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Abstract
In this study, aluminum composites were developed using a powder metallurgy route by incorporating varying amounts of

nanocrystalline NiTiB into the Al2024 alloy. The effects of nanocrystalline NiTiB on the structural, morphological, cor-

rosion, and mechanical properties of the aluminum composites were thoroughly investigated. The results showed that the

base alloy and composites with 2% and 4% NiTiB exhibited the highest relative density. The composite with 4% NiTiB

achieved the maximum hardness of 87.4 HV. Additionally, the inclusion of nanocrystalline NiTiB significantly improved

the compressive strength, corrosion resistance, and wear resistance of the composites. Specifically, the compressive

strength increased by approximately 2% with 2% NiTiB and by around 13% with 12% NiTiB. Corrosion resistance

was highest in the composite with 4% NiTiB, as confirmed by electrochemical impedance spectroscopy. In the wear-

loss study, the wear loss of the composites was found to be reduced by 244% and 457% for those reinforced with 2%

and 12% NiTiB, respectively. These findings underscore the potential of nanocrystalline NiTiB to enhance the perform-

ance of Al2024 composites in applications demanding superior corrosion resistance, mechanical strength, and wear

resistance.
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Introduction
Composite materials are categorized into polymer matrix
composites, metal matrix composites (MMCs), and
ceramic composites based on the structure of the matrix
phase.1 Metal matrix composites consist of a ductile
metal matrix and dispersed particles, fibers, whiskers, or
nanomaterials.2 MMCs find extensive applications in
aerospace, automotive, defense, and other fields. Silicon
Carbide (SiC), Titanium Dioxide (TiO2), Aluminum
Oxide (Al2O3), Boron Carbide (B4C), Yttrium Oxide
(Y2O3), Silicon Nitride (Si3N4), and Aluminum Nitride
(AlN) are commonly used reinforcements in MMCs.3

Among MMCs, pure and alloyed aluminum are extensively
studied as matrix materials due to their low density, corro-
sion resistance, precipitation strengthening, vibration
damping, and thermal/electrical conductivity. Aluminum
matrix composites possess various mechanical properties,
making them suitable for a wide range of applications.4

Recent studies have extensively researched several
surface treatment methods aimed at enhancing wear

resistance, corrosion resistance, and mechanical proper-
ties. Among the materials studied, Ti–Ni-B alloys have
garnered significant attention due to their exceptional
properties, which include high strength, ductility, corro-
sion resistance, and biocompatibility. These characteris-
tics make Ti–Ni-B alloys highly suitable for practical
applications, especially given their excellent shape
memory effect characteristics.5,6 One notable method

1Department of Electirical and Energy, Kırıkkale Vocational School,

Kırıkkale University, 71450 Kırıkkale, Turkey
2Department of Metallurgical and Materials Engineering, Zonguldak

Bülent Ecevit University, 67100 Zonguldak, Turkey
3Department of Mechanical and Metal Technologies, Kırıkkale
University, 71450 Kırıkkale, Turkey
4AMAERO Inc., 130 Innovation Drive, McDonald, Tennessee, 36353,

USA

Corresponding author:
Muharrem Pul, Department of Electirical and Energy, Kırıkkale
Vocational School, Kırıkkale University, Kırıkkale 71450, Turkey.

Email: mpul@kku.edu.tr

Original article

Proc IMechE Part L:
J Materials: Design and Applications
1–17

© IMechE 2024

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/14644207241291206

journals.sagepub.com/home/pil

https://orcid.org/0000-0002-0629-3516
https://orcid.org/0000-0002-4683-0152
mailto:mpul@kku.edu.tr
https://uk.sagepub.com/en-gb/eur/journals-permissions
https://journals.sagepub.com/home/pil
http://crossmark.crossref.org/dialog/?doi=10.1177%2F14644207241291206&domain=pdf&date_stamp=2024-11-10


involves the diffusion of boron atoms into the substrate
material to form hard boride layers. Boron atoms, due to
their relatively small radii, can easily diffuse into the sub-
strate material, enhancing the hardness and wear resist-
ance of the treated surface. This method has shown
promise in improving the surface properties of various
materials.7,8

In the context of medical implants, bulk and porous
nitinol (NiTi) alloys stand out as a promising class due
to their high corrosion resistance and deformation behav-
ior that closely mimics the bone tissues of the human
body. Nitinol’s unique properties make it an excellent
candidate for use in biomedical applications, particularly
in implants that need to withstand harsh conditions
within the human body while maintaining their structural
integrity.9 Aluminum alloying of nitinol has emerged as a
convenient tool for controlling both corrosion and mech-
anical properties. Studies on nitinol alloyed with alumi-
num have been conducted using various methods,
including casting, additive manufacturing, and powder
metallurgy. The alloying process leads to the formation
of various nickel and titanium aluminides. It revealed
the presence of multiple ternary compounds, such as
Al13Ni2Ti5, Al2NiTi, Al3NiTi2, and AlNi2Ti. Monolithic
NiTi alloyed with 6–9 atomic percent (at %) aluminum
demonstrates significantly increased ultimate compressive
strength and martensitic shear stress. The favorable effects
of aluminum alloying on the bulk nitinol strength can be
attributed to the solid solution hardening of the B2
phase with aluminum atoms. Depending on the compos-
ition and temperature, numerous chemical reactions
between the components have been studied, providing a
deeper understanding of the material’s behavior under
various conditions. The sintering mechanisms of the
TiNiAl system have been thoroughly investigated using
techniques such as X-ray diffraction, elemental analysis,
differential thermal analysis, and electron microscopy.
These studies revealed that the obtained NiTi alloy con-
sists of the TiNi, Ti2Ni, and AlNi2Ti phases, contributing
to the overall improvement in the material’s mechanical
and corrosion resistance properties.6,10

