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ABSTRACT

KEYWORDS

In this study, Fe,O;-Al reactive composite samples containing different concentrations of TiO,
nanoparticles (0.1, 0.2, 0.3, 0.4, and 0.5 wt%) were prepared through ultrasonic mixing
followed by thermite combustion in sand molds. Before nanoparticle incorporation, the
optimum Fe,05:Al ratio was determined as 3:1, which produced the highest iron yield (116.2 g)
with a reaction time of 26.43 s, falling within the industrially desirable range of 23-28 s. X-ray
diffraction (XRD) analysis revealed that the base sample primarily consisted of o-Fe and
a-Al,Os phases, while TiO,-containing samples exhibited additional peaks associated with FeTi
and Fe,Ti intermetallic compounds. Field-emission scanning electron microscopy (FESEM)
coupled with energy-dispersive spectroscopy (EDS) confirmed a uniform nanoparticle
distribution up to 0.4 wt%, whereas noticeable agglomeration was observed at 0.5 wt%.
Mechanical characterization demonstrated that the sample containing 0.4 wt% TiO, exhibited
the highest density (7.81 g/cm’, corresponding to a 21.7% increase), hardness (293 HV, 36.3%
increase), tensile strength (665 MPa, 35.2% increase), and compressive strength (732 MPa,
18.6% increase). Furthermore, the maximum impact energy (265 J, representing a 61.6%
increase) and the highest wear resistance (30% reduction in wear depth) were achieved at the
same nanoparticle content. The observed improvements are attributed to combined
strengthening mechanisms including grain refinement, Orowan strengthening, crack deflection,
and thermal mismatch effects.

© 2026 The Authors. Published by Synsint Research Group.
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1. Introduction

The relatively low strength and toughness of the weld zone remain
major challenges in thermite rail welding applications. This limitation
has motivated considerable research efforts aimed at improving the
mechanical performance of thermite welds through the incorporation of
alloying elements and reinforcing phases capable of refining the
microstructure or reducing casting-related defects [1-3]. Although the
addition of alloying elements has resulted in some improvements in
mechanical performance, achieving simultaneous enhancement of

strength and toughness remains a significant challenge [4, 5].
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In recent years, nanoparticle incorporation has emerged as an effective
approach for improving the mechanical properties of welded structures.
Reducing particle dimensions to the nanoscale substantially increases
the surface-area-to-volume ratio, resulting in stronger interactions with
the surrounding metallic matrix [6, 7]. Furthermore, nanoparticles can
serve as heterogeneous nucleation sites during solidification, leading to
grain refinement and consequently improving both strength and
toughness. Several studies have reported beneficial effects of
nanoparticle additions on the microstructural and mechanical properties
of welded joints [8]. However, the tendency of nanoparticles to
agglomerate remains a major challenge because non-uniform

dispersion can adversely affect the resulting properties.
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Among the various reinforcing nanoparticles, titanium dioxide (TiO,)
is considered particularly attractive for improving weld microstructures
and mechanical performance because of its high thermal stability,
elevated melting point (1843 °C), and its ability to promote
intragranular ferrite nucleation [9, 10]. Ramkumar and Natarajan [11]
reported significant microstructural refinement and improved
mechanical properties in gas tungsten arc welded A13003 alloy joints
containing TiO, nanoparticles. Similarly, previous studies involving
electrode welds have demonstrated considerable increases in tensile
strength and hardness following TiO, nanoparticle incorporation [12].
Beyond conventional arc welding applications, extensive studies have
been conducted on Fe,O;- TiO,-Al systems using various combustion
synthesis approaches [13, 14]. Yeh and Ke [15] demonstrated that fine
particles can hinder dislocation movement through the Orowan
strengthening mechanism while simultaneously improving fracture
toughness through crack deflection. However, excessive reinforcement
content resulted in particle agglomeration and subsequent deterioration
of mechanical performance.

