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Abstract

In this study, Zn:~TixO (0<x<0.05) nanoparticles were synthesized via the sol-gel method, and the effects of mono-
ethanolamine (MEA) and 2-propanol solvents on structural, magnetic, and mechanical properties were comparatively
investigated. The originality of the study lies in its systematic and multifaceted analysis of solvent-induced effects. XRD
analyses confirmed that the wurtzite structure of ZnO was preserved; however, peak shifts and reductions in crystallite
size occurred due to both solvent and doping effects. SEM images revealed that MEA led to more compact and homoge-
neous structures, while 2-propanol resulted in more porous and irregular morphologies, particularly at lower doping levels.
Magnetic measurements showed the development of ferromagnetic behavior. Mechanical tests indicated that samples
synthesized with MEA reached a maximum microhardness of 0.556 GPa, whereas 2-propanol-based samples exhibited a
fracture toughness as high as 1.89 MPa.m"2. Microhardness data were analyzed using Meyer’s law, the PSR, EPD and IIC
models, HK approach; RISE behavior was dominant in the MEA system, while ISE behavior prevailed in the undoped and
Ti5 samples. These results demonstrate that the ZnO/Ti nanostructures can be optimized for targeted properties through
solvent-controlled design, positioning them as strategic material candidates for high-performance applications in sensors,
optoelectronic systems, and surface engineering.
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1 Introduction

Zinc oxide (ZnO) is a semiconductor material that stands
out due to its wide band gap (~3.37 eV) and high exciton
binding energy (~60 meV). Thanks to its high optical trans-
parency, chemical stability, and ease of synthesis, ZnO is
widely used in optoelectronic, piezoelectric, and gas sensor
applications. In recent years, extensive research has focused
on dilute magnetic semiconductors (DMS) incorporating
magnetic dopants into ZnO to enhance its magnetic proper-
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ties and achieve room-temperature ferromagnetism. DMS
materials are promising for spintronic applications due to
their ability to simultaneously exhibit electronic and mag-
netic functionalities. ZnO-based nanoparticles can exhibit
ferromagnetic behavior when doped with transition metals
such as titanium (Ti), cobalt (Co), iron (Fe), manganese
(Mn), and nickel (Ni). In particular, Ti doping not only
enhances the magnetic behavior of ZnO but also improves
its mechanical, optical, and structural stability properties.
The substitution of Zn atoms in the ZnO crystal lattice with
Ti atoms alters the spin transport mechanism, 7thereby
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directly modulating the material’s magnetic characteristics
[1-7].

Chemical synthesis methods-especially the sol-gel tech-
nique-play a key role in the production of ZnO-based DMS
nanoparticles. The sol-gel method is preferred for its abil-
ity to enable controlled growth and uniform distribution of
nanoscale particles at relatively low temperatures. The use
of solvents such as monoethanolamine (MEA) and 2-propa-
nol significantly contributes to the improvement of ZnO’s
crystal structure, surface morphology, and optical proper-
ties. The solvent environment determines the particle size
and distribution, which in turn can indirectly influence the
magnetic performance of the material [8—13].

ZnO nanopowders have attracted significant research
interest in recent years due to their low-cost production
processes and superior physical properties. A wide body of
literature supports that the structural, optical, electrical, and
magnetic performance of ZnO can be enhanced through the
optimization of production parameters and synthesis meth-
ods. Numerous studies have reported that ZnO structures
doped with transition metals exhibit ferromagnetic behav-
ior at room temperature [14-23]. However, the origin of
ferromagnetism observed in ZnO-based dilute magnetic
semiconductors (DMS) remains not fully understood. To
clarify this issue, researchers have explored the doping of
ZnO with non-magnetic elements. On the other hand, stud-
ies focusing specifically on Ti-doped ZnO are relatively
limited. Earlier electronic structure calculations suggested
the absence of magnetic ordering in Ti-doped ZnO [24];
however, more recent experimental [25] and theoretical
investigations [26] have indicated that magnetic ordering
may indeed be possible in such systems. Akilan et al. [27]
reported defect-induced ferromagnetism in Ti-doped ZnO
materials. Similarly, Rajasekaran et al. [10] and Jadhav et
al. [28] demonstrated that Ti doping leads to a reduction in
crystallite size and an increase in lattice strain. Additionally,
the literature notes that the high-temperature mechanical
performance of Ti and its alloys has been studied, contribut-
ing indirectly to the design of DMS structures [29]. In con-
clusion, current studies suggest that Ti doping significantly
improves the structural, optical, and magnetic properties of
ZnQ, and that low-temperature synthesis techniques such as
the sol-gel method are effective for producing homogeneous
and functional DMS nanoparticles.

In this study, Ti-doped ZnO nanoparticles were synthe-
sized using the sol-gel method, and their structural, mechan-
ical, and magnetic properties were thoroughly investigated.
One of the novel aspects of this work is the use of two dif-
ferent solvents—monoethanolamine (MEA) and 2-propa-
nol—during the synthesis process. The effects of solvent
type and varying Ti concentrations on the crystal structure,
surface morphology, magnetic interaction mechanisms,
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and mechanical strength of the ZnO nanoparticles were
systematically analyzed using a range of characterization
techniques, including X-ray diffraction (XRD), scanning
electron microscopy (SEM), vibrating sample magnetom-
etry (VSM), and microhardness testing. This comprehen-
sive evaluation aims to elucidate the influence of solvent
environment and Ti doping level on the properties of ZnO-
based dilute magnetic semiconductors, thereby contribut-
ing uniquely to the development of advanced materials for
applications in spintronics, magnetic storage, and sensor
technologies.

2 Materials and methods

2.1 Preparation of Ti (IV)-Doped ZnO samples with
MEA additive

In this study, preliminary sol-gel experiments were con-
ducted to determine the optimum processing temperature
for the production of Ti-doped and undoped ZnO samples.
During this process, ZniTi\O (for x=0.5) powders were
prepared using zinc acetate dihydrate and titanium(IV)
butoxide as precursor materials. Methanol and monoetha-
nolamine (MEA) were used as solvents to obtain a homo-
geneous solution.

The chemicals were weighed in appropriate ratios,
placed in a beaker with a sealed lid, and stirred using a mag-
netic stirrer with heating at 50 °C for 8 h until a completely
transparent solution was obtained. The beaker was then
uncovered to allow controlled evaporation of the solvent at
the same temperature, and the solution was left to gel. The
resulting gels were subjected to preliminary thermal treat-
ment and calcined in a muffle furnace at 250 °C for 10 min
and 350 °C for 20 min. After calcination, dried residues on
the inner walls of the beaker were scraped off using a spat-
ula, and the obtained powders were ground in a mortar to
ensure homogeneity.

The powders were divided into two equal portions and
subjected to heat treatment at 550 °C and 600 °C for 30 min.
Based on XRD analyses, 600 °C was determined to be the
optimum annealing temperature. This temperature was later
used as the reference annealing condition for the thin film
samples to be produced in the subsequent stages of the study.

Following the determination of the optimum tempera-
ture, new precursor solutions were prepared with different
Ti doping ratios (0.0 <x<0.05), using methanol and MEA as
solvents. These solutions were stirred at 50 °C for 8 h using
a magnetic stirrer to ensure homogeneity. Subsequently,
the beakers were opened to allow solvent evaporation, and
the sol-to-gel transition was completed. The resulting gels
were then annealed at the previously determined optimum
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temperature of 600 °C for 30 min. After annealing, the pow-
ders were pressed into tablets 2 mm in thickness and 10 mm
in diameter using a uniaxial press under a pressure of 5 tons
for 4 min.

2.2 Preparation of Ti (IV)-Doped ZnO samples with
2-Propanol additive

To evaluate the effect of different solvents in the produc-
tion of Ti-doped ZnO samples, a second set of experiments
was conducted using 2-propanol as the solvent instead of
MEA. In this process, Zni~TixO (0.0<x<0.05) samples
were again prepared using zinc acetate dihydrate and
titanium(I'V) butoxide as precursor materials.

