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HIGHLIGHTS

ABSTRACT

e A novel Ti-Al-HA composite was developed
for bone plate fixation applications.

o The corrosion rate of the Ti-Al-HA composite
was significantly reduced to 0.003 mm/y.

e The Ti-Al-HA composite achieved a high
relative density of 93%.

Keywords:

The corrosion of implanted metals in the human body results in degradation and
the release of harmful ions. Titanium and its alloys are used in biomedical
applications due to their corrosion resistance and biocompatibility. This study
examines how the amount of time spent sintering affects the density and corrosion
resistance of Ti, Ti-6% Al, and Ti-6 % Al-2% HA (hydroxyapatite). Al was
incorporated into Ti to reduce its density and enhance corrosion resistance. In
contrast, HA was added at 2%, which aims to improve bioactivity and facilitate
better integration with bone tissue. The samples were fabricated through powder

metallurgy by mixing for 4 hours, and the compaction was 550 MPa. We sintered

Powder metallurgy all samples at 1,300 °C, with varying sintering times of 60, 90, and 120 minutes.

Porosity The results indicated that samples sintered for 120 minutes exhibited the highest
TiO2 relative densities: 91.55% for Ti, 92.89% for Ti-6%Al, and 93.24% for Ti-6%Al-
Hydroxyapatite 2%HA. These samples demonstrated the lowest corrosion rates, with 0.2075 mpy

Corrosion resistance for Ti, 0.01199 mpy for Ti-6%Al, and 0.003129 mpy for Ti-6%Al-2%HA. X-ray
diffraction analysis of the Ti-6%Al-2%HA sample revealed patterns that
corresponded to the titanium alloy and its byproducts, which included Ti,
CaTisPsO24, TiP20, TiO:, and CaTiOs. Atomic absorption spectroscopy analysis
found that only a small amount of titanium ions (0.912 ppm) was released, and no
aluminum ions were detected over 14 days. Additionally, the MTT assay
demonstrated 85.3% cell viability. These findings suggest that Ti-6%Al1-2%HA
alloys have potential applications in biomedical implants due to their improved
corrosion resistance and biocompatibility.

1. Introduction

Titanium and its alloys, especially Ti-6Al-4V, have become foundational materials in biomedical engineering due to their
remarkable biocompatibility, corrosion resistance, and mechanical properties [1-3]. These qualities have revolutionized implant
technology and surgical procedures. However, challenges such as high production costs, mismatched elastic modulus compared
to natural bone, and bioinert surfaces that hinder bone bonding continue to limit performance. Addressing these limitations has
driven the development of novel material combinations and processing techniques.

Recent efforts in titanium alloy design have focused on enhancing strength and long-term performance while improving biological
integration. Among the techniques employed, powder metallurgy (PM) has gained attention due to its ability to control composition and
microstructure precisely, improving implant quality and healing efficiency [4,5]. Despite these advancements, the gap in current research
lies in understanding how specific processing parameters, such as sintering time, affect the electrochemical and structural properties of
titanium composites, especially those incorporating multiple modifying elements. Aluminum, commonly added to 6 wt.% to balance
strength and plasticity, acts as an a-phase stabilizer. It also improves thermal stability and corrosion resistance by forming protective ALOs
layers, though it can compromise ductility if used excessively [6,7]. Complementing this, incorporating bioceramic materials such as
hydroxyapatite (HA) has significantly enhanced osseointegration and biological affinity [8]. HA’s calcium-phosphate structure mimics
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natural bone, boosting tissue adhesion and promoting osteoconduction. Furthermore, combining HA with titanium alloys
improves resistance to wear and corrosion while reducing the release of potentially inflammatory metal ions.

