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ABSTRACT
The combination of superior mechanical properties, corrosion resistance, and biological characteristics makes Ti-6Al-4V a 
widely used biomaterial. However, its clinical application as an orthopedic implant is limited by its hardness and weak osseo-
integration capacity. This study focuses on the development of a functionally graded biomaterial that has increased bioactivity 
and decreased mechanical mismatch with living tissue. In this scope, a novel radially functionally graded Ti-5Mo/hydroxyapa-
tite (HA) biocomposite was successfully fabricated via pressure-assisted sintering using a specially designed mold that enabled 
directional HA enrichment toward the outer surface. This architectural design addresses the persistent challenge of combining 
mechanical reliability with biological functionality in load-bearing implants. Comprehensive characterization was performed, 
including x-ray diffraction (XRD), Rietveld refinement, optical and scanning electron microscopy (SEM/EDX), atomic force mi-
croscopy (AFM), contact angle measurements, and in vitro cytotoxicity assays using L929 fibroblast cells. Mechanical behavior 
was assessed through Brazilian splitting, three-point bending, microhardness, and tribological testing under both dry and cor-
rosive conditions. The biocomposite exhibited a dual-phase α + β titanium matrix and HA-derived oxides in the surface layers, 
with a graded increase in porosity and hardness from the core to the periphery. Mechanical tests revealed a bending modulus of 
22.4 GPa, close to that of cortical bone, while the surface showed enhanced roughness, hydrophilicity (contact angle 35.3°), and 
corrosion resistance. In vitro results confirmed the material's biocompatibility and superior cell viability in HA-rich regions. 
These findings demonstrate that the developed Ti-5Mo/HA FGM offers a structurally and biologically optimized solution for 
orthopedic and dental implant applications.

1   |   Introduction

Titanium (Ti) and its alloys, particularly Ti-6Al-4V, have been 
extensively used in orthopedic implants due to their superior 
mechanical strength, corrosion resistance, and biocompati-
bility [1, 2]. Despite these advantages, conventional Ti-based 
materials exhibit a significant mismatch in elastic modulus 
compared to natural bone, leading to the well-known stress 
shielding effect [3, 4]. This phenomenon impairs normal bone 

remodeling, reduces osseointegration, and ultimately con-
tributes to implant loosening and failure, often necessitating 
costly and complex revision surgeries [5]. Addressing this crit-
ical challenge requires the development of biomaterials that 
can simultaneously minimize mechanical mismatch and en-
hance osseointegration through advanced structural and com-
positional strategies [6, 7]. One promising approach involves 
the development of hybrid and functionally graded materials 
(FGMs), which enable a gradual variation in composition and 
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structure within a single component [5, 6]. FGMs are engi-
neered to mimic the gradual changes found in natural biolog-
ical systems, thus offering superior mechanical and biological 
compatibility [7]. In the field of orthopedics, metallic–ceramic 
FGMs that combine the mechanical strength of metals with the 
bioactivity of ceramics have emerged as a promising class of 
materials [6, 8, 9]. Hydroxyapatite (HA), a calcium phosphate-
based bioceramic, closely resembles the mineral phase of bone 
and is widely employed in hard tissue engineering due to its 
excellent osteoconductivity and bioactivity  [8, 10]. However, 
HA is intrinsically brittle and lacks the mechanical resilience 
required for load-bearing applications [11]. Therefore, HA is 
often incorporated into Ti matrices to balance bioactivity and 
mechanical strength [12]. Among Ti-based alloys, β-phase Ti 
alloys such as Ti-Mo have gained considerable attention due 
to their low elastic modulus, favorable mechanical properties, 
and excellent biocompatibility [13, 14]. Molybdenum (Mo), a 
non-toxic β-stabilizer, enhances the corrosion resistance and 
strength of Ti alloys while reducing their stiffness [15]. Ti-
5Mo, in particular, exhibits a single β-phase structure, mak-
ing it a suitable candidate for biomedical applications [16, 17].