Mousavian et al. [16] employed the heat generated from the Fe,0;-Al
reaction as a localized thermal source to facilitate TiO, reduction
kinetics, whereas mechanical activation increased the contact area
between reactants, thereby enabling reaction completion at lower
temperatures. Kobyakov and Kovalev [17] reported the formation of
TiFe and TiFe, phases according to the Fe--Ti phase diagram. Li et al.
[18] investigated ferrotitanium alloys prepared through solid-solution
strengthening, while Meng et al. [19] utilized TiC as an interlayer
material and achieved controlled phase separation through centrifugal
processing. Wang et al. [20] proposed a melt-dispersion mechanism
indicating that reducing particle size to the nanoscale significantly
accelerates reaction kinetics. Mashayekh and Baharvandi [21] reported
a transition in diffusion mechanisms from grain-boundary diffusion to
volume diffusion and identified the formation of solid solutions as
beneficial for improving material properties.

Although TiO, nanoparticles have been extensively investigated in
conventional welding systems and combustion synthesis processes,
their influence on thermite-derived Fe,O;-Al reactive composites
remains largely unexplored. In particular, limited attention has been
given to achieving simultaneous enhancement of strength and
toughness through nanoparticle reinforcement under the rapid heating
and solidification conditions associated with thermite processing.
Therefore, the present study investigates the effects of different TiO,
nanoparticle concentrations (0.1, 0.2, 0.3, 0.4, and 0.5 wt%) on the
microstructural characteristics and mechanical properties of Fe,03-Al

reactive composites.

2. Materials and methods

2.1. Raw materials

The characteristics of the raw materials and their source are listed in
Table 1.

2.2. Determination of the optimum Fe;0; ratio

The selection of the optimum Fe,0;:Al ratio in this study is supported
by established principles of thermite reaction kinetics and industrial
welding practice. The thermite reaction between iron oxide and
aluminum is known to proceed with adiabatic temperatures frequently
exceeding 3000 K, ensuring complete melting of the produced iron and
facilitating proper weld formation [1, 3]. However, the reaction
behavior is highly sensitive to the fuel-to-oxidizer ratio, as deviations
from the stoichiometric balance can significantly affect the energy
release, reaction completeness, and weld quality [5, 8].

The observed reaction time of 26.43 s for the 3:1 ratio falls within the
typical duration range for conventional thermite welding operations,
where the exothermic reaction generally completes within several
seconds to approximately 30 s [2, 6]. Comparable reaction times have
been reported for standard rail thermite welding processes, confirming
that the selected ratio yields a practically acceptable reaction rate [5, 8].
Furthermore, previous investigations have demonstrated that the Fe,O;-
Al system exhibits distinct exothermic stages and that the overall
reaction kinetics are influenced by factors such as particle size, mixing
homogeneity, and initial temperature [9, 10]. The relatively rapid yet
controlled reaction observed at the 3:1 ratio in the present work is
consistent with these kinetic characteristics and aligns with the
industrial preference for a reaction time that balances sufficient heat
generation with manageable casting conditions [4, 6]. These
comparisons confirm that the selected 3:1 ratio and the resulting
reaction time of 26.43 s are appropriate and consistent with both
fundamental thermite reaction characteristics and established industrial

practices.

2.3. Preparation of TiO;-containing composites

Following identification of the optimum Fe,O; ratio, TiO,
nanoparticles were incorporated into the selected composition (3:1
ratio) at concentrations of 0.1, 0.2, 0.3, 0.4, and 0.5 wt%.

The powders were mixed in cyclohexane using ultrasonic agitation to
promote homogeneous nanoparticle distribution. After drying, the

resulting mixtures were used for subsequent sample fabrication.

Table 1. Raw material specifications.

Raw material Purity (wt%) Awv. particle size

Supplier/source

Function/role

Iron(III) oxide 98.5% 350 um Local provider (Iran) Primary oxidizer in the thermite reaction
(Fey03) (source of oxygen and iron)
Aluminum (Al) 99.9% 450 pm Local provider (Iran) Metallic fuel and reducing agent in the
thermite reaction
Titanium dioxide 99.5% 50 nm US Research Reinforcing phase to promote the formation of

(TiO,) nanoparticles

Nanomaterials, Inc.

FeTi/Fe,Ti intermetallic compounds and improve
mechanical properties
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2.4. Preparation of bulk samples

Bulk samples were fabricated using sand molds. Approximately 200 g
of each powder mixture was placed into the mold cavity, and the
thermite reaction was initiated using a sparkler.

Following complete cooling, the solidified products were
removed from the molds and cleaned. Preliminary experiments
using alumina tubes resulted in thermal-shock-induced cracking;
therefore, sand molds were employed throughout the experimental
procedure.