The 2024 aluminum alloy, part of the Al-Cu-Mg series,
is high-strength duralumin with a finely distributed second
phase. Its excellent plasticity makes it ideal for high-load
components like aircraft skins, spars, and ribs. Widely
used in civil and military aviation, it is indispensable in
the industry despite its limited corrosion resistance.11 This
alloy is known for its excellent strength-to-weight ratio
and is commonly used in aerospace applications. Al2024
alloy exhibits good strength, workability, and high fatigue
resistance, making it comparable to other aluminum
alloys. Its lightweight nature makes it preferred in aircraft
components such as wings, pistons, and cylinder heads.12

Previous studies have explored the properties of Al2024
matrix composites produced using different methods and
reinforced with various particles.13 Murth et al. investigated
the effects of granulated blast furnace slag and fly ash on
AA2024 composites produced via the stir-casting route.14

Similarly, Rebba and Ramaniah conducted an experimental

study on the mechanical properties of Al2024 composites
reinforced with molybdenum powders.15 Dey and Biswas
examined the mechanical and tribological properties of
Al2024-SiC and Al2024-TiB2 composites prepared using
the stir casting technique.16 Nuruzzaman et al. explored
the effects of aluminum-aluminum oxide (Al-Al2O3)
metal matrix composites with varying weight percentages
of aluminum oxide reinforcements at different sintering
temperatures.17 Luo and Sun studied the influence of inter-
facial bonding on the tensile fracture characteristics of
boron-fiber-reinforced aluminum (B/Al) composites.18

Heiadarpour focused on aluminum composites reinforced
with the Ti2SC MAX phase, fabricated through friction
stir processing.19 Kumar et al. reported a comparative
study of Al-TiB2 composites produced using different
powder metallurgical techniques.20 Recently, the effects
of various B4C and TiB reinforcements on Al2024 compo-
sites produced by powder metallurgy were detailed.21

In this study, the powder metallurgy method was
employed to produce composite materials with NiTiB
alloy. Powder metallurgy aims to develop high-strength
materials with good compactness through blending, com-
paction, and sintering processes. This study investigates
the impact of NiTiB additions on the densification, micro-
structure, hardness, and corrosion behavior of Al-2024.
Going by the literature references, it is expected that the
addition of NiTiB would likely impact the densification,
microstructure, hardness, and corrosion behavior of
Al-2024 alloy and also improve its mechanical, tribo-
logical, corrosion, and high-temperature properties. In
this study up to 12 wt.% of NiTiB alloy were introduced
to optimize and tailor the overall Al2024 composite. In
this study, the sintered composites were investigated for
densification, microstructural features, and hardness of
these composites. Corrosion tests were then conducted
on composites with superior density and hardness in
3.5% NaCl solution at room temperature to evaluate
their suitability for marine applications. The PM method
adopted for this study offers advantages over other pro-
duction methods for metal matrix composites. One of
the main challenges in MMC production is achieving suf-
ficient wetting between the matrix metal and reinforcing
particles. Poor wetting results in incomplete encapsulation
of reinforcing particles, leading to inadequate bonding at
the interface. The powder metallurgy method provides
better control of interfacial kinetics and increases the
wetting levels at the interface, addressing this challenge.

Materials and methods

Materials
In this study, mechanically alloyed NiTiB nanoparticles
were utilized as reinforcement materials. Nickel (Ni),
Titanium (Ti), and Boron (B) starting powders were
obtained from Aldrich Chemicals with purities of
99.99%, 99.7%, and 99.7%, respectively. The powders
were used as-received without further treatment. The
ball milling process was carried out for 120 hours in a
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planetary ball mill, as previously described by the authors.5

All experiments involving sample handling and mechanical
alloying were conducted under an argon atmosphere. The
Al2024 alloy powders were also used as-received as the
base matrix for the composite preparation. The chemical
composition and properties of the Al2024 alloy are provided
in Table 1 and Table 2, respectively.

Production of composites
The composite materials were produced using the powder
metallurgy method. Initially, NiTiB nanopowders with
weight percentages of 2, 4, 8, and 12 were accurately
weighed and mixed with Al2024 powder. The mixing
process was performed in a drum mixer with 5 mm diam-
eter zirconia balls at a powder-to-ball weight ratio of 8:1.
The mixer was rotated at a speed of 300 rpm for 20 hours.
The primary reason for using zirconia balls instead of con-
ventional stainless steel balls in ball milling is their super-
ior hardness, which results in minimal wear and tear.
Additionally, zirconia balls prevent ferrous contamin-
ation, ensuring a purer milling process.

In the next stage, the composite mixtures were com-
pacted in a steel mold under a pressure of 750 MPa. The
resulting samples had a diameter of 16 mm and a length
of 20 mm. Finally, the composite samples were subjected
to a sintering process in a heat treatment furnace. The sin-
tering was carried out at a constant temperature of 575 °C
for a duration of 90 minutes, completing the production
process of the composite samples.

Microstructure and phase analysis
XRD analysis was conducted on both the nano NiTiB
powders and the NiTiB-reinforced Al2024 composites
to investigate potential phase changes resulting from the
production process. The XRD measurements utilized
Cu-Kα radiation (k= 1. 54 Å) with an anode voltage of
40 kV and an anode current of 30 mA. Data collection
was performed in the 2θ range from 10° to 90°, with a
scanning rate of 4°/min. The crystalline phases were

identified by referring to the International Center for
Diffraction Data (ICDD) powder diffraction files.