The synergistic properties of Ti-Al-HA composites have attracted increasing attention in biomedical materials science [9,10].
Processing methods and sintering parameters significantly affect the final microstructure and mechanical behavior. For instance, Omidi
et al., fabricated pure titanium powder with HA using spark plasma sintering, varying the HA percentage from 0% to 40% in 2, 3, and
5 layers. The results demonstrated that grain size decreased as the HA content increased. However, vickers micro-hardness improved
with increasing HA content, followed by a decline at higher HA levels. Maximum compressive strength was found in samples with
five layers [11]. Farrahnoor and Zuhailawati, created a Ti-Nb-HA composite using mechanical alloying and powder metallurgy,
investigating bioactivity with 0-15 wt.% HA. Increased HA content led to a decline in the  phase and the presence of a, TiO», and Ti,P
phases. The highest bioactivity was observed at 15 wt.% HA after immersion in Hank’s Balanced Salt Solution (HBSS) for 30 days,
with signs of HA decomposition improving bioactivity [12].

Li et al., developed Ti-6Al-4V/hydroxyapatite (HA) composites using selective laser melting, incorporating varying HA
contents to form functionally graded materials (FGMs). Their findings demonstrated that incorporating 1 wt.% HA significantly
enhanced osteogenic properties in vitro compared to higher concentrations or pure titanium. Furthermore, FGMs showed
improved compressive strength while promoting bone tissue integration, indicating that a gradient distribution of HA can
optimize both mechanical performance and biocompatibility of titanium-based implants [13]. Fereiduni et al., examined Ti-6Al-
4V/HA composites made via Laser Powder Bed Fusion. Adding HA powder slightly enhanced reflectance compared to
monolithic Ti-6Al-4V. Composites with 1 wt.% HA was crack-free, while those with 2.5 wt.% HA exhibited transgranular
cracks. Adding 1 and 2.5 wt.% HA significantly improved nano hardness and yield strength [14]. a-stabilizing elements like
aluminum increase the o-f transformation temperature in titanium. The addition of Al enhances mechanical properties and
corrosion resistance due to the formation of an Al,O3 layer on the alloy's surface, as reported by Bolzoni et al. and Xu et al. in
biomedical applications [15,16].

Despite such progress, limited studies have systematically explored the effects of sintering time on the density and corrosion resistance
of Ti-based composites containing aluminum and HA. This research aims to fill this gap by evaluating Ti, Ti-6%Al, and Ti-6%Al-2%HA
composites fabricated through powder metallurgy. By analyzing the relationship between sintering time and electrochemical properties,
this study offers new insights for optimizing implant performance. Furthermore, it uniquely combines all three components—Ti, Al, and
HA—in a single material system, contributing a novel perspective to biomedical material development.

2. Experimental work

2.1 Materials used

This study involves producing commercial pure titanium (CP), titanium-aluminum alloy (Ti-6%Al), and titanium-aluminum-
hydroxyapatite composite (Ti-6%Al-2%HA) samples using powder metallurgy technology (P/M). These samples contain
titanium in two different particle sizes (Ti1=484.9 nm, and Ti2=174.6 nm) with a mixing percentage of 70% Til to 30% Ti2
(Using mixed coarse and fine particles improves density and reduces corrosion; fine particles fill voids, creating a compact
structure, while smaller sizes enhance diffusion during sintering, improving bonding and corrosion resistance) [17]. The Al
powder (6% by weight) is used as a liquid phase constituent, and HA (nano-powder, 2% by weight) is used as a bioactive
constituent. Fluka, Swaziland, supplied the two titanium powder particle sizes (Til and Ti2). Gientham Life Sciences Ltd., UK,
supplied the aluminum powder. SUNKOO Ltd., Korea, provided the HA powder.

2.2 Work procedure

The experimental work involves the formation of 9 samples by powder metallurgy technology (P/M), which were divided
into three groups depending on sintering times (Number 6 in each sample refers to 60 minutes, number 9 refers to 90 minutes,
and number 12 refers to 120 minutes of sintering time) as shown in Table 1.