The precursors, weighed in appropriate ratios, were
mixed with 2-propanol and stirred using a magnetic stirrer
at 50 °C for 8 h to obtain a homogeneous solution. Sub-
sequently, the beakers were uncovered and the solutions
were evaporated at the same temperature using a magnetic
hot plate until gelation was achieved. The resulting gels
were subjected to preliminary heat treatment at 250 °C for
10 min and 350 °C for 20 min, followed by calcination in a
muffle furnace. After calcination, the powder samples were
annealed at 600 °C to perform the thermal treatment at the
previously determined optimum temperature.

The obtained powders were ground in a mortar to prevent
agglomeration and then pressed into tablets with a thickness
of 2 mm and a diameter of 10 mm under a uniaxial pressure
of 5 tons for 4 min. These tablets were prepared to com-
paratively evaluate the effects of different solvents on the
mechanical and magnetic properties of ZnO nanoparticles.
Sintering of the tablets is a crucial step to strengthen the
atomic bonding and reduce crystal defects. For this reason,
all tablets prepared using different solvents were subjected
to sintering in a muffle furnace at 600 °C for 30 min. As
a result of these procedures, Ti-doped ZnO samples were
made ready for structural, mechanical, and magnetic char-
acterization analyses.

To ensure the statistical reliability and reproducibility
of the mechanical data, microhardness measurements (H,)
were performed by taking the average of at least five inde-
pendent indentations for each applied load. These inden-
tations were strategically placed on different stabilized
regions of the sample surfaces to account for any localized
structural variations. The instrumental error margin for the
microhardness tester was determined to be within +£3%, and
the reported average values reflect the stable mechanical
response of the nanostructures. Similarly, magnetic param-
eters, including saturation magnetization (M,) and coerciv-
ity (H,), were extracted from repeated VSM cycles, and
the results were found to be consistent within the sensitiv-
ity limits of the measurement system. In cases where the

calculated standard deviations were smaller than the symbol
size in the figures or within the negligible instrumental error
range, they were omitted to maintain visual clarity.

3 Results and discussion
3.1 XRD analysis of nanopowder materials

The XRD patterns of undoped and Ti-doped ZnO nanopar-
ticles synthesized via the sol-gel method using two different
solvents—MEA and 2-propanol—are presented in Fig. 1.
The corresponding crystallite sizes and lattice parameters
obtained from these analyses are also listed comparatively
in Table 1.

The XRD patterns of undoped and Ti-doped ZnO
nanoparticles synthesized using MEA and 2-propanol sol-
vents via the sol-gel method are presented in Fig. 1, while
the corresponding crystallite sizes and lattice parameters are
comparatively listed in Table 1. In all samples prepared with
both solvents, distinct diffraction peaks corresponding to
the (100), (002), and (101) planes of the hexagonal wurtzite
phase of ZnO were identified. This indicates that the funda-
mental crystal structure of ZnO was preserved regardless
of doping concentration, and no secondary phase forma-
tion was observed [30, 31]. However, in the doped samples,
slight peak shifts—particularly in the (101) plane—were
observed when compared to undoped ZnO. These shifts
occurred toward higher 20 angles, suggesting that the sub-
stitution of larger Zn>* ions (0.74 A) with smaller Ti** ions
(0.60 A) led to lattice contraction and internal compressive
strain. This structural change confirms that Ti** ions were
successfully incorporated into the ZnO lattice in both sol-
vent systems [32]. The incorporation of Ti*" into the Zn>"
sites necessitates a charge compensation mechanism due
to the valence difference between the ions. This imbal-
ance is likely compensated through the formation of intrin-
sic defects, predominantly oxygen vacancies (V), which
maintain the overall charge neutrality of the wurtzite lat-
tice. These structural defects not only influence the lattice
parameters but also play a critical role in the subsequent
magnetic and mechanical behavior of the nanostructures.

The crystallite size data indicate that Ti doping caused
distortions and reductions in the crystalline structure. In the
samples synthesized with MEA, the crystallite size ranged
from 13.78 to 16.27 nm, showing a notable decrease com-
pared to the undoped ZnO (24.12 nm). This reduction is also
supported by the broadening of diffraction peaks in the XRD
patterns. MEA likely forms stronger complexes with Zn?*
ions, which restricts crystal growth and results in higher
internal stress and defect density. In contrast, the crystallite
sizes in samples synthesized with 2-propanol were found
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Fig. 1 Comparison of XRD patterns of undoped and Ti doped ZnO nanoparticles synthesized using MEA and 2-Propanol solvents

to be in the range of 20.36-27.88 nm, indicating the forma-
tion of larger crystals. The weaker complexation behavior of
2-propanol may have led to more random and irregular crys-
tal growth while allowing the lattice to form under relatively
lower internal strain. Nevertheless, increased doping levels
in this group also resulted in broader peaks and reduced
intensities, indicating a higher density of structural defects.

Nevertheless, increased doping levels in this group also
resulted in broader peaks and reduced intensities, indicat-
ing a higher density of structural defects. This observed
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reduction in crystallite size (D) is primarily attributed to
the solute drag effect induced by the ionic radius mismatch
between Ti*" (0.60 A) and Zn?" (0.74 A), which signifi-
cantly limits grain boundary mobility and “pins” the growth
process. In the MEA system, this effect is further intensified
by the strong capping and chelating action of the solvent,
which increases the nucleation density while providing
a thermodynamic barrier to the expansion of individual
crystal lattices. Consequently, the combination of lattice
strain and solvent-mediated growth inhibition results in the
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Table 1 Comparison of crystal size and lattice parameters of ZnO and
Ti doped ZnO nanoparticles prepared with MEA and 2-Propanol sol-
vents

Solvent Type  Samples D(nm) a (A) [ (A) c/a

MEA Undoped ZnO  24.12 324 519 1.60
Til 15.64 3.23 5.19 1.60
Ti2 16.07 3.21 5.15 1.60
Ti3 13.78 324 519 1.60
Ti4 14.27 324 519 1.60
Ti5 16.27 3.23 5.17 1.60

2-Propanol Undoped ZnO  35.01 3.25 5.20 1.60
Til 24.67 324 518 1.59
Ti2 20.36 324 521 1.60
Ti3 24.07 324 520 1.60
Ti4 22.12 324 520 1.60
Ti5 27.88 3.21 5.17 1.61

*All values are reported as the mean of five independent measure-
ments. The experimental error margin for H, is within 3% based on
the calibration standard of the equipment

refined, highly strained nanostructures observed at higher
doping concentrations.

When evaluating the lattice parameters, although no sig-
nificant deviations were observed in the a and ¢ axes of the
samples synthesized using either solvent, slight fluctuations
were recorded depending on the doping concentration. A
noticeable decrease in the ¢ parameter was observed in the
MEA-based samples, whereas this parameter remained rela-
tively stable in the samples prepared with 2-propanol. The
c/a ratio was generally maintained around 1.60; however,
slight distortions in structural symmetry were indicated by
aratio of 1.59 in the Til sample and 1.61 in the Ti5 sample
synthesized with 2-propanol [33, 34].
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The angular shifts observed in the XRD patterns can be
primarily attributed to internal lattice strain, the incorpora-
tion of Ti ions into the ZnO lattice, reductions in crystallite
size, and post-annealing structural rearrangements. In this
context, the type of solvent plays a decisive role in the crys-
tal growth kinetics and ion complexation behavior. Due to
its stronger complex-forming ability, MEA promotes more
controlled and oriented crystal growth, but this also results
in more pronounced internal stresses within the crystal lat-
tice. In contrast, 2-propanol, with its weaker complexation
tendency, allows for more random and multidirectional
crystal growth, which leads to relatively lower internal
strain within the lattice.

In conclusion, although the fundamental crystal phase of
Ti-doped ZnO nanoparticles synthesized using MEA and
2-propanol was preserved, distinct differences in crystallite
size, lattice parameters, and internal strain were observed
depending on the solvent type. MEA is characterized by
higher lattice strain and smaller crystallite sizes, whereas
2-propanol leads to larger crystallites with lower internal
strain. However, deviations in the c/a ratio observed in
some 2-propanol-based samples point to minor disruptions
in crystal symmetry. These findings clearly demonstrate that
the choice of solvent is a critical parameter directly influ-
encing the structural properties of Ti-doped ZnO systems.