Furthermore, optical microscope, scanning electron
microscope (SEM) analysis, and EDX analysis were con-
ducted to examine the microstructures and elemental com-
position of the NiTiB-reinforced Al2024 composites.
These techniques allowed for the characterization and
visualization of the composite’s internal structure, as
well as the identification of the elemental constituents
present in the material.

Density and porosity
The theoretical densities were calculated three times for
each sample on a WSA224 balance according to
Archimedes’ principle using ASTM B962-15 standard
and Equation (1).22

ρc =
w

w− wt
× ρw (1)

where ρc is the density of the produced sample, ρw is the
density of pure water, w is the weight of the composite in
air and wt is the weight of the composite in water. After
the experimental densities were found, the theoretical
density of bulk structures varying according to the sec-
ondary reinforcement ratio was calculated from the rule
of mixtures according to Equation (2).23

ρt = (ρm × wt%)+ (ρr × wt%) (2)

where ρm is the theoretical density of the sample and ρr is
the density of the reinforcement particle.

Porosity values were also calculated from Equation (3).
Calculations were made using experimental and theoret-
ical densities.22

Porosity(%)=Theoreticaldensity−Experimentaldensity

Theoreticaldensity

×100

(3)

Hardness tests were performed three times for each
sample with Shimadzu HMV-G21 microhardness tester.
After each test, the average diagonal size of the traces
was found with 400x magnification and calculated
according to the Equation (4).

HV= 1.8544F/d2 kg /mm2 (4)

The HV number is calculated by the ratio F/A, where F
represents the force applied to the diamond in kilograms-
force, and A is the surface area of the resulting indentation
in square millimeters.

A= d2 / 2sin
136 ◦

2

( )
(5)

which can be approximated by evaluating the sine term to
give,

A≈ d2 / 1.8544 (6)

Table 1. Chemical composition of Al 2024 alloy.

Weight Cu Mg Mn Si Fe Zn Ti Cr Al

% 4.00 1.50 0.60 0.50 0.50 0.25 0.15 0.10 Rest

Table 2. Properties of Al20224 alloy.

Density (g/cm3) 2.77

Young’s Modules (GPa) 73

Shear Strength (MPa) 285

Strength Weight Ratio (KN-m/Kg) 177

Ultimate Tensile Strength(MPa) 490

Yield Tensile Strength (MPa) 350

Thermal Conductivity (W/m-K) 120

Hardness (Brinell) 120
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where d is the average length of the diagonal left by the
indenter in millimeters. Hence,

HV = F/A = 1.8544F/d2 (7)

where F is in kgf and d is in millimeters.
The tests were carried out with static load for 15

seconds under 5, 10, and 50 g load. Since the hardness
values showed similar values for the secondary particles,
only the matrix hardness was calculated.

Corrosion tests
Electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization tests were conducted
using a potentiostat/galvanostat (Gamry Interface
1010E Gamry Instruments Inc. 72 Warminster, PA,
USA) to evaluate the corrosion resistance of the fabri-
cated composites. The experiments were performed at
room temperature (23± 2 °C) with an average humidity
of 60± 23%. Each test was repeated three times to
ensure accuracy and reliability. Prior to the tests, the
samples underwent polishing using 2500 grit abrasive
paper and were subsequently cleaned with ethanol for
5 minutes after mirror polishing with a 1 μm diamond
suspension.

The electrochemical experiments were carried out in a
polycarbonate test chamber using a 3-electrode system. A
graphite rod served as the counter electrode, while a satu-
rated calomel electrode (SCE) was used as the reference
electrode. The composite samples served as the working
electrode. The exposed surface area of the composites
was 0.78 cm² for all electrochemical tests. Before the elec-
trochemical experiments, the composites were immersed
in a 3.5% saline solution, simulating the composition of
seawater, for 20 minutes to stabilize the open circuit
potential (OCP).

The stability of the composites without polarization
was evaluated by monitoring the OCP over time.
Following 20 minutes of OCP measurement, potentiody-
namic polarization tests were conducted at a scan rate of
1 mV/s within the range of ±0. 5 V relative to the OCP.
The corrosion potential (Ecorr), corrosion current (icorr),
Anodic Tafel Slope (βa), and Cathodic Tafel Slope (βc)
values were obtained from the resulting polarization
curves. The corrosion rate was calculated according to
the ASTMG102 standard using Equation (8), where
Ecorr represents the corrosion potential (V), icorr is the cor-
rosion current density (μA/cm²), EW denotes the equiva-
lent weight, ρ represents the density, K1 is a constant
value for mm/year, and CR corresponds to the corrosion
rate.24

CR = K1icorr
EW

ρ
(8)

Polarization resistance was also calculated according to
the Stern Geary equation as given in Equation (9).25

Here icorr is the corrosion current density (A/cm2), Rp is

the polarization resistance (ohms.cm2), ßa and ßc are the
anodic and cathodic Tafel slope (volts/decade).

icorr = 1

2.303Rp

ßaxßc

ßa+ ßc

( )
(9)

To ensure consistent testing conditions and stabilize the
samples, all samples were subjected to sanding with
2500 grit sandpaper and polishing with a 1 micrometer
solution after the potentiodynamic polarization tests.
This step aimed to restore the surface condition and
remove any potential artifacts resulting from the polariza-
tion tests.

