well as numerous fine precipitates dis-
persed throughout the microstructures. All artificially aged 
samples exhibited improved precipitate quality after heat 
treatment, with smaller and more uniform particles. In the 
inter-dendritic zone of the aging samples, a precipitate-
free zone was observed. However, after heat treatment, 
the precipitate-free zone decreased in size. Additionally, in 
the titanium-containing samples, the precipitates appeared 
finer compared to the basic samples without titanium. 
When titanium is introduced, a gray block phase emerges 
alongside the dark phase. Most of these dark and gray 
phases are formed in the interdimeric zone. It is worth not-
ing that the black and gray particles of the second phase, 
visible in the microstructure, grow after the aging heat 
treatment [39–41].

A SEM examination was carried out to continue the 
assessment of the microstructure, type of precipitates and 
presence of IMCs. The results are displayed in Fig. 12. The 
microstructure of samples with 0% and 5% wt. of  TiO2 were 
assessed. These precipitates became finer and more evenly 
distributed throughout the microstructure. Due to the high 
dissolving temperature of these intermetallic compounds, 
the inter-dendritic zone was also surrounded by  Al7Cu2Fe 

Fig. 12  SEM image of 
AA-2024 alloy a AA2024—
Before heat treatment, b 
AA2024—after heat treatment, 
c AA2024 -5wt. %  TiO2 sample 
before heat treatment and d AA 
2024—5 wt.%  TiO2 after heat 
treatment
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and Al (Cu, Mn, Fe, Si). By introducing titanium into the 
sample,  Al3TiCu and  Al9TiFe IMCs were formed within 
the microstructure. Previous studies have also investigated 
the development of these IMCs. Titanium in the Al-Cu-Mg 
system reduces the solubility of copper in the alloy, and the 
formation of intermetallic compounds such as  Al3TiCu and 
 Al7TiCu reduces the copper-to-magnesium ratio in the alu-
minium matrix [42].

With addition titanium content, compounds absorb a 
significant amount of copper from the aluminum matrix, 
preventing the formation of  Al2CuMg precipitates once 5 
wt.% of  TiO2 has been added. As observed, the addition of 
titanium results in the formation of  Al3TiCu and  Al9TiFe 
IMCs within the microstructure. Other researchers have also 
reported on the formation of these IMCs. These IMCs are 
formed in the vicinity of  Al7Cu2Fe and Si-rich particles. In 
the presence of copper, copper substitutes into the crystal 
structure of the titanium aluminide structure [43].

4  Conclusions

Based on the experimental research and numerical simula-
tions, the following conclusions can be drawn:

• The AA2024-5 wt.%  TiO2 nanocomposite exhibited the 
highest fatigue strength under constant amplitude load-
ing, reaching 82 MPa at  107 cycles, which represents a 
14.7% improvement compared to the base metal matrix.

• The fatigue life factor (FLIF %) for all composites 
under different amplitude stresses (80,75, 70, and 
60  MPa) showed an improvement compared to the 
metal matrix. The composite AA2024-5 wt.%  TiO2 
demonstrated the best improvement after heat treat-
ment.

• SEM analysis of the heat-treated AA2024-5 wt.%  TiO2 
nanocomposite revealed a fairly even distribution of 
 TiO2 within the AA2024 base metal. The heat treat-
ment and aging process led to a microstructure with 
finer and smaller grains compared to the metal matrix.

• The finite element method implemented in ANSYS 
16.1 workbench proved to be an effective tool for 
fatigue analysis. The numerical results were in agree-
ment with the experimental results, with the largest 
difference between the experimental and numerical 
fatigue strengths being approximately 5%.

• After heat treatment in the titanium-free sample, the 
 Al2CuMg precipitates became finer and exhibited a 
more uniform distribution in the microstructure. Addi-
tionally, second-phase particles such as  Al7Cu2Fe and 
Al (Cu, Mn, Fe, Si) were present throughout the inter-
dimeric zone.

After aging heat treatment, the amount of  Al3NiCu 
intermetallic compounds decreased in the titanium 
samples, while the presence of Ti-Fe rich compounds 
 (Al9TiFe) increased.
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