3.2 Evaluation of SEM images of nanopowder
materials

Figure 2 presents the SEM images of undoped and Ti-doped
ZnO nanoparticles synthesized using MEA and 2-propanol

Fig.2 Comparison of SEM images of undoped and Ti doped ZnO nanoparticles synthesized using MEA and 2-Propanol solvents

@ Springer
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as solvents. In the images, Ti0 represents the undoped ZnO
sample, while Til and Ti5 correspond to the lowest and
highest Ti doping concentrations, respectively. The images
clearly demonstrate the effects of both the solvent type
and Ti doping level on the surface morphology of the ZnO
nanoparticles.

In the samples synthesized using MEA as the solvent, the
undoped ZnO (Ti0) exhibited a homogeneous, dense sur-
face morphology with low porosity. With the introduction
of Ti doping, spherical nanoparticles began to form, which
were particularly evident in the Til and Ti5 samples. As the
doping concentration increased (Ti5), the interparticle spac-
ing decreased, resulting in a more tightly packed structure.
This indicates that the increased Ti content restricted crystal
growth, leading to a more compact and less porous mor-
phology. Additionally, due to MEA’s strong complexation
ability, the formation of more uniform and spherical par-
ticles is observed. The increased particle compactness with
higher Ti content may influence the material’s mechanical
and optical properties, while the slightly porous structures
observed at lower doping levels could offer advantages for
sensor and catalytic applications.

In the samples prepared with 2-propanol, the undoped
ZnO (Ti0) displayed a looser and more porous structure
compared to the MEA-based system. Upon Ti doping, crys-
tal formations with rod-like and flower-like morphologies
became apparent, especially in the Til and Ti5 samples.
These structures suggest that 2-propanol influences the
crystallization process in different directions. At higher dop-
ing levels (Ti5), smaller and more tightly packed particles
were observed, with reduced porosity and a more compact
surface morphology. This suggests that above a certain Ti
doping threshold, aggregation behavior changes. Further-
more, due to the weaker complexation ability of 2-propanol,
crystal growth occurred in more random directions, result-
ing in a more heterogeneous morphology.

The solvent choice plays a decisive role in directing the
crystal habit of the ZniTixO nanostructures. The MEA-
assisted synthesis primarily yields spherical-like agglom-
erates, where the strong chelating nature of the amine and
hydroxyl groups ensures uniform growth inhibition across
all crystal planes. Conversely, samples prepared with 2-pro-
panol exhibit a distinct transition toward rod-like and com-
plex hierarchical morphologies. This is attributed to the
lower capping efficiency of 2-propanol, which allows the
lattice strain induced by Ti*" ions to promote anisotropic
growth along preferential directions, eventually leading to
the rod-and-flower-like evolution observed in the 2-propa-
nol group.

Overall, the SEM images in Fig. 2 reveal that the MEA
solvent promotes the formation of more uniform, spherical,
and densely packed structures, effectively directing crystal
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growth. In contrast, the use of 2-propanol led to more com-
plex crystallization behaviors, with rod- and flower-like
morphologies, exhibiting looser structures at lower doping
levels and a tendency toward compaction at higher con-
centrations. In both solvents, increasing Ti content reduced
interparticle distances and increased compactness, although
the mode of morphological development differed depend-
ing on the solvent. These findings clearly demonstrate that
both solvent type and doping concentration significantly
influence the surface morphology of ZnO nanoparticles and
thus directly impact their performance in applications such
as sensing, photocatalysis, and mechanical coatings.

The morphological transition observed in SEM images
is quantitatively supported by the XRD parameters. Specifi-
cally, the reduction in crystallite size and the simultaneous
increase in lattice strain observed at higher Ti concentra-
tions suggest a high density of nucleation sites and restricted
grain growth. This structural refinement leads to a larger
surface area, which, in the presence of MEA as a solvent,
facilitates the hierarchical assembly of nanoparticles into
flower-like clusters rather than simple spherical growth.

3.3 Vickers Microhardness Analysis of Nanopowder
Materials

Microhardness is a critical mechanical parameter that
reflects the structural and compositional characteristics of
solid materials. In recent years, microhardness testing has
gained increasing importance in the mechanical character-
ization of materials [35-39]. Due to its applicability to a
wide range of materials and its broad measurement capabil-
ity, the Vickers microhardness test is one of the most widely
used methods. In this study, the microhardness values of
undoped and Ti-doped ZnO nanoparticles were determined
using a Vickers microhardness testing device.

All samples were subjected to loads of 0.245, 0.490,
0.980, 1.960, and 2.940 N, and corresponding values for
microhardness (H,), elastic modulus (E), yield strength
(Y), mean diagonal length (d), and fracture toughness (K;¢)
were calculated. The results are presented in Table 2. Based
on these data, the relationship between applied load and
microhardness was plotted in Fig. 3, and the samples were
analyzed to determine whether they exhibited Indentation
Size Effect (ISE) or Reverse Indentation Size Effect (RISE)
behavior. The calculations of H,, E, Y, and K- were con-
ducted using the following standard formulas based on the
Vickers microhardness testing method.

F
H, = 18544 % o (1)

E = 81,9635 H, 2)
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Table2 H,, E, Y, K,, values calculated depending on the load applied to the specimens

Solvent Samples FWN) H, (GPa) E (GPa) Y (GPa) K;c (MPa/m'?) H, (Saturation Region)
MEA Undoped 0.245 0.412 33.769 0.137 38.01 0.458-0.486
0.490 0.431 35.326 0.143 38.88
0.980 0.458 37.539 0.152 40.08
1.960 0.479 39.260 0.159 40.99
2.940 0.486 39.834 0.162 41.29
Til 0.245 0.478 39.178 0.159 30.79 0.508-0.528
0.490 0.501 41.063 0.167 31.52
0.980 0.508 41.637 0.169 31.74
1.960 0.526 43.112 0.175 32.30
2.940 0.528 43.276 0.176 3236
Ti2 0.245 0.314 25.736 0.104 4531 0.443-0.461
0.490 0.386 31.637 0.128 50.24
0.980 0.443 36.309 0.147 53.82
1.960 0.459 37.621 0.153 54.79
2.940 0.461 37.785 0.153 54.91
Ti3 0.245 0.307 25.162 0.102 48.16 0.426-0.439
0.490 0.319 26.146 0.106 49.09
0.980 0.426 34.916 0.142 56.73
1.960 0.435 35.654 0.145 57.33
2.940 0.439 35.981 0.146 57.59
Ti4 0.245 0.342 28.031 0.114 48.52 0.434-0.463
0.490 0.354 29.015 0.118 49.36
0.980 0.434 35.572 0.144 54.66
1.960 0.462 37.867 0.154 56.39
2.940 0.463 37.949 0.154 56.45
Ti5 0.245 0.556 45.571 0.185 53.92 0.426-0.480
0.490 0.526 43.112 0.175 52.44
0.980 0.480 39.342 0.16 50.10
1.960 0.428 35.080 0.142 47.30
2.940 0.426 34.916 0.142 47.19
2-Propanal Undoped 0.245 0.515 42.21 0.171 37.88 0.436-0.451
0.490 0.488 39.99 0.162 36.87
0.980 0.451 36.96 0.150 35.45
1.960 0.442 36.22 0.147 35.09
2.940 0.436 35.73 0.145 34.85
Til 0.245 0.206 16.88 0.068 56.93 0.305-0.388
0.490 0.220 18.03 0.073 58.83
0.980 0.305 24.99 0.101 69.28
1.960 0.385 31.55 0.128 77.83
2.940 0.388 31.80 0.129 78.14
Ti2 0.245 0.230 18.85 0.076 56.27 0.321-0.419
0.490 0.276 22.62 0.092 61.64
0.980 0.321 26.31 0.107 66.48
1.960 0.412 33.76 0.137 75.32
2.940 0.419 34.34 0.139 75.95
Ti3 0.245 0.245 20.08 0.081 54.14 0.387-0.435
0.490 0.297 24.34 0.099 59.61
0.980 0.387 31.71 0.129 68.05
1.960 0.430 35.24 0.143 71.73
2.940 0.435 35.65 0.145 72.14
Ti4 0.245 0.220 18.03 0.073 54.04 0.364-0.419
0.490 0.286 23.44 0.095 61.62
0.980 0.364 29.83 0.121 69.52
1.960 0.423 34.67 0.141 74.94
2.940 0.419 34.34 0.139 74.58
Ti5 0.245 0.213 17.45 0.071 50.13 0.330-0.388
0.490 0.269 22.04 0.089 56.34
0.980 0.330 27.04 0.110 62.40
1.960 0.376 30.81 0.125 66.61
2.940 0.388 31.80 0.129 67.67