To maintain test consistency and allow for sample sta-
bilization, the samples were immersed in a 3.5% solution
for 20 minutes before conducting the electrochemical
impedance spectroscopy (EIS) tests. EIS tests were per-
formed using a sinusoidal wave intensity of 10 mV
within the frequency range of 0. 2 Hz to 100 kHz. The
EIS technique is a nondestructive method that provides
valuable information about the corrosion behavior of
materials. However, it is important to standardize the
testing conditions and minimize potential influences
from previous tests to ensure accurate and reliable results.

To determine the mechanical values of composite
materials, hardness measurements, pressure tests, and
abrasive wear tests were carried out. Mechanical tests
and measurements were carried out in an open atmosphere
under normal conditions. The methods and parameters of
the mechanical tests performed are given separately in the
“Results and Discussion” section.

Results and discussion

XRD analysis
The XRD analysis of the mechanically alloyed NiTiB
nanoparticles after 120 hours of milling revealed the pres-
ence of Ni21Ti2B6 phases, indicating successful synthesis
without impurities. However, some amorphization was
observed due to the plastic deformations during the
milling process. Mechanical alloying involves cold
welding, flattening, and fracturing of the starting
powders, resulting in deformation hardening and reduc-
tion in crystallite size.26 The crystallite size and lattice
strain of the milled powders were calculated using the
Williamson-Hall Equation, yielding values of 5.8 nm
and 1.521%, respectively.

It is known that increased milling time leads to both
powder particle refinement and grain refinement.
Consequently, nanometer-sized particles are achieved
with prolonged milling periods. Depending on the mater-
ial and processing conditions, crystallite sizes typically
range from 5 to 50 nm. This refinement enhances the
material’s properties, making it more suitable for
various advanced applications. Additionally, extended
milling can improve the uniformity and distribution of
the particle sizes, contributing to the overall consistency
of the final product.27
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The XRD patterns of the as-sintered Al2024 matrix
and the nano NiTiB-reinforced composites were also ana-
lyzed. The unreinforced Al2024 samples exhibited peaks
corresponding to the Al and CuAl2 phases, consistent with
previous studies. The XRD patterns of the composites
showed the presence of Al3Ni, AlCu, Al7Cu4Ni, as well
as Al and Al2Cu phases. With increasing amounts of
reinforcement powders, the peaks corresponding to
Al3Ni, AlCu, and Al7Cu4Ni became sharper, indicating
improved crystallinity. In contrast, the peak intensities
and broadening of the Al and Al2Cu phases decreased
as the NiTiB content increased. These findings suggest
the successful incorporation of nano NiTiB reinforcement
into the Al2024 matrix, leading to structural modifications
in the composite materials.

Microstructural observations
The SEM images of the nano NiTiB powders are shown in
Figure 2, displaying a homogeneous and uniformly dis-
tributed NiTiB phase. The particle morphologies mainly
exhibited spherical shapes, with some irregular shapes
within the particle size distribution of 5–70 μm. As
expected, long milling times of around 120 hours have
significantly reduced the sizes of the initial powders.
The powders obtained at the end of milling do not show
significant differences due to deformation hardening and
exhibit similar morphological structures.27 The EDX
images further confirmed the formation of NiTiB
without any impurities.

To investigate the microstructures of Al2024/NiTiB
composite materials, both optical and SEM studies were
conducted to capture images at different magnifications.
Firstly, SEM pictures with 500×magnification, as
shown in Figure 3, were taken to examine the distribution
of NiTiB reinforcement particles within the Al2024
matrix.

The SEM images in Figure 3 show that the NiTiB
nanocrystalline particles appear brighter within the com-
posite structures. As the NiTiB content increases in the
composites, a more homogeneous distribution of NiTiB
is achieved. However, there is also evidence of localized
agglomeration of the reinforcement with higher NiTiB
content in the aluminum matrix. This agglomeration phe-
nomenon is commonly observed in particle-reinforced
metallic composites and has been reported in previous
studies.28 It is worth noting that the agglomeration of
NiTiB particles in the composite structure contributes to
increased void formation. Similar observations have
been reported in the literature.29 Furthermore, an increase
in the particle reinforcement content within the composite
structure leads to an increase in porosity. These findings
highlight the structural characteristics and behavior of
the NiTiB-reinforced composites, emphasizing the need
for careful control of the reinforcement content to minim-
ize agglomeration and porosity for optimal composite
performance.30,31

Considering the homogeneous distribution of the
reinforcement materials within particle-reinforced metal-
lic composites, the powder metallurgy technique is gener-
ally acknowledged to be more advantageous compared to
other methods, as supported by existing literature.32,33 To
assess the presence and distribution of structural elements
within the composite, EDX analysis was performed, and
the SEM elemental mapping images showing the distribu-
tion of elements within the structure are presented in
Figure 4. These images provide valuable insights into
the spatial arrangement and dispersion of different ele-
ments within the composite.

Upon examining the EDX analysis and SEM mapping
images in Figure 4, it is evident that the primary alloying
element copper (Cu) of the matrix material Al2024 and
the important alloying element magnesium (Mg) are
detected within the structure. Additionally, the elemental

Figure 1. XRD patterns of the (a) Reinforcement nano NiTiB powder, (b) Unreinforced Al2024 matrix and Composite samples.
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composition corresponding to the nanocrystalline NiTiB
reinforcement is also clearly identified. However, due to
the atomic structure characteristics, the detection of
boron (B) is not sufficient with these analyses.

The sintering temperature of 575°C and sintering time
of 90 minutes employed in the powder metallurgy produc-
tion process are found to be adequate based on a detailed
analysis of the composite structure. The SEM images in
Figure 3 indicate the absence of porosity at the interfaces
between the Al2024 matrix and the NiTiB reinforcement,
suggesting favorable wetting between the two materials.
To further investigate the matrix-reinforcement interface
and assess the effect of sintering on the Al2024 matrix,
additional SEM images in Figure 5 are presented.