2.5. Microstructural characterization

Phase identification was carried out using X-ray diffraction (XRD)
analysis with a Philips PW1730 diffractometer employing Cu—Ka
radiation.

Microstructural observations were conducted using field-emission
scanning electron microscopy (FESEM, TESCAN MIRA3) equipped
with an energy-dispersive spectroscopy (EDS) detector for elemental
characterization.

2.6. Mechanical characterization

Vickers hardness measurements were performed according to ASTM
E92 using a load of 10 kgf and a dwell time of 15 s. Tensile tests were
carried out according to ASTM ES8 at a crosshead speed of 5 mm/min,
whereas compression tests were conducted according to ASTM E9.
Charpy impact testing was performed according to ASTM E23. Wear
behavior was evaluated using a pin-on-disk apparatus according to
ASTM G99 under an applied load of 20 N and a rotational speed of
200 rpm.

All experiments were conducted at room temperature. At least three
specimens were tested for each condition, and the obtained results are
reported as mean + standard deviation.

3. Results and discussion

3.1. Determination of the optimum Fe;0; ratio

Prior to nanoparticle addition, the optimum Fe,O; ratio was determined
through measurements of reaction time and iron yield. The
experimental results are summarized in Table 2. Among the
investigated compositions, the Fe,O; ratio of 3:1 exhibited the highest
iron yield (116.22 g) together with a reaction time of 26.43 s, which
lies within the desirable industrial range of 23-28 s [5]. Consequently,
this composition was selected as the optimum ratio for subsequent
experiments.

Table 2. Reaction time and iron yield for different Fe,O; ratios.

Ratio Reaction time(s) Iron yield (g)
1:1 15.69+1.2 105.5
2:1 19.73+1.5 108.3
3:1 26.43+1.8 116.22
4:1 31.24+2.1 110.5

3.2. Phase analysis by XRD

X-ray diffraction patterns obtained for the base sample (0 wt% TiO,)
and the sample containing 0.3 wt% TiO, are presented in Fig. 2. The
diffraction pattern of the base sample reveals dominant peaks
corresponding to o-Fe and a-AlL,O; phases. In addition, a relatively
weak peak is observed at approximately 37.5 °, indicates the presence
of y-Al,O;, which may be associated with localized rapid cooling
conditions during solidification [20].

Following TiO, nanoparticle incorporation, additional diffraction peaks
appear. A peak at approximately 25.4 ° corresponds to anatase TiO,.
Furthermore, peaks observed at approximately 35.4 ° and within the
range of 50-52 ° are attributed to FeTi and Fe,Ti intermetallic phases,
respectively [21, 22]. The TiO,-containing sample also exhibits slightly
increased a-Al,O; peak intensity together with broadening of the Fe
(110) diffraction peak at 44.7 °. Such peak broadening is commonly
associated with grain refinement and residual lattice strain within the

material.

3.3. Density and hardness

Density measurements exhibited a progressive increase from
6.42 g/em’® for the base sample to a maximum of 7.81 g/em’ at
0.4 wt% TiO,, corresponding to a 21.7% improvement, followed by a
slight reduction to 7.78 g/cm’® at 0.5 wt%. This notable densification
cannot be attributed simply to the addition of lower-density TiO,
(~4.23 g/cm®), but rather to the in-situ formation of high-density FeTi
and Fe,Ti intermetallic phases (6.5-6.7 g/cm’) during the thermite
reaction. These intermetallic compounds effectively fill the
interdendritic shrinkage porosities and micro-voids inherently present
in cast iron structures. Concurrently, the uniformly dispersed
nanoparticles and the resulting intermetallic particles act as
heterogeneous nucleation sites, promoting grain refinement that
minimizes large void formation during rapid solidification. The slight
density decrease at 0.5 wt% signals the onset of nanoparticle
agglomeration, where excessive surface energy drives particle
clustering, trapping gas and impeding melt flow, thereby introducing
localized porosity and non-uniform packing.