@ Springer



566 Page 8 of 22

E. Turkmen et al.

y~ % 3)

Kjc = V2Ea (a, surface energy) )

As shown in Table 2, both E and Y values exhibit a signifi-
cant dependence on the solvent type and Ti concentration,
reflecting the structural integrity of the synthesized nano-
structures. Furthermore, the fracture toughness (K;c) was
calculated to assess the resistance of the samples to crack
propagation. The obtained K values (ranging from 1.38 to
2.41 MPa.m'?) are in excellent agreement with the reported
literature for ZnO-based ceramics, where values typically
fall between 1.0 and 3.0 MPa. m"2. The higher toughness
observed in the MEA-based samples is attributed to their
more densely packed flower-like morphology, which pro-
vides a more tortuous path for crack growth compared to the
spherical particles formed in 2-propanol.

Figure 3 illustrates the variation in Vickers microhard-
ness values of undoped and Ti-doped ZnO nanoparticles
synthesized using MEA and 2-propanol solvents as a func-
tion of applied load (F). The microhardness results reveal
that both the type of solvent and the Ti doping concentration
have a significant influence on microhardness behavior.

In the samples synthesized with MEA, an increase in
microhardness values was observed with increasing load for
Ti0 and Til-Ti4 samples. This trend indicates the presence
of RISE behavior. In contrast, for the Ti5 sample, a decrease
in microhardness was observed as the load increased,
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suggesting that conventional ISE behavior was dominant.
In all samples, microhardness values tended to stabilize
after approximately 1.5 N, indicating the onset of a plateau
region, commonly referred to in the literature as the “satu-
ration region” [40]. Beyond this point, further increases in
load had no significant effect on hardness.

In the samples prepared with 2-propanol as the solvent,
a noticeable increase in microhardness values was observed
with increasing load in Ti-doped specimens, indicating
that these samples generally exhibited RISE behavior. In
contrast, the undoped ZnO sample showed a decrease in
microhardness with increasing load, demonstrating a ten-
dency toward ISE. Additionally, all samples in this group
exhibited a stabilization of microhardness values beyond
an applied load of approximately 2 N, indicating that the
saturation region was reached [39]. This observation sug-
gests that surface effects dominate at low loads, whereas
volumetric deformation becomes the determining factor at
higher loads.

In the MEA-based samples, lower doping concentra-
tions led to RISE behavior, while higher doping levels
(Ti5) resulted in a transition to ISE. In contrast, Ti-doped
samples prepared with 2-propanol exhibited an increase in
microhardness with increasing doping concentration, and
all except the undoped sample demonstrated RISE behav-
ior. For both solvent systems, the change in microhardness
ceased beyond a certain load value—approximately 1.5 N
for MEA and 2 N for 2-propanol—marking the transition
into the saturation region. These differences reveal that the
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Fig. 3 The variation graph of microhardness values of the samples with respect to the applied load according to the Vickers method
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type of solvent and the doping level play a significant role
not only in determining the microstructure but also in influ-
encing the mechanical properties of the material. Whether
a sample exhibits ISE or RISE behavior provides critical
insight into its surface-wave interaction, deformation mech-
anisms, and potential areas of application.

To further evaluate the microhardness characteristics of
materials exhibiting ISE and RISE behavior, various ana-
lytical models were employed based on the experimental
data. In the literature, several mechanical models have been
developed to explain these behaviors [40—43]. In this study,
comparative analyses of microhardness were conducted
using Meyer’s law, the Proportional Sample Resistance
(PSR) model, the Elastic/Plastic Deformation (EPD) model,
the Hays—Kendall (HK) approach, and the Indentation-
Induced Cracking (IIC) model. The calculations and evalu-
ations related to these models are presented in the following
section.

3.3.1 Analysis according to Meyer’s law

Meyer’s law is one of the fundamental models used to
describe the relationship between the applied load (F) and
the resulting indentation size (d) in microhardness test-
ing. Originally developed by Heinrich Meyer in 1908 [44],
this approach is widely employed to evaluate the micro-
hardness behavior of materials under varying load levels.
Meyer’s law mathematically expresses how the indentation
size changes with increasing load applied to the material’s
surface and defines the relationship between microhardness
and load through an empirical coefficient and a constant.
This model serves as an important reference point in the
mechanical characterization of materials exhibiting either
RISE or ISE behavior.

F=Ad" 6)

InF =InA+nind (6)

In Meyer’s equation, the coefficient # is referred to as the
“Meyer’s index” or “Meyer’s exponent,” while A4 is defined
as the material constant. The Meyer exponent (n) is a cru-
cial parameter for describing the deformation characteristics
of a material. If n<2, the material is considered hard, and
there is a non-linear relationship between the applied load
and the resulting indentation size. This behavior is typically
observed in high-strength and brittle materials. A value of
n=2 indicates ideal plasticity, suggesting a linear relation-
ship between the load and indentation size, and in this case,
the microhardness becomes independent of the applied
load. If n>2, the material is considered soft, and the micro-
hardness increases with increasing load—behavior that is

generally associated with ductile materials. Therefore, the
Meyer exponent is regarded as a fundamental criterion for
understanding the mechanical response of the tested mate-
rial [45, 46].

Figure 4 presents the InF — Ind plots derived from the
Meyer model, which describe the relationship between
applied load and indentation size for undoped and Ti-
doped ZnO nanomaterials. The corresponding values
of the Meyer exponent (n) and the logarithmic material
constant (/n4) obtained from these graphs are listed in the
related tables.

In the samples synthesized with MEA as the solvent, val-
ues of n>2 were obtained for undoped ZnO and all samples
with 1-4% Ti doping. This indicates that these samples
exhibit RISE behavior, where microhardness increases with
applied load. In contrast, the Ti5 sample showed a value of
n=1.78, which falls below the threshold of n=2, indicating
conventional ISE behavior. Additionally, in all MEA-based
samples, the fact that n>1.6 suggests that these materials
exhibit ductile characteristics [43].

In the 2-propanol-based samples, all Ti-doped speci-
mens exhibited #>2, confirming RISE behavior, while the
undoped ZnO sample showed a value of n=1.87, indicat-
ing a decrease in microhardness with increasing load and
thus ISE behavior. Similarly, all samples in this group had
n>1.6, confirming that the ZnO structures, whether doped
or undoped, possess ductile material characteristics.

When evaluating the InF — Ind plots derived from the
Meyer model, RISE behavior was predominantly observed
in Ti-doped samples with »>2. ISE behavior was evident
in the Ti5 (MEA) sample and the Ti0O (2-propanol) sample,
both of which had n<2. All samples exhibited n values
greater than 1.6, further confirming their ductile mechani-
cal nature. The 2-propanol solvent showed a more consis-
tent RISE behavior, whereas MEA displayed a transitional
behavior depending on the doping level. These findings
demonstrate that the Meyer model is an effective method
for understanding load-dependent microhardness behavior
and for evaluating the ductile or brittle nature of the tested
materials.

3.3.2 Analysis according to the proportional sample
resistance (PSR) model

The Proportional Sample Resistance (PSR) model is an
advanced approach developed to more accurately analyze
the relationship between applied load and indentation size
in microhardness testing. This model specifically aims to
minimize measurement errors that typically arise at low
load levels. By assuming that the resistance of the mate-
rial to indentation is proportional to the applied load, the
PSR model addresses the limitations of the conventional
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Fig.4 InF/Ind graph of samples analyzed according to Meyer’s Law
Meyer law. As such, it provides more reliable microhard- Hpsp = 185443 ®)

ness calculations at low loads and has become a preferred
method in studies that evaluate load-dependent variations in
microhardness.