It is to be noted in this context that it is unlikely to have
any other possible reactions between NiTiB and Al2024
during sintering at 575 °C. The reason is that sintering
typically involves heating a material below its melting
point to promote densification and bonding between par-
ticles. At this temperature range, the individual alloy com-
ponents are not expected to undergo significant chemical
reactions with each other.

Upon close examination of the SEM images presented
in Figure 5, it is evident that the Al2024 matrix material
and the NiTiB nanocrystalline reinforcement exhibit satis-
factory wetting, with no apparent porosity formation at the
matrix-reinforcement interfaces. However, occasional

small voids are observed between the Al2024 particles.
The interfacial lines between the Al2024 particles indicate
significant neck and bond formation. To mitigate the pres-
ence of these minimal voids, it is suggested that future
studies consider increasing the sintering temperature
and/or duration to enhance the elimination of these voids.

Mechanical properties
Density and hardness measurements. The presence of por-
osity has a significant influence on mechanical properties
such as hardness and wear resistance. Figures 6 and 7
illustrates the experimental density, theoretical density,
and relative density values of the composites. It can be
observed that the theoretical density increases with
higher particle reinforcement due to the higher density
of the NiTiB particles, as shown in Figure 7. The experi-
mental density for the undoped Al2024 sample was deter-
mined as 2. 23 g/cm3, while it increased to 2. 38 g/cm3

and 2. 41 g/cm3 for the 2% and 4% doped samples,
respectively. However, despite the higher secondary par-
ticle content, the densities were measured as 2. 42 g/cm3

and 2. 44 g/cm3 for the 8% and 12% doped samples,
respectively, due to low cohesion.

These results indicate that the addition of NiTiB ini-
tially enhances the coalescence rate of aluminum grains.
However, as the agglomeration effect and the proportion

Figure 2. SEM and EDX images of the nano NiTiB powders.
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of hard particles increase, the porosity value also increases
due to the difficulty of achieving a strong bond with the
aluminum matrix.34

Table 3 presents the matrix microhardness values
obtained under static loads of 5, 10, and 50 g. The influ-
ence of the NiTiB particle content and porosity on the
hardness is evident. Particularly, in the 2% and 4%
doped samples with high theoretical density, the hardness
values increased significantly from 47.12 HV to 66.3 HV
and 84.1 HV, respectively, under a 5 g load. This can be
attributed to the deformation-hardening effect of the NiTiB
particles. Similar increases in hardness were observed for
the 10 g and 50 g loads.35 However, as the NiTiB content
increased, agglomeration occurred, hindering the coales-
cence of the Al2024 grains under pressure and resulting in
lower density. Consequently, the matrix exhibited altered
behavior against loads, leading to a decrease in hardness.

Compressive strength. Compression tests were performed
on NiTiB fiber-reinforced composite structures using a
hydraulic compression machine at a loading rate of
2400 N/s to determine their compressive strength
values. The obtained values are presented in Table 4
and the graph constructed based on these values is
shown in Figure 8.

The graph clearly indicates that the addition of NiTiB
reinforcement initially enhances the compressive strength
of the composite materials. Compared to the pure Al2024
matrix, the specimen reinforced with 2% NiTiB exhibits a
2% increase in compressive strength, while the specimen
reinforced with 12% NiTiB shows a significant 13%
increase. This improvement in strength can be attributed
to various strengthening mechanisms in particle-reinforced
composites.

During the sintering heat treatment process, the Al2024
matrix and NiTiB reinforcement materials exhibit differ-
ent thermal expansion behaviors. This significant differ-
ence in thermal expansion creates dislocations at the
interfaces, resembling particle pinning. The smaller
grain size and higher hardness of the reinforcing particles
lead to an increase in dislocation density, thereby enhan-
cing the mechanical strength of the composite. These find-
ings align with similar results reported in the literature.36

Furthermore, the successful bonding between the matrix
and reinforcement, as observed in the microstructure ana-
lysis, plays a crucial role in determining the mechanical
strength of the composite. The strength of the interfacial
bonding directly influences the overall mechanical strength
of the composite. Therefore, the presence of strong inter-
facial bonding, as supported by the obtained compressive
strength values, reinforces the proposition made earlier.

Figure 3. Al2024/NiTiB composite structures reinforced with (a) 2%, (b) %4, (c) %8, (d) %12 NiTiB.
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In conclusion, the addition of NiTiB reinforcement not
only enhances the mechanical strength of the composites
but also highlights the importance of interfacial bonding
for achieving optimal mechanical performance.

Corrosion behavior
Figure 9 shows the open circuit potential curves of
Al2024/NiTiB composites measured in 3.5% NaCl solu-
tion for 1200 seconds as a function of time. OCP measure-
ments are a simple way to monitor corrosion behavior in a
system. OCP measures the resting potential between a
working electrode and the environment relative to a refer-
ence electrode. High OCPs indicate a system is more

likely to undergo reduction, as it takes up electrons
instead of losing them. Conversely, a dropping OCP sig-
nifies oxidation and the accumulation of negative charges.
Long-term OCP changes reflect shifts in the corrosion
system due to alterations in anodic and cathodic reactions.
The more positive values of the open circuit potential are
associated with higher corrosion resistance.37 As shown in
Figure 9, the Al2024 pellet with the lowest corrosion
potential has the lowest corrosion resistance in a 3.5%
NaCl solution. In addition, the OCP values of Al2024
and 2% NiTiB added composites showed a continuous
trend towards a more negative value within 20 minutes.
This is due to the penetration of the corrosive environment
on the surface of these materials and the inability of