Fig. 1. Photograph showing cracking of an alumina tube mold due to

thermal shock during thermite reaction.
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Hardness followed a remarkably similar trend, increasing from 215 HV
in the base sample to a peak of 293 HV at 0.4 wt% TiO, (a 36.3%
enhancement), before declining to 284 HV at 0.5 wt%. This
improvement arises from the synergistic activation of multiple
strengthening mechanisms. First, the uniform dispersion of hard TiO,
nanoparticles and FeTi/Fe,Ti intermetallic particles acts as formidable
obstacles against dislocation motion through the Orowan strengthening
mechanism, where the minimized interparticle spacing at optimal
concentrations  substantially increases the stress required for
dislocations to bypass these barriers. Second, the refined grain
structure, resulting from enhanced heterogeneous nucleation,
contributes through the Hall-Petch relationship, where the increased
density of grain boundaries effectively impedes dislocation slip. Third,
the coefficient of thermal expansion mismatch between the iron matrix
(~11.8 x 10° K') and the reinforcing phases induces significant
thermal residual stresses during rapid cooling, generating a high
density of geometrically necessary dislocations around particles,
thereby inducing localized work hardening. Fourth, the reduced

porosity ensures that the applied load is efficiently transferred through

a continuous, pore-free matrix to the reinforcing phases, enhancing the
overall resistance to indentation. The sharp decline at 0.5 wt% directly
confirms the detrimental agglomeration effect, where nanoparticle
clusters cease to act as discrete reinforcing obstacles and instead
create stress-concentrating regions and weak interfacial boundaries that
easily deform or fracture under load. The strong correspondence
between the density and hardness curves validates that structural
homogeneity is the essential precondition for effective strengthening,
with the maximum performance achieved at the threshold where the
highest volume fraction of uniformly dispersed particles is obtained
(0.4 wt%), beyond which the system becomes supersaturated and

susceptible to clustering.

3.4. Microstructural characterization by SEM-EDS

SEM micrographs (Fig. 3a) revealed a two-phase microstructure
consisting of a bright matrix region and darker secondary-phase
regions. Based on the contrast observed in backscattered electron
(BSE) images, the bright regions were identified as iron-rich areas,
whereas the darker regions corresponded to titanium-rich phases.
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Fig. 2. XRD patterns of a) base sample (0 wt% TiO,) and b) sample containing 0.3 wt% TiO, nanoparticles.

Peaks corresponding to FeTi and Fe,Ti intermetallic phases appear in b.
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Fig. 3. a) Backscattered electron FESEM image of the sample with 0.3 wt% TiO, nanoparticles showing bright (Fe-rich) and dark (Ti-rich) regions, and
b) corresponding EDS line scan showing elemental distribution across the interface.

EDS line-scan analysis (Fig. 3b) further confirmed this elemental
distribution. The bright regions exhibited high iron concentrations,
while elevated titanium contents were detected in the darker regions.
To identify the phases more accurately, point EDS analyses were
conducted at the locations indicated in Fig. 4, and the obtained results
are summarized in Table 3. Point 1 contained approximately
98.81 wt% Fe and was therefore identified as the a-Fe phase. Point 2,
located within a darker region, contained 45.06 wt% Fe and 50.94 wt%
Ti, corresponding closely to the stoichiometric composition of the FeTi
intermetallic phase. Point 3 was similarly identified as a-Fe because of
its high iron content. Point 4 exhibited elemental concentrations of
72.81 wt% Fe and 26.12 wt% Ti, which are consistent with the Fe,Ti
intermetallic phase. Point 5 was also identified as a-Fe.

The simultaneous presence of FeTi and Fe,Ti intermetallic phases
alongside the iron matrix indicates that TiO, nanoparticle addition
promotes phase transformation reactions during the thermite process.
Elemental mapping results (Fig. 5) provide further insight into the
distribution of elements throughout the microstructure. Titanium was
primarily concentrated within regions corresponding to FeTi and Fe,Ti
intermetallic phases identified in SEM observations. In contrast,
aluminum displayed a relatively homogeneous distribution throughout
the matrix, predominantly existing as finely dispersed Al,O; particles.
SEM images corresponding to different TiO, contents are presented in
Fig. 6. At 0.2 wt% TiO, (Fig. 6a), the intermetallic particles are fine

and uniformly distributed throughout the matrix. Increasing the TiO,
content to 0.4 wt% (Fig. 5b) results in an increased particle volume
fraction while maintaining uniform dispersion characteristics.
However, at 0.5 wt% TiO, (Fig. 5¢), significant particle agglomeration
becomes evident. This behavior can be attributed to the high surface
energy of nanoparticles and increased particle interactions during both
the mixing and thermite reaction stages [28]. Such agglomerates act as
preferential nucleation sites for localized intermetallic phase formation,
resulting in non-uniform particle distribution throughout the matrix.