Table 1: Percentage of samples and their symbols

Group Composition% Symbol Composition% Symbol Composition% Symbol
60 100% Ti T Ti 6%Al TAs Ti 6%Al1 2%HA TAHs
90 100% Ti Ty Ti 6%Al TAy Ti 6%A1 2%HA TAHy
120 100% Ti T2 Ti 6%Al TA1 Ti 6%Al 2%HA TAH12

2.3 Green compact preparation

Powder metallurgy (P/M) technology was employed to fabricate the samples through three main steps: mixing, compacting,
and sintering. The samples obtained after compaction and before sintering are called green compacts. The weighed powders were
mixed for 4 hours at a constant speed of 100 rpm. After mixing, the die of the final samples' required shape was prepared and
lubricated with paraffin material. The mixed powders were manually distributed into the die cavity for optimum distribution
before the next compaction step. Using a hydraulic press device at the University of Technology Materials Engineering
Department, the powder is placed into the mold at 550 MPa for 15 minutes at a speed of 0.5 mm/s using a die and punch (1 cm?
x 8.5 cm cylindrical cavity). Figure 1 (a, b) explains the mold and compaction process.
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2.4 Sintering process

All samples (green compacts) were sintered in a furnace with a vacuum environment inside. The samples were distributed in three
groups according to sintering time (60, 90, and 120 minutes) with a constant temperature average increase of 20 “C/min at (1,300 °C) as a
constant temperature for all samples. Sintering at various times aims to select the best sintering time that gives the optimum properties
(density and corrosion) for this work [18,19].

e -

‘ Punch (

Die

Base

(@ (b)

Figure 1: a) The mold and b) compaction process

2.5 Density measurements

The apparent density, relative density, and porosity of each sample produced after sintering at various times were measured
using the Archimedes method with a density measurement device in UOT\Materials Department\Chemical Library. The dry
weight (Wary) of each sample was measured. Subsequently, the samples were immersed in water for 24 hours to ensure saturation,
after which the saturated weight in air (Wy,) and the apparent weight while suspended in water (W) were recorded. The
apparent density (p.) of each sample was then calculated according to the Archimedes method, following ISO 3369:1975 [20],
as described in Equation (1). Density measurements were taken in triplicate for each sample to ensure the reliability and accuracy
of the results. The average value of the three measurements was used for further analysis.

Wwdr ~
pa = Y 4D
Wsat—-Wsub

(M

where: pa.: Apparent density (g/cm?), Wqry: Weight of the dry sample in air (g), W Weight of the water-saturated sample in air
(g), Waw: Weight of the saturated sample while suspended in water (g), pwaer: Density of water (typically 1.0 g/cm?® at room
temperature) [21].

The relative density (prelaive) Of €ach sample was calculated according to Equation (2), while the theoretical density (pincoretical)
of each specific composition is 4.5 g\cm? for 100% Ti, 4.392 g\cm? for 94% Ti-6Al, and 4.3648 g\cm? for 92% Ti 6% Al 2% HA
[22]. Finally, the relative porosity of each sample is determined according to Equation (3) [23].

Prelative=[a~ Ptheoretical (2)
. . _ _ prelative
Relative Porosity = {1 (—ptheortical)} * 100 3)

2.6 Corrosion measurements

Electrochemical corrosion tests were performed using a Corrtest CS350M Potentiostat/Galvanostat workstation at UOT/
Baghdad-Iraq\ Nanotechnology and Advanced Materials Research Center [24]. The samples had a cylindrical surface area of 1
cm? and a height of 0.5 cm. Each sample was insulated with Bakelite material; therefore, only one circular surface area was
exposed to Ringer solution (simulated body fluid) with a 6.9 pH. They were grounded and polished using abrasive papers ranging
from 100 to 4,000 grit to achieve a smooth circular surface area, as illustrated in Figure 2(a) [25]. A three-electrode cell was used
to determine the electrochemical reaction parameters as illustrated in Figure 2(b). The corrosion cell consists of platinum, a pure
metal (a secondary electrode), a saturated calomel electrode (a reference electrode), and the Ti-base samples (a working
electrode) in the Ringer solution. A water bath was used to maintain the temperature of all experiments at 37 °C. This test is
performed according to ASTM G10894 standard [26]. A scan rate of 1 mV/sec was used in this work to plot the Tafel curves (bc
and b,), determining both the current density (icorr) and the potential (Ecorr). According to Equation (4), the corrosion rate (C.R.)
can be calculated [26].