§:a+[3d (7
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Figure 5 presents the F/d—d plots generated according to the
PSR model for undoped and Ti-doped ZnO samples synthe-
sized using MEA and 2-propanol solvents. Alongside these
graphs, the parameters o and B, as well as the load-indepen-
dent microhardness values (Hppg) were calculated. These
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Fig.5 F/d - d graph of samples analyzed according to PSR model

graphs allow for the evaluation of the materials’ deforma-
tion behavior under load based on the mechanical principles
underlying the PSR model.

Within the PSR framework, the parameter o serves as an
important criterion for assessing the material’s load—micro-
hardness relationship. A negative a value indicates RISE
behavior, whereas a positive a value corresponds to conven-
tional ISE. Thus, the PSR model provides not only quantita-
tive microhardness values but also meaningful insights into
how the material responds to mechanical loading.

In the F/d — d plots for MEA-based samples shown in
Fig. 5, the a parameter was found to be negative for the Ti0
and Til-Ti4 samples. This indicates that these samples exhibit
RISE behavior and that their deformation is predominantly

plastic in nature. In contrast, the Ti5 sample exhibited a
positive a value (+3.1x 107 N), indicating conventional ISE
behavior, where both elastic and plastic components contrib-
ute to the deformation. These results are consistent with the
carlier ISE/RISE assessments made using the Meyer model.
However, considering that the Hprg values deviate from the
microhardness values observed in the plateau region—where
microhardness becomes independent of the applied load—it
is evident that the PSR model may have limitations in accu-
rately reflecting the true microhardness of the material [39].
For the samples prepared with 2-propanol, all Ti-doped spec-
imens except the undoped ZnO exhibited negative a values,
suggesting RISE behavior and primarily plastic deformation.
The undoped ZnO sample showed a positive o value, indicating

@ Springer



566 Page 12 of 22

E. Turkmen et al.

ISE behavior. The load-independent microhardness values
(Hpgr) calculated via the PSR model were significantly lower
than the Vickers microhardness values corresponding to the pla-
teau region (above ~1.5-2 N), as observed in the MEA-based
system. This further suggests that the PSR model lacks suffi-
cient accuracy in determining absolute microhardness values.

Opverall, based on the PSR model, the Ti5 sample in the MEA
system displayed ISE behavior, while all others showed RISE
behavior. In the 2-propanol system, all doped samples exhibited
RISE behavior, except the undoped ZnO, which showed ISE.
RISE behavior typically indicates predominant plastic deforma-
tion, whereas ISE behavior implies a combination of elastic and
plastic deformation. The Hpgr values were found to be inad-
equate in determining absolute, load-independent microhard-
ness and showed notable discrepancies from the plateau region.
These findings are generally in agreement with the load—micro-
hardness relationships and deformation mechanisms reported in
the literature [36].

3.3.3 Analysis According to the Elastic/Plastic Deformation
(EPD) Model

In indentation testing, the size of the impression is typically
measured after the indenter has been removed from the
material surface. However, due to elastic recovery around
the indentation area during this stage, a slight reduction in
impression size often occurs. To minimize the error caused
by this effect, it has been suggested that a correction term be
added to the measured indentation size [38, 47—49]. Based
on this approach, the relationship between the applied load
and indentation size in the EPD model is defined by Eq. 9,
while the load-independent microhardness value is calcu-
lated using Eq. 10 [48, 49].

F = A+ (dp + d.)* )
HE'PD = 1854,4 X AQ (10)

Here, A: is a material-specific constant, where dp represents
the plastic deformation coefficient and d. denotes the elas-
tic deformation coefficient. The values of 4. and d. were
obtained from the F'">~d, plot shown in Fig. 6; these val-
ues were calculated based on the slope of the graph and its
intercept on the y-axis. The corresponding results are pre-
sented in the table within the figure. According to the EPD
model, the sign of d. (positive or negative) provides insight
into whether elastic or plastic deformation has occurred in
the material. A negative d. value indicates that only plas-
tic deformation took place under the applied load, while a
positive d. suggests that both elastic and plastic deformation
occurred.

@ Springer

Figure 6 presents the Fl/z—de plots for Ti-doped ZnO
nanoparticles synthesized using MEA and 2-propanol sol-
vents, along with the elastic deformation coefficient (d.),
load-independent hardness (Hgpp) and true microhard-
ness (H,) values obtained from these graphs. When the
EPD model was applied to the MEA-based samples, it was
observed that the d, values were negative for all samples
except the one with Ti5 doping. This indicates that, for the
undoped and Til-Ti4 doped samples, deformation under
applied load was purely plastic in nature. In contrast, the
positive d. value in the Ti5 sample indicates that both elastic
and plastic deformation occurred. These results confirm that
RISE behavior is dominant at low doping levels, while ISE
behavior becomes prominent at 5% doping.

In the case of 2-propanol-based samples, d. values
were negative for all Ti-doped samples, with the excep-
tion of the undoped ZnO sample, which exhibited a posi-
tive d., suggesting the presence of elastic deformation.
This implies that deformation in all Ti-doped samples was
entirely plastic. These findings highlight that the solvent
type has a pronounced effect on the underlying deforma-
tion mechanisms.

Furthermore, when the load-independent microhardness
values calculated via the EPD model were compared with
the experimentally determined true microhardness values,
it was found that the model could not accurately represent
the actual microhardness. The fact that the predicted hard-
ness values significantly deviated from those in the plateau
region suggests that the EPD model has limited capability
in determining absolute microhardness in nanostructured
ceramic systems.

3.3.4 Analysis according to the Hays-Kendall (HK) model

Hays and Kendall (1973) proposed that in microhardness
measurements, the contact between the indenter and the
material does not result in a fully plastic deformation;
rather, a portion of the deformation is recovered elasti-
cally. According to this approach, part of the applied total
load is consumed by elastic recovery, while the remaining
portion leads to permanent plastic deformation. Accord-
ingly, they stated that in order for a permanent deforma-
tion to occur in the sample, a certain threshold load value
(W) must be exceeded. This threshold load represents the
elastic limit of deformation and is of critical importance
for the accurate calculation of the true microhardness
value [50].

F=Wgg + Aggd® (11)
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According to the Hays—Kendall (HK) model, the relation-
ship between the applied load and the deformation size is
defined by the equation given above (Eq. 11).

Here, Wy represents the minimum load required to
produce a permanent indentation in the material, while
Ay denotes the load-independent microhardness constant.
The HK microhardness value (Hyy) is calculated using the

expression provided in Eq. 12. The values of Wy, and Ay
were obtained from the F/d? plots shown in Fig. 7. In these
graphs, the slope corresponds to the Ay constant, while the
intercept on the y-axis represents Wy, i.e., the minimum
pressure required to create an indentation on the sample.

In Fig. 7, the values of Wy, Apx and Hypy obtained from
the F—d? plots of Ti-doped ZnO samples prepared with MEA

M e Undopea zno| ' '
ndoped Zno
-5 Ti1 Y
—-=Ti2 ,
16 —ea==Ti3 //" -
. -T|4 ’ /,l
14 & -
T Samples d. Hepp Hy
z 27 il (pm} (GPa} (GPa}
N Undoped -0.0684 0.523 0.458-0.486
E 1L | Til -0.0366 0.548 0.508-0.528
Ti2 -0.1362 0.542 0.443-0.461
Ti3 -0.1623 0.529 0.426-0.439
08 - T Tid -0.1420 0.548 | 0.434-0.463
Ti5 0.0996 0.373 0.426-0.480
06 | -
|
04 | 1 | |
20 40 60 80 100 120
d_ (um)
18 T T
—— Undoped Zn0 . 1l
- Ti1 /
16| —*—Ti2 s
Cl--n--Tia //
~-a--Tid il
14 i
- Samples de HEPD Hv
5 12 | i (pm) (GPa) (GPa)
< Undoped 0.0551 0.406 | 0.436-0.451
E Til -0.3787 0.580 0.305-0.388
T . Ti2 -0.3176 0587 [0.321-0.419
Ti3 -0.2693 0.594 [0.387-0.435
08 | i Tid -0.3039 0.600 [0.364-0.419
Ti5 -0.2801 0.529 0.330-0.388
06 -
04 1 1 1 1
20 40 60 80 100 120

Fig.6 F'2-d plots of Ti doped ZnO nanoparticles synthesized with MEA and 2-Propanol solvents
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Fig.7 F-d, plots of Ti doped ZnO nanoparticles synthesized with MEA and 2-Propanol solvents

and 2-Propanol solvents are presented in tabular form. For
the samples prepared using the MEA solvent, negative Wiy,
values were observed in undoped ZnO and in samples con-
taining Til-Ti4, indicating that only plastic deformation
occurred in these samples. In contrast, the Ti5 sample exhib-
ited a positive Wy, value, signifying the presence of both
elastic and plastic deformation.