Figure 4. EDX analysis and elemental distribution of Al2024/NiTiB composite structure.
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corrosive layers such as Al2O3 and TiO2 to provide suffi-
cient protective effect.38

The OCPs of the composites containing 4%, 8%, and
12% NiTiB exhibit higher values compared to Al2024
and Al2024+ 2%NiTiB composition. The abrupt
decrease in potential observed in the 8% and 12% rein-
forced samples can be attributed to the corrosive behavior
resulting from the inhomogeneity of the composites and

the gaps between the domains of aluminum and NiTiB.
In the 12% NiTiB sample, the reduction behavior initially
falls sharply, then temporarily recovers, and subsequently
declines again until it reaches a steady value. These erratic
trends indicate inconsistencies within the composite
matrices. However, these composites demonstrate stable
behavior after 500 seconds, indicating an increase in pas-
sivation.39 The SEM photograph in Figure 9 confirms that

Figure 5. Detailed view of the matrix-reinforcement interface surface.

Figure 6. Relative density values of the Al2024/NiTiB nanocomposites with different amounts of NiTiB.
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the NiTiB particles exhibit optimal bonding behavior with
the Al2024 surface in the 4% reinforced sample, contrib-
uting to its high passivation behavior. This sample also
exhibits the highest corrosion resistance in a stable solu-
tion, as evidenced by its highest open circuit potential.
The higher corrosion potential compared to the 8% and
12% reinforced samples can be attributed to the secondary
particles, which are less agglomerated and more homoge-
neously distributed, thus minimizing micro-galvanic

effects.40 Figure 10 illustrates the potentiodynamic polar-
ization curves of the Al2024 alloy and NiTiB-doped
samples, and the corresponding values calculated from
the anodic and cathodic polarization curves are presented
in Table 3. Higher corrosion potential (Ecorr) and polar-
ization resistance (Rp) indicate greater corrosion resist-
ance, while lower corrosion current density indicates
higher corrosion resistance.41 From Figure 10 and
Table 5, it can be observed that the pure Al2024 alloy
exhibits the lowest Ecorr value of −1. 128 V and the
highest icorr value of 88.44 μA/cm2, indicating the
lowest corrosion resistance. Similarly, the Rp value is
also the lowest for the pure Al2024 alloy. This suggests
that the incorporation of TiB2 reinforcement into the alu-
minum alloy reduces the corrosion rate by promoting the
formation of a protective passive film.41 Additionally,
TiB2 provides good adhesion to the grain boundaries,
reducing defect formation and preventing intergranular
corrosion.42

While examining Table 5 and Figure 10, it is evident
that the 4% NiTiB-doped sample exhibits the lowest cor-
rosion rate and the highest corrosion resistance. The SEM
photograph in Fig. 3 reveals a more homogeneous distri-
bution of NiTiB particles in the 4% doped sample. This
homogeneous distribution prevents the breakdown of
the passive film by filling the gaps between the particles.
On the other hand, with an increase in the NiTiB content,
agglomeration occurs, leading to a decrease in corrosion
potential, an increase in corrosion current density, and a
gradual decrease in polarization resistance due to micro-
galvanic effects.40,41 However, despite the reduction in

Table 4. Compressive strength values of the Al2024/NiTiB

composites.

Sample Compressive strength (N/mm2)

Al2024 266,0000

Al2024+%2 NiTiB 271,2000

Al2024+%4 NiTiB 283,3000

Al2024+%8 NiTiB 296,9000

Al2024+%12 NiTiB 301,2000

Figure 7. Theoretical and experimental density values of the Al2024/NiTiB nanocomposites with different amounts of NiTiB.

Table 3. Vickers microhardness values of the Al2024/NiTiB

composites.

Sample HV0.005 HV0.01 HV0.05

Al2024 47.12 41.15 38.23

Al2024+%2 NiTiB 66.3 66.2 54.8

Al2024+%4 NiTiB 84.1 87.4 66.7

Al2024+%8 NiTiB 57.8 59.1 56.2

Al2024+%12 NiTiB 43.3 42.5 42.7
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corrosion resistance due to the inert nature of NiTiB par-
ticles, the doped Al2024 samples still exhibit much higher
corrosion resistance compared to the undoped Al2024
alloy.

Electrochemical impedance spectroscopy (EIS) was
conducted to evaluate the corrosion resistance of the com-
posites after stabilization in a 3.5% saline solution for 20
minutes, consistent with the results obtained from the
potentiodynamic polarization tests and time-dependent
open circuit potential measurements. The Nyquist
curves obtained from EIS measurements, ranging from
100 kHz to 0. 2 Hz, are presented in Figure 11. These
curves were fitted using the equivalent circuit shown in

Figure 12, and the fitting results are summarized in
Table 6. In the equivalent circuit, Q represents the station-
ary phase element, Rp1 and Rp2 represent the primary and
secondary polarization resistances, Cdl represents the
double-layer capacitance, and Rs represents the solution
resistance.

In the Nyquist curves, an increase in the semicircle
diameter is associated with higher corrosion resistance.
As depicted in Figure 11, the composite sample with
4% doping exhibits the highest corrosion resistance.
Additionally, the values of a, which are close to 0.5, indi-
cate that Q can also serve as an indicator of Warburg
impedance. The upward trend of the Nyquist curves

Figure 8. Compressive strength values of Al2024/NiTiB nanocomposites containing different amounts of NiTiB.