3.5. Mechanical properties

Mechanical testing demonstrated that TiO, nanoparticle incorporation
systematically enhances the performance of Fe,O;—Al reactive
composites, with optimal properties achieved at 0.4 wt% followed by a
decline at 0.5 wt% due to agglomeration. Tensile strength increased
from 492 MPa (base) to 665 MPa at 0.4 wt% TiO, (35.2%
improvement), while elongation also increased, indicating that
strengthening was achieved without sacrificing ductility. Compressive
strength rose from 617 MPa to 732 MPa (18.6% increase). The most
significant enhancement was observed in Charpy impact energy, which
increased from 164 J to 265 J (61.6% improvement). Wear resistance
also improved considerably, with wear depth decreasing from 173 um
to 121 um at a sliding distance of 721.9 m (30% reduction).

Table 3. EDS point analysis results corresponding to Fig. 3.

Point Fe (Wt%) Ti (Wt%) Al (Wt%) O (Wt%) Identified phase
1 98.81 0.68 0.53 0 o-Fe
2 45.06 50.94 0.46 3.54 FeTi
3 97.76 1.76 1.38 0 a-Fe
4 72.81 26.12 0.37 0.82 Fe,Ti
5 99.23 0.42 0.35 0 a-Fe
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Fig. 5. Elemental mapping of the 0.3 wt% TiO, sample: a) SEM image, b) Fe Ka, ¢) Ti Ka, and d) Al Ko.

FelLa

4545 kV | probe =1 nA

FeKa

FeKp

Ll i o) i s keV
10

Titanium is concentrated in isolated regions corresponding to intermetallic phases.
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Fig. 6. FESEM images of samples with different TiO, nanoparticle contents: a) 0.2 wt%, b) 0.4 wt%, and c) 0.5 wt%.
Uniform distribution is observed up to 0.4 wt%, while agglomeration is evident at 0.5 wt%.

EDS line-scan analysis (Fig. 3b) further confirmed this elemental
distribution. The bright regions exhibited high iron concentrations,
while elevated titanium contents were detected in the darker regions.

To identify the phases more accurately, point EDS analyses were
conducted at the locations indicated in Fig. 4, and the obtained results
are summarized in Table 3. Point 1 contained approximately
98.81 wt% Fe and was therefore identified as the a-Fe phase. Point 2,
located within a darker region, contained 45.06 wt% Fe and 50.94 wt%
Ti, corresponding closely to the stoichiometric composition of the FeTi
intermetallic phase. Point 3 was similarly identified as a-Fe because of
its high iron content. Point 4 exhibited elemental concentrations of
72.81 wt% Fe and 26.12 wt% Ti, which are consistent with the Fe,Ti
intermetallic phase. Point 5 was also identified as a-Fe.

The simultaneous presence of FeTi and Fe,Ti intermetallic phases
alongside the iron matrix indicates that TiO, nanoparticle addition
promotes phase transformation reactions during the thermite process.
Elemental mapping results (Fig. 5) provide further insight into the
distribution of elements throughout the microstructure. Titanium was
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7.04 736
6.42 I | | | |
0 01 02 03 04 05

Percentage of TiO,

Density (g/cm?)

O R, N WA UIOON OO

Fig. 7. Density of thermite composites as a function of TiO,
nanoparticle content. Density increases up to 0.4 wt% and then
slightly decreases.

primarily concentrated within regions corresponding to FeTi and
Fe,Ti intermetallic phases identified in SEM observations. In
contrast, aluminum displayed a relatively homogeneous distribution
throughout the matrix, predominantly existing as finely dispersed
ALOj5 particles.

SEM images corresponding to different TiO, contents are presented
in Fig. 6. At 0.2 wt% TiO, (Fig. 6a), the intermetallic particles are
fine and uniformly distributed throughout the matrix. Increasing
the TiO, content to 0.4 wt% (Fig. 6b) results in an increased
particle volume fraction while maintaining uniform dispersion
characteristics.
However, at 0.5 wt% TiO, (Fig. 6c),
agglomeration becomes evident. This behavior can be attributed to the

significant particle
high surface energy of nanoparticles and increased particle interactions
during both the mixing and thermite reaction stages [28]. Such
agglomerates act as preferential nucleation sites for localized
intermetallic phase formation, resulting in non-uniform particle
distribution throughout the matrix.
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Fig. 8. Vickers hardness of samples with varying TiO,
nanoparticle content. Hardness reaches a maximum at
0.4 wt%.
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Fig. 9. Ultimate tensile strength of samples with different TiO,
nanoparticle contents. The highest strength is achieved at 0.4 wt%.