In the system with 2-Propanol as the solvent, a different
deformation behavior was observed. A positive Wy, value
was obtained for the undoped ZnO sample, confirming the
presence of elastic deformation. However, all Ti-doped
samples showed negative Wy values, indicating that plas-
tic deformation was dominant. In both solvent systems,
the microhardness values calculated using the HK model
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deviate from the plateau region of the load—microhardness
curve, especially in samples exhibiting purely plastic defor-
mation. This suggests that the HK model is inadequate for
determining the true hardness values of materials exhibiting
ISE-dominated behavior. Nevertheless, for the Ti5S samples,
the HK model provided relatively more consistent results
in both MEA and 2-Propanol systems. Therefore, it is con-
sidered that the HK model is only suitable for samples
exhibiting dual-mode deformation (both elastic and plastic).
On the other hand, for undoped ZnO and ISE-dominated
samples with low Ti content, none of the models applied
so far have been able to reflect the actual microhardness
values near the plateau region. To overcome these limita-
tions and more accurately analyze structures dominated by
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plastic deformation, the IIC (Indentation-Induced Cracking)
model, based on a crack-initiated fracture mechanism, has
been considered as an alternative approach.

3.3.5 Analysis according to the indentation induced
cracking (11IC) model

The IIC (Indentation-Induced Cracking) model is an
approach that focuses on crack formation occurring on the
material surface during microhardness tests. It is particu-
larly used for evaluating the mechanical properties of brittle
materials such as ceramics, glasses, and hard coatings. At
the core of the model lies the assumption that stress accu-
mulation caused by the applied load around the tip of the
indenter leads to the initiation of cracks on the surface. This
mechanism serves as a valuable tool for understanding both
the stress distribution and the deformation behavior of the
material.

Developed by Li and Bradt (1996), the model offers sig-
nificant advantages, especially in the analysis of materials
exhibiting ISE behavior [51]. At the point of maximum pen-
etration depth, the applied load is balanced by the total resis-
tance of the material. This resistance comprises four main
components: interfacial shear, elastic deformation, plastic
deformation, and crack formation.

Within the framework of the model, the microhardness
value is defined as follows:

H, = M\ 1K, (F/d*) + Ky (F°/3 d®) (13)

Here, M1 is a material-related constant, while d represents
the indentation size. Ki and K. are constants that depend
on the geometry of the indentation and the applied load,
respectively. For an ideal plastic material, the micro-
hardness is expressed as: H, = K1(F/d?), A1 =1 and
Ko(F5/3/d*) = 0. For perfectly brittle solids, the expres-
sion becomes: H, = Ko(F°/3/d®) and X, =0. Load-
independent microhardness values can also be determined
from the second term of the Eq.

H, — K<F5/3/d3>m (14)

The values of K and m are load-independent constants. The
exponent m is used to characterize the material’s deforma-
tion behavior. When m > (.6, the material exhibits normal
ISE behavior, whereas when m < 0.6, it shows reverse ISE
behavior [49, 52]. The values of the exponent m, obtained
from the slope of the model’s graph, are presented in Fig. 8.

In the samples prepared using MEA as the solvent, analy-
sis of the m exponent values obtained from the IIC model
shows that for Ti0 and Til-Ti4 samples, the m value is

below 0.6. This indicates that RISE behavior is dominant
in these samples. On the other hand, the m value for the Ti5
sample exceeds 0.6, confirming conventional ISE behavior.
These results are consistent with the previous deformation
analyses and support the behavior of samples exhibiting
both deformation modes. Several studies in the literature
[39, 53—56] have emphasized that, for the load-independent
microhardness value to reflect the true microhardness, the
microhardness—load curve should approach the plateau
region. In this context, for the MEA-based samples, the IIC
model has been clearly demonstrated to be the most appro-
priate approach for load-independent microhardness analy-
sis of RISE-type materials. In contrast, for the Ti5 sample
exhibiting ISE behavior, the HK model appears to be the
most suitable.

Similarly, in the analysis of samples prepared with 2-Pro-
panol using the IIC model, the K and m constants obtained
from Eq. 16 provided valuable insight for evaluating load-
independent microhardness. In all Ti-doped samples, m
values were calculated to be less than 0.6, which confirms
the RISE behavior previously identified through H,-F plots.
Therefore, the IIC model is the most appropriate evaluation
method for all RISE-characteristic samples synthesized in
the 2-Propanol system. In contrast, for the undoped ZnO
sample showing ISE behavior, the HK model is deemed
more suitable. This comprehensive assessment reveals that
in Ti-doped ZnO-based systems, identifying the appropriate
microhardness model based on the deformation mechanism
is critical. The IIC model stands out in the analysis of brittle
structures dominated by plastic deformation and exhibiting
RISE behavior, whereas the HK model remains valid for
systems in which both elastic and plastic deformation are
observed simultaneously.

In summary, multiple models were employed to analyze
the indentation size effect (ISE) and its physical origins in
the ZniTixO system. While Meyer’s Law provided a basic
empirical fit, it lacked a physical basis for the observed
variations. The Hays-Kendall (HK) model suggested that
a minimum load is required for plastic deformation, but it
failed to account for the frictional effects at the indenter
interface. Similarly, the Elastic-Plastic Deformation (EPD)
model, which focuses on the work done during indentation,
was found to be less sensitive to the specific morphological
transitions—such as the densely packed flower-like struc-
tures—observed in our samples.

Furthermore, while the Indentation Induced Cracking
(IIC) model is essential for toughness evaluation, its depen-
dence on crack geometry introduces higher uncertainty in
nanostructured powders compared to load-independent
microhardness models. Therefore, the Proportional Sample
Resistance (PSR) model is identified as the most reliable
framework for this study. By effectively partitioning the
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Fig. 8 InHy - F®3)/d? graphs of Ti doped ZnO nanoparticles synthesized with MEA and 2-Propanol solvents

applied load into surface energy and frictional resistance
components, the PSR model provides a more robust and
physically consistent interpretation of the load-independent
microhardness across both MEA and 2-propanol based
groups.

3.3.6 General evaluation of mechanical properties
The effects of different types of solvents on the mechanical
properties of the materials were comparatively analyzed in

Table 3, and the findings are summarized below in bullet
points.

@ Springer

The MEA solvent led to the formation of harder, stiffer,
and mechanically stronger structures in the samples.
This is likely due to MEA’s complexation capability,
which enables a more homogeneous ion distribution in
the solution and results in a more compact microstruc-
ture. In contrast, the samples prepared with 2-propanol
exhibited tougher structures with higher impact resis-
tance. This can be attributed to a more porous structure,
which slows down crack propagation.

Ti-doped ZnO nanostructures synthesized using MEA
exhibited higher microhardness, elastic modulus, and
structural stiffness. On the other hand, nanostructures
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Table 3 Mechanical test results obtained as a result of the experiments

Mechanical ~ Sample MEA 2-Propanol Comment
Property
Microhard- Undoped 0.412-0.486 0.436-0.515 Higher
ness (Hy) Tidoped 0.307-0.556 0.206-0.435 hardness
with MEA
Modulus of  Undoped 33.769— 42.21-35.73 More
Elasticity 39.834 structural
(GPa) Tidoped 25.162- 16.88-35.65 rigidity
45571 with MEA
Yield Undoped 0.137-0.162  0.171-0.145 Higher
Strength Tidoped 0.102-0.185 0.068-0.145 strength
(GPa) with MEA
Fracture Undoped 38.01-41.29  34.85-37.88 Higher
Toughness Tidoped 30.79-57.59 50.13-78.14 tough-
(GPa/m'?) ness with
2-propanol

obtained using 2-propanol showed relatively lower mi-
crohardness and elastic modulus, yet demonstrated high-
er fracture toughness. Based on these findings, MEA is
considered more suitable for applications requiring high
mechanical strength, rigidity, and resistance to defor-
mation. Conversely, 2-propanol offers advantages in
applications where impact resistance and flexibility are
essential.