Figure 9. Open circuit potentials of composites as a function of time.
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further supports this finding. Warburg impedance reflects
the passivation behavior on the composite surface.43

The composites with 4% and 8% doping display the
highest total polarization resistance and corrosion resist-
ance. This is consistent with the intersection of the poten-
tiodynamic polarization curves and the open circuit
potential, further confirming their superior corrosion
resistance.

Abrasive wear behavior
The abrasive wear tests of Al2024 matrix-based compos-
ite samples reinforced with different proportions of nano-
crystalline NiTiB particles were conducted using the
pin-on-disk method on a 600 mesh abrasive paper with
an applied load of 40 N. It is known that the wear
losses increase or decrease depending on the size of the
abrasive particles and the applied load. Since the main
objective of this study is to investigate the effect of

NiTiB content in the composite structure on the wear
behavior, the abrasive paper size and wear load were
kept constant during the experiments. The experiments
were conducted at a sliding velocity of 1.0 ms−1 and
two different wear distances of 120 m and 240 m
(Table 7). The graph in Figure 13 represents the wear
loss values obtained from the abrasive wear tests.

Abrasive wear occurs when the material in contact with
the abrasive surface is subjected to deformation due to the
applied load and the resulting shearing force, leading to
material removal.43 In Figure 13, it is evident that the add-
ition of NiTiB reinforcement significantly increases the
abrasive wear resistance of the Al2024 composite. At a
wear distance of 120 m, the wear amount for the pure
Al2024 (0% reinforcement) reference sample is
0. 2297 g, whereas it is reduced to 0. 0938 g for the 2%
NiTiB reinforced sample and further to 0. 0502 g for the
12% reinforced sample. This indicates a reduction in
wear loss of 244% for the 2% NiTiB reinforcement and

Figure 10. Potentiodynamic polarization curves of Al2024/NiTiB composites.

Table 5. Electrochemical parameters for polarization curves of the Al2024/NiTiB composites.

Sample Ecorr (V)

icorr

(µA/cm2)

BetaA

(V/decade)

BetaC

(V/decade)

Corrosion Rate

(mm/year)

Polarization Resistance

(Rp)-Ω*cm2)

Al2024 −1.128 88.44 460.5 277.9 0.936 8.51E+ 05

Al2024+%2 NiTiB −1.054 15.079 515.7 197.4 0.199 4.11E+ 06

Al2024+%4 NiTiB −0.722 3.345 374.4 181.4 0.042 1.59E+ 07

Al2024+%8 NiTiB −0.927 5.592 270.6 226.7 0.067 9.58E+ 06

Al2024+%12 NiTiB −0.953 11.425 397.2 177.6 0.130 4.66E+ 06
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Figure 11. Nyquist plots of Al2024/NiTiB composites.

Figure 12. The equivalent electrical circuit used for EIS tests.

Table 6. Equivalent circuit parameters for EIS of the Al2024/

NiTiB composites.

Sample Rs/Ω Q/F.sa−1 a
Rp1+
Rp2/ Ω Cdl/F

Al2024 35.3 0.000255 0.595 1767 0.000658

Al2024+%2

NiTiB

40.29 0.000240 0.773 3786 0.000163

Al2024+%4

NiTiB

38.4 0.000144 0.663 5796 0.000005

Al2024+%8

NiTiB

37.9 0.000095 0.740 4223 0.000432

Al2024+%

12 NiTiB

36.54 0.000265 0.643 3856 0.000003

Table 7. Wear loss values of Al2024/NiTiB composites in

grams.

Sample

120 m Sliding

distance

240 m Sliding

distance

Al2024 0.2297 0.4302

Al2024+%2 NiTiB 0.0938 0.1052

Al2024+%4 NiTiB 0.0703 0.1260

Al2024+%8 NiTiB 0.0687 0.0769

Al2024+%12 NiTiB 0.0502 0.0614

Figure 13. Abrasive wear losses of Al2024/NiTiB nanocom-

posites containing different amounts of NiTiB.
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Figure 14. (a) Worn surfaces of Al2024/NiTiB composites reinforced with (a) 2% (b) 4%, (c) h 8%, (d) 12% NiTiB.

Figure 15. EDX analysis of the worn surface of the 4% NiTiB.
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457% for the 12% NiTiB reinforcement samples. In
particle-reinforced aluminum matrix composites, wear
losses generally decrease depending on the physical prop-
erties of the reinforcement material, particularly its hard-
ness. According to the Archard equation, the wear
resistance of composites is directly related to their hard-
ness (Equation (10)).

S = KWL / H (10)

Here, Q represents the total wear volume, K is a dimen-
sionless constant, W is the total normal load, L is the
sliding distance, and H is the hardness of the softest
contact surfaces. Similar studies have reported a positive
effect of ceramic-based reinforcement elements used in
MMCs on mechanical properties such as hardness.44–46

It is generally observed that wear losses decrease as the
reinforcement content of the hard phase in the matrix
increases. Similar results have also been reported in
various studies examining the wear of metal matrix com-
posites reinforced with ceramic particles.12,45,47–49

However, associating the wear resistance of composites
solely with hardness is not sufficient, and the subject
needs to be approached from different perspectives.50

Abrasive wear is also related to the characteristics of the
reinforcement element as well as the state of the phases
formed within the composite structure.51,52

The obtained wear loss values in this experimental study
appear to be quite successful compared to the literature.
Particularly, the ceramic particles in the composite structure,
which are harder than the matrix material, reduce the
amount of wear. However, the success of wetting and
bonding between the reinforcement particles and the
matrix in the obtained composite structure indicates a
direct relationship between the wear resistance of the com-
posite and these factors. In the section evaluating the micro-
structures of the obtained composites, it was previously
mentioned that the interfacial bonding between the matrix
and the reinforcement was sufficient. The wear loss values
in the abrasive wear tests also support this.