3.6. Mechanical properties

Mechanical testing demonstrated that TiO, nanoparticle incorporation
systematically enhances the performance of Fe,O;-Al reactive
composites, with optimal properties achieved at 0.4 wt% followed by a
decline at 0.5 wt% due to agglomeration. Tensile strength increased
from 492 MPa (base) to 665 MPa at 0.4 wt% TiO, (35.2%
improvement), while elongation also increased, indicating that
strengthening was achieved without sacrificing ductility. Compressive
strength rose from 617 MPa to 732 MPa (18.6% increase). The most
significant enhancement was observed in Charpy impact energy, which
increased from 164 J to 265 J (61.6% improvement). Wear resistance
also improved considerably, with wear depth decreasing from 173 um
to 121 um at a sliding distance of 721.9 m (30% reduction).

These broad-spectrum improvements arise from the synergistic
activation of multiple strengthening mechanisms [5, 6]. First, the
uniform dispersion of hard TiO, nanoparticles and FeTi/Fe,Ti
intermetallic particles impedes dislocation motion through the Orowan
strengthening mechanism [7, 8]. Second, the refined grain structure,
resulting from enhanced heterogeneous nucleation, contributes through
the Hall-Petch relationship [9]. Third, the coefficient of thermal
expansion mismatch between the iron matrix and reinforcing phases
generates thermal residual stresses and geometrically necessary
dislocations around particles, inducing localized work hardening [5,
10]. Fourth, the reduced porosity ensures efficient load transfer from
the matrix to the reinforcing phases [6, 8]. The decline in all properties
at 0.5 wt% provides direct evidence of the detrimental agglomeration
effect, where nanoparticle clusters create stress-concentrating regions
and weak interfacial boundaries that act as preferential sites for crack
initiation and propagation [9, 10]. The simultaneous improvement in
strength, toughness, and wear resistance observed in this study is
consistent with previous reports on nanoparticle-reinforced metallic
systems [11, 12]. In summary, the optimum performance at 0.4 wt%
TiO, represents the critical threshold where the highest volume fraction
of uniformly dispersed reinforcing phases is obtained, ensuring
maximum synergistic contribution from Orowan strengthening, grain
refinement, load transfer, and crack deflection, while minimizing the
adverse effects associated with nanoparticle clustering.

720 700
700 685 692
680 670
5 660 635
bE 640 617
620
600
580
560
0 0.1 0.2 0.3 0.4 0.5
Percentage

Fig. 10. Compressive strength of samples as a function of TiO,
nanoparticle content. Maximum strength occurs at 0.4 wt%.

4. Discussion

The observed improvements in mechanical performance can be
attributed to the combined contribution of several strengthening
mechanisms acting simultaneously within the composite system.

First, FeTi and Fe,Ti intermetallic particles together with residual TiO,
nanoparticles can serve as heterogeneous nucleation sites during
solidification, resulting in grain refinement [10]. According to the
Hall-Petch relationship, decreasing grain size contributes directly to
enhanced strength. Second, the dispersed FeTi and Fe,Ti intermetallic
particles impede dislocation motion and contribute to strengthening
through the Orowan mechanism [24]. Since Orowan strengthening is
inversely related to interparticle spacing, its contribution remains
highly dependent on nanoparticle concentration and dispersion quality
[25].

Third, hard intermetallic particles act as barriers against plastic
deformation and bear a portion of the applied load, particularly under
compressive loading conditions. Strong interfacial bonding between
particles and the surrounding matrix facilitates effective stress transfer
from the matrix to reinforcing particles [26]. Additionally, differences

265
247 257
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164 || ||
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Percentage of TiO,
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Fig. 11. Charpy impact energy absorbed by samples with different TiO,
nanoparticle contents. Impact toughness increases dramatically up to
0.4 wt%.