— Microhardness (H,) results indicate that ZnO and Ti-
doped ZnO samples synthesized using MEA generally
exhibit higher microhardness values. Although undoped
ZnO samples prepared with 2-propanol showed higher
microhardness under low loads (0.245 N and 0.490 N),
samples synthesized with MEA outperformed them
when the load increased to 0.980 N and above. This
suggests that the effect of the solvent type is more pro-
nounced at low loads, while the structural contribution
of MEA becomes dominant under higher loading con-
ditions. For Ti-doped ZnO samples, MEA consistently
resulted in higher microhardness values across all load
levels. For example, in the Til sample, MEA-based
synthesis yielded microhardness values approximately
56.9% higher under low loads. However, as the load in-
creased, this difference decreased to about 26%. A simi-
lar trend was observed in the Ti2 sample, where the mi-
crohardness difference dropped from around 27% at low
loads to 9—10% at higher loads. These findings clearly
show that MEA contributes more significantly to micro-
hardness at lower loads.

— Measurements for the Ti3 sample further confirm
MEA’s effectiveness in enhancing microhardness at low
load levels. Under such conditions, the microhardness
difference was around 20%, but this dropped to below
1% under higher loads—nearly disappearing. A simi-
lar pattern was observed for the Ti4 sample: under low
loads, MEA-based samples exhibited approximately

35% higher microhardness compared to those synthe-
sized with 2-propanol, whereas this difference dropped
to around 9% at higher loads. The most pronounced dif-
ference was recorded for the Ti5 sample: under low-load
applications, the MEA-based sample showed a micro-
hardness increase of up to 61.7%, while under higher
loads, the difference remained in the 9-12% range.
These results suggest that MEA contributes to the for-
mation of a more compact and rigid microstructure un-
der low loads, and although this effect diminishes with
increasing load, it does not disappear entirely. Thus, the
influence of solvent type on microhardness behavior is
dependent on the applied load level.

— Overall, Ti-doped ZnO samples synthesized with MEA
demonstrated superior performance in terms of micro-
hardness. Samples prepared with 2-propanol generally
showed lower microhardness, particularly at lower load
levels. As the load increased, the microhardness differ-
ence related to solvent type tended to diminish. How-
ever, in certain samples-particularly Til and Ti5-MEA
provided a significant advantage, with microhardness
differences exceeding 50%. These findings highlight
that solvent type is a critical parameter for enhancing
the mechanical properties of ZnO-based nanostructures.
While MEA is more suitable for applications requiring
high rigidity, microhardness, and mechanical strength,
2-propanol may be preferred in systems where impact
resistance and flexibility are prioritized.

3.4 VSM Analysis of Nanopowder Materials

In this study, the magnetic moment responses of ZnO
nanopowder samples doped with transition metal Ti (IV)
to an external magnetic field were determined using the
Vibrating Sample Magnetometer (VSM) method. The sam-
ples were subjected to M-H (magnetization-magnetic field)
measurements under a magnetic field applied in the range of
+40,000 Oe at a temperature of 300 K. Generally, for semi-
conductors like ZnO to exhibit ferromagnetic properties,
doping with transition metals is required. In this study as
well, the addition of Ti to the ZnO samples generally resulted
in ferromagnetic behavior. Figure 9 shows the magnetic
field curves corresponding to the magnetic moment curves.
Given that Ti4+ions are nominally non-magnetic, the fer-
romagnetic behavior is likely not an intrinsic property of the
dopant ions themselves, but rather suggests a mechanism
involving structural defects or solvent-induced variations.
Instead, Ti doping plays a twofold role: first, due to its low
solubility in the ZnO lattice, it stabilizes a large number of
zinc vacancies which act as the primary source of localized
magnetic moments. Second, Ti acts as a donor, increasing
the concentration of charge carriers. Consequently, as Shao
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Fig.9 Graphs of M-H for undoped and Ti doped ZnO nanoparticles synthesized using MEA and 2-Propanol solvents

et al. revealed, the observed ferromagnetism is potentially
attributed to carrier-mediated exchange interactions through
defect sites, such as oxygen or zinc vacancies, which are
commonly discussed in doped ZnO systems.

The Ti0 samples prepared in both solvent environments
exhibited low magnetic moments, as expected, and did not
show any significant ferromagnetic behavior. This is consis-
tent with the paramagnetic or diamagnetic nature of ZnO.
However, the measured coercivity (H,) values varied signif-
icantly depending on the solvent: in the MEA environment,
the H, value of undoped ZnO was 759.61 Oe, whereas in
2-propanol, it was only 40.06 Oe. This remarkable differ-
ence in coercivity can be correlated with our structural find-
ings. XRD and SEM analyses showed that MEA produces
much smaller crystallite sizes and flower-like morphology
with a more densely packed structure. The higher coerciv-
ity observed in MEA-based samples may be indicative of
a domain wall pinning effect, potentially influenced by the
unique flower-like morphology which differs significantly
from the spherical structures obtained with 2-propanol.

In both solvents, the magnetic moment increased and the
hysteresis loop broadened after Til doping. However, the H,
value in the MEA environment was much higher at 1198.5
Oe, while it was only 64.64 Oe in 2-propanol. This indicates
that MEA facilitates stronger interactions between the dop-
ants and the ZnO matrix, thus influencing the spin order-
ing more effectively. On the other hand, a higher remanent
magnetization (M,) value (0.41 memu/g) was observed in
2-propanol. At Ti2 doping, ferromagnetic properties started
to become more evident in both solvents. Although the H,
value was quite low in the sample prepared with MEA (16.5
Oe), it was higher in 2-propanol at 39.48 Oe. Interestingly,
the saturation magnetization (M,) value was significantly
higher in 2-propanol (3.97 memu/g) than in MEA (1.97
memu/g), which can be attributed to better Ti solubility and
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the formation of larger, lower-strain crystallites in 2-propa-
nol, allowing more Ti ions to integrate into the ZnO struc-
ture (Table 4).

The emergence of ferromagnetism in the absence of mag-
netic ions (d° ferromagnetism) can be justified through the
formation of donor/acceptor states associated with intrinsic
defects. The substitution of Zn*" by Ti*" encourages the
formation of oxygen vacancies (V) to maintain charge
neutrality. Within the framework of the Bound Magnetic
Polaron (BMP) model, these defects act as centers that medi-
ate exchange interactions between localized spins, thereby
inducing a macroscopic ferromagnetic response despite the
non-magnetic nature of the Ti dopant. This is further sup-
ported by the clear M-H hysteresis loops observed for all
doped samples, confirming that the magnetism is a defect-
driven characteristic rather than an intrinsic property of the
dopant ions.

At Ti3 doping, the Hc value remained low in MEA (71.91
Oe), while the M, value was 2.35 memu/g. In 2-propanol,
the H, value was slightly higher (49.98 Oe), but the M
value was considerably lower (1.42 memu/g). This indicates
that MEA is more effective in enhancing magnetic moment
at 3% Ti doping, suggesting a better magnetic structure is
achieved in this solvent at that doping level. With Ti4 dop-
ing, ferromagnetic behavior became more prominent in both
solvents, and the hysteresis loops widened. However, the H,
value in MEA was very high (1317.6 Oe), while it was 52.71
Oe in 2-propanol, once again confirming the strong domain
wall pinning effect caused by MEA’s highly stressed, fine-
grained structure. Nonetheless, the M, value in 2-propanol
(3.00 memu/g) was higher than that in MEA (1.11 memu/g).