C.R =CZ icorr )
np

where M: refers to the atomic weight (g/ mol), icon: refers to current density (A/cm?), p: relates to density, C: refers to a constant
equal to 0.13 in (mpy), and n: refers to the number of electrons involved in the process. The parameters of the corrosion test and
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their values of the operation are: Initial potential was -0.3V, Final potential was 0.3V, Frequency (Hz) was 2 Hz, and Scan Rate
was 2 mV/s [27].

Counter electrode

Conductive wire |t fill 1€
7 ) . Reference

To TAy
electrode
Ringer solution :
Working
i electrode

TA1n2 TAH12 Water bath at

3rC Working sample

(@)

(b)

Figure 2: a) Prepared samples for a corrosion test, and b)The corrosion cell

2.7 Atomic absorption spectroscopy measurements (AAS)

The optimum sample (according to corrosion resistance and relative density results of the three groups) was placed into a beaker
(100 ml) containing a mimic bio-fluid substance (a Ringer solution). The optimum sample's Ringer solutions were prepared and
evaluated for the AAS test at the Ministry of Industry and Minerals-Corporation for Research and Development, Ibn Al-Betar
Center, Iraq. The beaker was incubated in a water bath at 37 °C, as shown in Figure 3(a). The Ringer solution was withdrawn from
the beaker at three-, seven-, and fourteen-day intervals. This test determined the amount of ion release during the fourteen-day
immersion period. Figure 3(b) shows samples of Ringer solutions at different periods: 3, 7, and 14 days.

Incubator
at 37°C

Water at
37°C

Ringer
solution

i

[ Optimum Sample ]

(@) (b)
Figure 3: a) Diagram of the AAS test and b) Ringer solution during different periods

2.8 MTT assay measurements

The chemical formula of MTT is (3- (4, 5- di-methyl-thiazol-2-yl) -2,5-diphenyl-tetrazolium bromide). The MTT assay,
which uses yellow tetrazolium salt, was conducted at Shahrood University of Technology, Iran, to measure a cell's viability and
cytotoxicity. In active cells, the soluble form of MTT is reduced to insoluble, purple formazan crystals. The amount of formazan
can be measured spectrophotometrically at 550 nm after solubilization, and it is directly proportional to the number of viable
cells. MG63 cells were cultured at 10° cells/well in 100 puL of culture medium, Dulbecco’s Modified Eagle’s Medium (DMEM),
containing varying amounts of Ti-Al-HA powder in microplates (0.0001 pg/mL). The cell cultures were incubated for 24, 48,
and 72 hours at 37 °C. After incubation, 10 uL of MTT reagent was added to each well. The microplate was then incubated for
an additional 4 hours. 100 pL of Dimethyl Sulfoxide (DMSO) was added to each well. The plate was then incubated for 24 hours.
The absorbance of each well was measured using a spectrophotometer at a wavelength of 550 nm. Control wells contained
untreated cells, with an assumed relative viability of approximately 100% according to Equation (5). The mean absorbance of
treated and control cells was calculated. Figure 4 illustrates the MTT test diagram [28].
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Mean absorbance of treated cells

Cell viability (%) = ( )+ 100% (5)

Mean absorbance of control cells
MTT (yellow, DMEM Formazan (purple,
soluble salt) insoluble crystals)
purple, measurable
—_— DMSO — .
solution

Figure 4: MTT assay chart

3. Characterization

An X-ray fluorescence (XRF) spectrometer, a powerful analytical tool designed to reveal the elemental composition of
various materials, was utilized. A SPECTRO Analytic Instrument model (XEPOS) of 100 V was used to conduct this test. To
determine the particle size of the powder, the 90Plus Particle Size Analyzer was employed. This device operates based on
Dynamic Light Scattering (DLS), where it detects changes in the scattering of light, which are influenced by the random
movement of particles within the suspension. By analyzing these fluctuations, the instrument provides precise data on the particle
size distribution and the hydrodynamic diameter, both of which are crucial for evaluating the material's properties in various
conditions. The Scanning Electron Microscope (SEM) device (Thermo Scientific Axia model) was employed to examine the
specimen's surface morphology. The XRD test was performed using a Shimadzu X-Ray Diffractometer model XRD6000 to
inspect the crystal structure of solid materials using X-ray beams.