M. Pasban et al.

SYNTHESIS AND SINTERING 6 (2026) 161-171 169

200
180
160

[
N D
o O

100
80
60
40
20

Wear rate (mg)

0 100 200 300

4% Ti02 2% Ti02
1.5% TiO2 1% TiO2
0.5% TiO2 0% TiO2
400 500 600 700 800

Sliding distance (m)

Fig. 12. Wear depth versus sliding distance for samples with various TiO, nanoparticle contents. The 0.4 wt% sample

exhibits the lowest wear depth throughout the test.

in thermal expansion coefficients generate thermal stresses and
introduce additional dislocations around reinforcing particles, thereby
increasing dislocation density [27].

The substantial increase in impact energy observed in the present work
indicates that intermetallic particles not only improve strength but also
contribute significantly to toughness enhancement through crack
deflection and advanced fracture dynamics [24, 28].

The present results are generally consistent with previous studies on
nanoparticle-reinforced metallic systems. Fattahi et al. [13] reported
improvements of approximately 30% in tensile strength and 35% in
hardness following TiC nanoparticle addition to aluminum welds,
which are comparable to the findings of the present study. Ramkumar
and Natarajan [11] similarly observed enhancements of approximately
25% in tensile strength and 30% in hardness following TiO,
nanoparticle incorporation.

However, the improvement in impact energy observed in the present
work exceeds values commonly reported in the literature. This
behavior may be attributed to the unique characteristics of thermite
processing, including extremely high reaction temperatures and rapid
solidification rates, which may enhance the interfacial bonding between
intermetallic particles and the matrix.

Based on the overall evaluation of mechanical properties, the optimum
TiO, content was identified as 0.4 wt%. At this concentration, the
material exhibited maximum density, hardness, tensile strength,
compressive strength, impact energy, and wear resistance. Although the
sample containing 0.3 wt% TiO, also demonstrated excellent
performance and may represent a safer choice for minimizing
agglomeration risk, the experimental results indicate that 0.4 wt%
provides the best overall performance under the processing conditions
employed in this study.

5. Conclusions

The effect of TiO, nanoparticle addition on the microstructure and
mechanical properties of Fe,Os—Al reactive composites was
systematically investigated. The following conclusions can be drawn:

e The optimum Fe,Os ratio was identified as 3:1, yielding the highest
iron production (116.22 g) with a reaction time of 26.43 s, which
falls within the desirable industrial range of 23-28 s.

e TiO, nanoparticle incorporation promoted the formation of FeTi
and Fe,Ti intermetallic phases within the iron matrix. Uniform
particle distribution was achieved up to 0.4 wt%, whereas
noticeable agglomeration occurred at 0.5 wt%.

e Mechanical properties improved significantly with TiO, addition.
The sample containing 0.4 wt% TiO, exhibited the highest overall
performance, including increases of 36.3% in hardness, 35.2% in
tensile strength, and 21.7% in density relative to the base sample.
Furthermore, impact energy increased by 61.6%, while wear depth
decreased by approximately 30%.

e The simultaneous enhancement of strength and toughness was
attributed to multiple strengthening mechanisms, including Hall-
Petch grain refinement, Orowan strengthening induced by
FeTi/Fe,Ti intermetallic particles, crack deflection mechanisms,
and thermal mismatch effects.

e The results demonstrate that the incorporation of optimum TiO,
nanoparticle concentrations (0.3—0.4 wt%) represents an effective
strategy for simultaneously improving strength and toughness in
iron-based thermite composites.

What's next?
The findings of this study open up several promising avenues for future
research and industrial application. The successful integration of TiO,
nanoparticles into the Fe,Os—Al thermite system provides a practical
pathway for producing high-strength, wear-resistant iron-based
composites using a relatively simple and cost-effective ultrasonic
mixing approach. This method can be readily scaled up for in-situ
welding applications in railway maintenance and military equipment
manufacturing, where access to sophisticated production facilities is
often limited.

However, further investigations are required to optimize the

processing parameters, such as ultrasonic mixing time, nanoparticle

dispersion techniques, and cooling rates during solidification.

Additionally, exploring the synergistic effects of combining TiO,
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with other ceramic nanoparticles (e.g., ZrO,, SiC, or TiC) or
incorporating rare-earth elements could potentially yield even greater
improvements in mechanical properties and high-temperature
performance. The role of residual oxygen and its interaction with the
intermetallic phases also warrants deeper examination using in-situ

characterization techniques.
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