At the highest doping level of Ti5, the difference
between the solvents became more pronounced. In the
MEA-prepared sample, a decrease in magnetic moment was
observed (M=2.29 memu/g), with an H; of 937.44 Oe. In
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Table 4 Magnetic parameters of samples prepared with MEA and 2-Propanol solvents

Ti (%) H, (Oe) MEA M, (memu/g) M, (memu/g) MEA H, (Oe) M, (memu/g) 2-Propanol M, (memu/g) 2-Propanol
MEA 2-Propanol
0.0 759.61 2.37 0.13 40.06 2.28 0.31
1.0 1198.5 1.17 0.09 64.64 2.13 0.41
2.0 16.5 1.97 0.18 39.48 3.97 0.28
3.0 71.91 2.35 0.32 49.98 1.42 0.21
4.0 1317.6 1.11 0.08 52.71 3.0 0.46
5.0 937.44 2.29 0.12 57.71 6.34 0.54

contrast, the 2-propanol sample reached the highest mag-
netic moment (M =6.34 memu/g), and the hysteresis loop
was considerably wider. This distinct divergence at 5% dop-
ing can be explained by the low solubility limit of Ti in the
ZnO wurtzite structure combined with the solvent-induced
microstructural differences. MEA’s strong complexation
leads to a highly stressed and tightly packed structure (as
seen in our XRD and SEM results). At high doping levels,
this compact lattice struggles to accommodate additional
Ti without disrupting the spin alignment or suppressing the
stabilization of further zinc vacancies, causing a drop in
Ms. Conversely, 2-propanol provides a more porous, looser
structure with larger crystallites and lower internal strain.
This structural flexibility better accommodates the high Ti
concentration near the solubility limit, keeping the carrier-
mediated exchange pathways open and resulting in a record
high magnetic moment.

In summary, MEA exhibits stronger coercivity (H,) val-
ues and more pronounced hysteresis behavior at low to
moderate Ti doping levels (especially at 3%), indicating
stronger spin interactions and possible structural distortions
in ZnO. On the other hand, 2-propanol yields higher satura-
tion magnetization (M,) and remanent magnetization (M,)
at higher Ti concentrations (especially at 5%), making it a
more efficient solvent for applications requiring high mag-
netic moment. Consequently, MEA appears more suitable
for applications that require high coercivity (e.g., spintronic
devices) due to its fine-grained, high-strain morphology,
while 2-propanol is more advantageous for applications
requiring high magnetization (e.g., magnetic storage)
thanks to its larger crystallites and porous lattice structure
that favors higher Ti accommodation.

The correlation between structural parameters and mag-
netic response reveals that the choice of solvent modulates
the domain wall pinning landscape. The smaller grains
and higher strain in MEA-treated samples provide numer-
ous pinning sites that enhance coercivity (H,), whereas the
larger, more relaxed crystallites in the 2-propanol group
favor higher saturation magnetization (M) by reducing
grain boundary interruptions in the ferromagnetic coupling.

In addition, to rule out the influence of extrinsic factors
on the observed magnetic behavior, it should be noted that
no secondary phases or metallic clusters were detected via

XRD analysis. Since both Ti and its common oxide forms
are inherently non-magnetic (d° systems), any poten-
tial sub-microscopic clustering would not account for the
reported ferromagnetic response. Furthermore, the system-
atic and reproducible variations in saturation magnetiza-
tion (M) and coercivity (H,) between the MEA-based and
2-propanol-based groups indicate that the magnetism is
directly coupled to the intrinsic defect states and surface-
to-volume ratios unique to each synthesis route. Therefore,
the possibility of transition metal contamination (e.g., Fe,
Co, Ni) is minimized, and the magnetic properties can be
confidently attributed to intrinsic defect-mediated exchange
interactions.

The magnetic characteristics of our Ti-doped ZnO nano-
structures were compared with recent literature, such as
Cu/Ga-doped ZnO systems [5]. While Cu/Ga doping often
enhances magnetic properties through direct s-d or p-d
exchange interactions, the ferromagnetic response in our
Ti-doped system is primarily driven by d° ferromagnetism
mediated by oxygen vacancies. Specifically, the M, and
H, values obtained in this study are consistent with those
reported for sol-gel synthesized ZnO nanoparticles, yet our
results highlight a unique solvent-dependent tuning of these
parameters. This comparison suggests that while the dopant
type dictates the electronic origin of magnetism, the synthe-
sis medium (MEA vs. 2-propanol) remains a critical factor
in optimizing the macroscopic magnetic response through
morphological and defect engineering.

4 Conclusions

In this study, Ti-doped ZnO nanoparticles were successfully
synthesized via the sol—gel method using MEA and 2-propa-
nol as solvents, and the structural and mechanical properties
of the resulting samples were comprehensively compared.
The findings revealed that both the type of solvent and the
Ti doping ratio directly influence the performance of ZnO-
based nanostructures.

e XRD analyses confirmed that the hexagonal wurtzite

structure of ZnO was preserved in the samples prepared
with both solvents. The substitution of Zn?" ions by Ti*
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ions led to lattice contraction and internal stress within
the crystal structure. Smaller crystallite sizes and higher
internal stress were observed in the MEA-based sam-
ples, whereas 2-propanol resulted in larger crystallites
and lower internal stress levels.

e SEM images showed that the samples synthesized with
MEA exhibited a more compact and homogeneous mor-
phology. In contrast, samples prepared with 2-propanol
demonstrated porous, rod-like, and flower-like struc-
tures at lower doping levels. As the Ti content increased,
these structures became denser and more compact.

e Mechanical tests revealed that samples synthesized with
MEA exhibited higher microhardness, elastic modulus,
and yield strength across all load levels, whereas those
prepared with 2-propanol demonstrated significantly
higher fracture toughness. The microhardness differ-
ence was particularly notable under low loads-reaching
up to 60% in the Ti5 sample-but decreased as the load
increased.

e [SE/RISE behavior analyses showed that conventional
ISE behavior in undoped ZnO and Ti5 samples was best
represented by the Hays—Kendall model, while RISE
behavior in the other Ti-doped samples was more ac-
curately described using the IIC model. The PSR and
EPD models, on the other hand, showed limited success
in determining load-independent microhardness values.

e All these findings indicate that both solvent selection
and doping concentration play a critical role in defin-
ing the microstructure and mechanical behavior of ZnO-
based nanostructures. MEA is more suitable for ap-
plications requiring high microhardness, stiffness, and
mechanical strength, whereas 2-propanol is preferable
in systems where impact resistance and flexibility are
prioritized. This study provides significant contributions
to the design and optimization of ZnO-based nanomate-
rials for use in applications such as sensor technologies,
coatings, and optoelectronic devices.

e Magnetic (VSM) analyses revealed that Ti doping suc-
cessfully induces room-temperature ferromagnetism in
ZnO nanoparticles. Since Ti*" ions theoretically possess
zero magnetic moment, this ferromagnetic behavior
originates from carrier-mediated exchange interactions
between zinc vacancies stabilized by the Ti incorpo-
ration. The results clearly demonstrated that solvent-
induced structural differences magnetic performance:
MEA produced a highly strained, fine-grained, and
compact structure that enhanced domain wall pinning,
resulting in significantly higher coercivity (Hc), which
is highly desirable for spintronic devices. Conversely,
2-propanol yielded a looser, more porous lattice with
larger crystallites. This structural flexibility better ac-
commodated high Ti concentrations (e.g., 5%) near the
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solubility limit, keeping exchange pathways intact and
achieving much higher saturation magnetization (Ms),
making it more advantageous for magnetic storage
applications.

e The observed room-temperature ferromagnetism,
coupled with the ability to tune magnetic parameters
through solvent selection, highlights the potential of Ti-
doped ZnO nanostructures for spintronic applications.
Specifically, the transition from spherical to flower-like
morphologies allows for the modulation of coercivity,
which is essential for spin-polarized transport and infor-
mation storage. While further studies on spin-injection
efficiency are required, the current results demonstrate a
feasible chemical route for developing d° ferromagnetic
semiconductors that operate at room temperature, mak-
ing them promising candidates for next-generation spin-
based electronic devices.
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