4. Results and discussion

4.1 Particle size analysis

The examination resulted from charts Figure 5 (a- d) illustrating the value of effective diameter (d) for Ti; powder was 484.9
nm, for Ti, powder was 174.6 nm, for (Al) powder is 112.5 nm, and for (HA) powder is 72.5 nm and the distribution sizes had
a slight span. The presence of different particle sizes (coarse and fine) in the sintered samples can lead to an increase in density
compared to samples with only coarse particles. This improvement is due to the finer particles, which enhance interparticle
necking growth during sintering. As a result, the porosity of the sample decreases, leading to a higher density [29].

4.2 X-ray fluorescence (XRF) analyzing

Figure 6 (a-d) presents the chemical analysis results for Til, Ti2, Al, and HA powders. XRF analysis indicates the purity of each
powder, the elements detected as impurities, and their respective percentages. The analysis demonstrated that the purity of Til powder
is 98.89%, Ti2 powder is 98.78%, Al powder is 99.21%, and HA powder is 93.6%. These results confirm that the powders used to
produce these alloys are pure. The XRF analysis of the received powders verifies the presence of the essential elements.

d=484.9nm d=174.6nm
100 : 100
= 75 : > 75
w ' Z/_,
g % : 5 80
= 25 : = 25
01 : 01
5.0 50000.0 5.0 5000.0
Diameter (nm) Diameter (nm)
(a) (b)
d=112.5nm
100 100 .
> 75 ‘
= 27 :
15 50 S 50 :
£ 25 E 5
01 T v 01 :
5.0 5000.0 5.0 500 0

Diameter (nm) Diameter (nm)

© (d
Figure 5: Particle size distribution diagram of a)Til, b) Ti2, ¢) Al and d) HA powders
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Figure 6: XRF results of a) Til, b) Ti2, ¢) Al, and d) HA powders

4.3 Density and porosity analysis

Table 2 shows the results of the density measurements. From this Table, the apparent density (g/cm?), the relative density
(%), and the relative porosity (%) of each sample are represented as a function of sintering times. Figures (7- 9) show that the
apparent density and relative density gradually increase, while the relative porosity gradually decreases with the sintering times
(60, 90, and 120 min) in this work. From Table 2, it can be observed that the lowest values of apparent density and relative
density, and the highest values of relative porosity were recorded for samples sintered for 60 minutes. The apparent density and
the relative density gradually increase, while the relative porosity gradually decreases as the sintering time is extended to 90
minutes for all compositions.

The maximum apparent density, the relative density, and the minimum relative porosity appeared at a sintering time of 120
minutes in all its specific compositions. The apparent density of sample T2 was 4.12 g/cm?, for TA, it was 4.08 g/cm?, and
TAHi, was 4.06 g/cm®. The relative density of T2 was 91.55 %, for TA1, it was 92.89 %, and for TAH;, it was 93.24 %. The
relative porosity of Ti, was 0.796 %, TA 1> was 0.788 %, and TAH> was 0.786. The increase in relative density observed across
all compositions (T2, TA12, and TAH») can be attributed to exposure to the highest processing time used in this study, compared
to lower times of 60 and 90 minutes. This trend indicates a correlation between increasing sintering time and enhanced density.
The sample TAH; has the highest relative density because of the highest sintering time (120 min), the presence of Al and HA
in its chemical composition, and this sample contains a variety of particle sizes (Til is 484.9 nm, Ti2 is 174.6 nm, for Alis 112.5
nm, and HA is 72.5 nm). High sintering temperatures led to the closing of pores, reducing their total number, and causing them
to adopt a spheroid shape [30-32]. Additionally, aluminum (Al) and hydroxyapatite (HA) brought the density of all samples
closer to their theoretical values.