When examining Figure 13, it is evident that the wear
losses of the NiTiB-reinforced composite specimens at a
wear distance of 240 m do not follow the expected doub-
ling trend observed in the pure Al2024 reference speci-
men. The discrepancy can be attributed to the elevated
temperature between the specimen and abrasive surface
due to the increased experimental duration and frictional
effects during the wear tests.

As the duration of the experiment increases, the tem-
perature rises, causing the Al2024 matrix material to
soften. Some of the softened aluminum particles may
remain in contact with the sandpaper surface and/or the
specimen surface without detaching. These particles can
then embed themselves into the scratches and pits
formed on the specimen surface during the wear test.
Consequently, these aluminum particles, which originally
detached from the surface but reattached to it, can affect
the accurate weight measurements conducted at the end
of the experiment, resulting in lower-than-expected wear

loss values. To further investigate the wear behavior of
the composite materials, SEM images were taken from
the surfaces of the specimens that underwent wear
testing at a distance of 240 m. These images are presented
in Figure 14, providing visual evidence of the wear
mechanisms and surface features.

Figure 14 shows characteristic features of abrasive
wear, including wear tracks, surface deformations, micro
and macro cracks, and voids. The abrasive SiC particles
on the sandpaper act as cutting tools and exhibit a
plowing effect on the sample surface during the abrasive
wear experiments. This plowing effect can lead to loca-
lized accumulation of NiTiB reinforcement particles,
resulting in the formation of porous regions where the
SiC particles detach in bulk. This observation aligns
with the unusual wear loss exhibited by the 4% NiTiB
reinforced sample in the graph shown in Figure 13.

Furthermore, it should be noted that in this abrasive
wear test, the primary abrasive agent is the sandpaper,
while the NiTiB reinforcement particles in the composite
also contribute to the wear process by detaching and
scratching the surface, creating a secondary abrasive
effect. As a result, the main wear mechanisms involved
in the test can be identified as micro-cutting, micro-
plowing, and micro-scratching, leading to plastic deform-
ation of the material.53

Additionally, extensive oxidation can be observed on
the surfaces of the composite samples as a result of the
abrasive wear experiments being conducted in an open
atmospheric environment. Aluminum is known to be
highly susceptible to oxidation and undergoes rapid oxi-
dation reactions. The friction generated during the experi-
ments, followed by subsequent cooling, contributes to the
occurrence of oxidation on the worn surfaces of the com-
posite samples. To clarify this phenomenon, an EDX ana-
lysis of the worn surface of the 4% NiTiB-reinforced
Al2024 composite is provided in Figure 15.

To further investigate this phenomenon, an EDX ana-
lysis of the worn surface of the 4% NiTiB-reinforced
Al2024 composite is provided in Figure 15. This analysis
enables the identification and mapping of the elemental
composition on the surface. By examining the elemental
distribution, potential insights into the oxidation process
during abrasion, as well as the presence of various ele-
ments on the composite surface after abrasive wear, can
be suggested.

Conclusions
The results obtained from this experimental study are
summarized as follows:

1. NiTiB-reinforced Al2024 matrix composites were
successfully produced using the powder metallurgy
technique, with adequate wetting and bonding
between the matrix material and nanocrystalline
NiTiB particles.

2. Increasing the NiTiB content improved the homogen-
eity of the composite structure, but some

Pul et al. 15



agglomerations and pore formations were observed to
a minor extent.

3. The composite samples with 2% and 4% NiTiB
doping exhibited the highest relative density and
minimal porosity, resulting in improved mechanical
properties.

4. Hardness tests showed that the 4% NiTiB reinforced
composite had the highest hardness with an average
of 80 HV among all specimens and loads, demon-
strating the strengthening effect of the reinforcement
particles.

5. Open circuit potential measurements indicated that the
4% NiTiB doped composite exhibited the highest cor-
rosion resistance, while the undoped Al2024 sample
showed the lowest corrosion potential.

6. Potentiodynamic polarization tests confirmed that the
4% doped composite had the highest corrosion poten-
tial and the lowest corrosion current density, indicat-
ing its superior corrosion resistance.

7. Electrochemical impedance spectroscopy tests sup-
ported the findings of the potentiodynamic polariza-
tion tests, with the 4% doped composite showing
the highest polarization resistance.

8. NiTiB reinforcement resulted in increased hardness
and compressive strength of the composites, demon-
strating the strengthening effect of the reinforcement
particles. The highest compressive strength of 301.2
N/mm2 was measured from 12% NiTiB reinforced
composite.

9. The addition of NiTiB reinforcement significantly
improved the wear resistance of the composites, redu-
cing wear losses compared to the pure Al2024
sample. The wear loss was reduced by 244% with
2% NiTiB reinforcement and 457% with 12%
NiTiB reinforcement.

10. Increasing the wear distance did not lead to a propor-
tional increase in wear losses, likely due to the soften-
ing of the Al2024 matrix material and the re-adhesion
of detached particles during the wear test.

In conclusion, the addition of NiTiB reinforcement in the
Al2024 matrix improved the mechanical and corrosion
properties of the composites, while also enhancing wear
resistance. The optimal reinforcement content was found
to be 4%, which exhibited the highest corrosion resist-
ance, hardness, and wear resistance among the tested
compositions.
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