The presence of the Al element in titanium-based materials causes Ti to have an a-phase, which has a lower density than the
B-phase Ti alloys. The Al element has a low density of about 2.7 g/cm?, the HA has a theoretical density of 3.14 g/cm?, and Ti
has a density of 4.5 g/cm?® [33]. The relative density results are adequate according to implants made of titanium-based materials,
which are between 85-95% [34]. Materials with suitable porosity levels help minimize adverse biological reactions, such as
inflammation, and promote healing. In metals like titanium, moderate porosity supports tissue adhesion while preserving
mechanical integrity [35]. Their relative density significantly affects the corrosion resistance of biomedical titanium-based
materials, particularly those produced through powder metallurgy. Higher porosity (which corresponds to lower relative density)
increases the material's exposure to bodily fluids, thereby accelerating corrosion. Titanium alloys with moderate porosity can
enhance tissue integration while maintaining sufficient corrosion resistance, particularly in orthopedic applications [36].
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Table 2: Apparent density, relative density, and relative porosity results

Sintering Time (min) Sample Apparent Density (g/cm3) Relative Density (%) Relative Porosity (%)
60 T 3.93 87.37 0.805
TAs 3.87 88.16 0.799
TAHs 3.86 88.25 0.797
90 To 3.97 88.22 0.803
TAy 3.91 89.02 0.797
TAHy 3.85 90.6 0.792
120 Ti2 4.12 91.55 0.796
TA1 4.08 92.89 0.788
TAH2 4.06 93.24 0.786
5
4.5
4.06
z 393 387 385 I
S .
&0
2z
‘2 3.5
=
D
a
=
=
g 3
2,
>
<
2.5

60 min 90 min 120 min
Sintering Time (min)

mTi Ti-Al Ti-Al-HA

Figure 7: Effect of sintering times on apparent density
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Figure 8: Effect of sintering times on relative density
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Figure 9: Effect of sintering times on relative porosity

4.4 Corrosion resistance analysis

Table 3 presents the results of the corrosion resistance evaluations, where the corrosion potential (Ecorr) (V), corrosion current
density lcorr (A/cm?), and corrosion rate (C.R.) (mm/y) are evaluated as a function of sintering time. The corrosion behavior of the
samples was evaluated using the Corrtest CS350M Potentiostat. The device’s ability to perform accurate electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization allowed for precise corrosion potential and current measurement. These
measurements provided reliable insight into the electrochemical stability of the Ti-based composites under simulated physiological
conditions. Figures 10 (a-c) demonstrate the observed trends, with a progressive increase in the corrosion potential for all samples,
which shifts significantly to the positive direction as the sintering time increases (60, 90, and 120 minutes). Conversely, the corrosion
current density and rate decrease correspondingly, with the Lo becoming more negative, under the same sintering conditions. The
results show that the corrosion potential (Ecorr) shifts notably to the positive side as sintering time increases. The corrosion current
density (L) decreases with longer sintering durations (increasing sintering time). Table 3 shows that the samples (Ts, To, T12)
exhibit corrosion rates (C.R.) of 0.3308, 0.2650, and 0.2075 mm/y, respectively. The corrosion rates in the TA6, TA9, and TA12
samples are lower than those of pure titanium (0.2320, 0.01854, and 0.01199 mm/y, respectively). Furthermore, when 6% aluminum
is incorporated along with 2% hydroxyapatite into the titanium, a significant reduction in C.R. is observed in the TAHs and TAHo
samples (0.02273 and 0.004854 mm/y, respectively), reaching the highest value in this study in the TAH,, sample, which is
0.0031298 mm/y. Figure 11 shows the corrosion rates of the samples in this work.

These results of TAH;, were due to the highest sintering time (120 min), which allowed for the highest relative density
value (lowest relative porosity level ), and using two different particle sizes of titanium powders compared to other samples with
the same chemical compositions (TAHs and TAHy). Furthermore, aluminum (Al) and hydroxyapatite (HA) presence in the
chemical composition of sample TAH, acts as a barrier against aggressive ion attacks, significantly enhancing the corrosion
resistance of the Ti-Al-HA composite implant. An acceptable current density in titanium-based materials is typically less than 1
pA/em?. The low current density of Ti confirms that it remains in a passive state, thereby reducing corrosion risks. An acceptable
corrosion rate is less than 1 pum/year (0.039 mm/y) [37-42].

Based on all samples' density and corrosion resistance test results, sample TAH, exhibited the best performance as a
biomaterial in this study. Consequently, further analyses were conducted on its microstructure, including SEM, XRD, AAS, cell
viability assays, and cytotoxicity evaluation using the MTT assay.

Table 3: Corrosion potential (ecorr), corrosion current density (icorr), and corrosion rate (C.R.) results

Group Sample symbols Ecorr (V) Leorr (A/cm?) C.R (mm/y)
60 Ts -1.0745 2.8199E-05 0.3308
TAs¢ -1.0515 1.9779E-05 0.2320
TAHs -0.98963 1.9381-06 0.02273
90 To -1.0483 2.2593E-05 0.2650
TA9 -0.97341 1.5807E-06 0.01854
TAHoy -0.9934 4.138E-07 0.004854
120 Tz -1.1111 1.7692E-05 0.2075
TA12 -0.96823 1.0222E-06 0.01199
TAH12 -1.0065 2.6679E-07 0.003129
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Figure 11: Corrosion rate analysis of samples
4.5 X-ray diffraction analysis

Morphological studies are significant and influential tools for surface characterization [43—45]. Sample TAH;» is produced from
powders of 92% Ti, 6% Al, and 2% HA in weight by powder metallurgy processing with a sintering temperature of 1,300 °C and a
sintering time of 120 minutes. The microstructural examination of sample TAH, is shown in Figure 12. Multiple peaks indicate the
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formation of various compounds due to the decomposition of HA and its interaction with Ti and Al elements. These compounds
include TiP,0O7, Ti, Al>Ti, CaTiOs3, TiO,, CaTisPsOa4, and Na,Ti307. The standard reference cards for these compounds are displayed
in Figure 12. Analyzing the presence of compounds formed after sintering titanium (Ti) with aluminum (Al) and hydroxyapatite
(HA) at elevated temperatures, such as 1300 °C and a sintering time of 120 minutes, provides valuable insights into their potential
effects on biocompatibility, mechanical properties, and stability within the context of biomaterials [46-50]. Including ceramic
compounds in the TAH, enhances its biocompatibility, making additional coating processes unnecessary.
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Figure 12: XRD analysis of TAH12

4.6 Atomic absorption spectroscopy measurements (AAS) analysis

This study measured the ion release from the TAH|> sample in Ringer's solution. The maximum titanium ion release was 0.912
ppm, while aluminum ions were 0 ppm, as shown in Figure 13. Titanium, known for its non-toxicity, is naturally removed by the
body and bonds well with bone if it is found in bodily fluids in amounts greater than 0.8 mg. Ion release stabilizes after a period due
to adsorption processes, with various responses occurring on the implant surface when interacting with bone. Adsorption of metal
ions is maintained by cell generation at the implant's surface, preventing further ion release [51, 52].
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Figure 13: AAS test result of sample TAH12

4.7 Scanning electron microscopy (SEM) analysis

Scanning Electron Microscopy (SEM) examination was conducted on the best sample (TAH ) based on density and
corrosion resistance results. This examination improved observations of surface morphology, as shown in Figure 14 (a and b),
which displays the TAH, sample at 50 pm and 5 pum, respectively. The particles and pores in this figure appeared in varied sizes
and dimensions. The particles ranged from approximately 16 um to 40 um, while the pores were smaller than 5 pym. The SEM
examination also revealed the homogeneity in particle sizes within the sample, contributing to its surface topographies. This
surface homogeneity significantly impacts the surface roughness, playing a crucial role in the osseointegration of the implant
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and surrounding bone tissues [53]. Based on the SEM image shown in Figure 15 (a and b), the Roughness Average (Ra) of TAH1»
was measured by the Gwyddion application. The roughness average of the TAH, sample was found to be 73 nm. This result is
attributed to the presence of nanoscale particle sizes in HA (72 nm) and Al (112 nm), along with the effect of high sintering time
(120 minutes) at 1300 °C [54]. Incorporating nanostructured material on the implant's surface can enhance its performance. The
nanostructured material produced a nano-rough surface (less than 1 pm). This nano-rough surface improves protein adsorption
and cellular responses, leading to more dependable and faster osseointegration [54].
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Figure 15: a) SEM image at 200X, b) 3D image of SEM at 200X of sample TAH12

4.8 MTT assay analyzing

When dissolved, formazan crystals show absorbance between 550—600 nm, with darker colours suggesting higher cell
viability. Ti, Al, and HA materials are known to degrade slowly, releasing minimal ion concentrations, which are typically within
acceptable safety limits and are considered to have low toxicity under established medical standards [55]. The highest recorded
cell viability was 85.3% for cells cultured on the powder mix after 72 hours. The MTT assay revealed a cytotoxicity rate of
14.7%, which falls within the acceptable range for biomaterials (less than 30% cytotoxicity, as defined by ISO 10993-5:2009)
[56], indicating moderate biocompatibility appropriate for preliminary evaluations Figure 16 (a and b). Titanium typically
exhibits minimal tissue interaction due to its inert nature. While aluminium has been linked to health concerns like Alzheimer’s
disease with prolonged exposure, its reactivity in powder form can be mitigated. In this study, powder metallurgy sintering (1300
°C for 120 minutes) may have contributed to converting aluminium into a more stable crystalline phase, potentially reducing its
long-term toxicity. Hydroxyapatite has been reported to support bone-implant bonding and promote osteointegration, potentially
improving healing and reducing adverse responses [57—60].

1061



Marwa Hadi et al. Engineering and Technology Journal 43 (12) (2025) 1051-1065

85.3

/ 23.6
82.8

~ 9
é ?;: 17.2
£ 76.4 3 '
:'g E 14.7
>

24hrs. 48hrs. 72hrs. 24hrs. 48hrs. 72hrs.

Time (day) Time (day)
(a) (b)

Figure 16: a) The cell viability with time, and b) The toxicity of the cell MGe3

5. Conclusion

This study explored the effects of varying sintering times (60, 90, and 120 minutes at 1300 °C) and particle sizes (484.9 nm
and 174.6 nm) on the physical and corrosion properties of titanium-based alloys with different compositions: pure Ti, Ti-6%Al,
and Ti-6%Al1-2%HA. The results demonstrated that increasing the sintering time significantly enhanced the relative density
across all compositions, with the highest value (93.24%) observed for Ti-6%Al1-2%HA at 120 minutes. This improvement is
attributed to the combination of smaller particle size and prolonged sintering, which promotes densification. In terms of corrosion
resistance, Ti-6%Al-2%HA also exhibited the lowest corrosion rate (0.003129 mm/y) at the same sintering duration,
outperforming pure Ti (0.2075 mm/y) and Ti-6%Al (0.01199 mm/y). The addition of HA played a crucial role by acting as a
barrier against aggressive ions, while Al contributed to structural stability. XRD analysis revealed the formation of various
compounds at higher sintering times, including TiP-O7, TiO2, AL:Ti, Na.Ti:07, CaTia(PsO4)s, and CaTiOs, indicating enhanced
phase transformation and interaction at elevated thermal exposure. Overall, the study confirms that optimizing sintering time,
particle size, and incorporating Al and HA can significantly improve titanium-based implants' density and corrosion resistance,
enhancing their suitability for biomedical applications through improved biocompatibility and structural performance.
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