Previous studies have mostly focused on longitudinally graded 
or bilayer composite structures, with limited attention given 
to radially graded configurations [6, 10, 11]. However, radially 
graded implants may offer enhanced stress distribution, im-
proved interfacial bonding, and better mimicry of natural bone 
architecture, especially in cylindrical bone-replacing implants 
[13, 14]. Despite their potential advantages, studies on the de-
velopment and characterization of radially graded metallic–ce-
ramic composites remain scarce [5, 10, 14].

In this context, the present study aims to design and fabri-
cate a novel radially graded Ti-5Mo/HA biocomposite using a 
pressure-assisted sintering technique with a specially designed 
mold architecture. The radial gradation is intended to produce 
a metallic core for mechanical support and an HA-rich outer re-
gion for bioactivity. The microstructural, mechanical, corrosion, 
and cytocompatibility properties of the developed composite are 
comprehensively investigated to evaluate its potential as a load-
bearing orthopedic implant material.

2   |   Materials and Methods

2.1   |   Material Preparation

Commercial Ti-6Al-4V powder (ASTM Grade 5, average 
particle size: 44 μm), Mo powder (99.95% purity, particle 
size: 1–10 μm), and HA powder (99.5% purity, particle size: 
40–50 μm) were used to fabricate the radially graded Ti-5Mo/
HA composites. The Ti-6Al-4V powder was obtained from 
Alpomet Ltd., whereas the Mo and HA powders were supplied 
by Nanografi Nano Technology Inc.

To achieve the desired functional gradation, three distinct pow-
der compositions were prepared to form layered cylindrical 
samples (5 mm in height and 20 mm in diameter), as summa-
rized in Table 1. Mo, a β-phase stabilizer, was incorporated at 
a constant 5 wt.% in all layers, based on prior studies [15]. This 
concentration was selected to promote β-phase formation while 

maintaining mechanical integrity. Higher Mo content can result 
in the formation of brittle undissolved phases, whereas lower 
concentrations may be insufficient for effective stabilization. 
The innermost core layer was designed to maximize mechani-
cal strength and consisted of 95 wt.% Ti-6Al-4V and 5 wt.% Mo. 
To enhance bioactivity in the outer regions, the HA content was 
progressively increased: 5 wt.% in the middle layer (TiMo5HA) 
and 10 wt.% in the outermost layer (TiMo10HA).

2.2   |   Powder Mixing and Consolidation

The powders designated for each layer were mechanically mixed 
for 45 min using a planetary ball mill equipped with zirconia jars 
and 5 mm diameter zirconia balls. Mixing was performed under 
vacuum conditions (10−2 mbar) at a rotation speed of 300 rpm 
to minimize the risk of contamination and oxidation. The ho-
mogenized powders were then sequentially introduced into a 
custom-designed mold that enables precise radial gradation. This 
specialized mold design, which allows for controlled layer depo-
sition, is currently the subject of a pending patent application. A 
schematic illustration of the radial gradation process and the mold 
configuration is presented in Figure 1. To prevent powder adhe-
sion during compaction, graphite paper was inserted between the 
powder layers and the inner walls of the graphite mold.

2.3   |   Sintering Process

The loaded mold was transferred to a vacuum hot press furnace 
(DIEX, Korea) for sintering. The process was conducted under high 
vacuum conditions (10−4 mbar) to minimize oxidation. Sintering 
was carried out at 950°C for 45 min under a constant uniaxial pres-
sure of 45 MPa. After sintering, the samples were allowed to cool 
to room temperature inside the furnace under vacuum, thereby 
preventing thermal shock and further oxidation.

2.4   |   Metallographic Preparation

The sintered samples were sequentially ground using silicon 
carbide abrasive papers with grit sizes ranging from 320 to 2000. 
Final polishing was carried out with diamond suspensions of 6, 
3, and 1 μm to achieve a smooth surface suitable for subsequent 
microstructural and mechanical characterization.

2.5   |   Phase and Microstructural Characterization

The phase compositions of the starting powders and sintered 
Ti-5Mo/HA functionally graded samples were analyzed using 

TABLE 1    |    Composition of each layer in the radially graded Ti-5Mo/
HA composite (wt.%).

Layer Ti-6Al-4 V Mo HA

Inner layer (TiMo) 95 5 —

Middle layer (TiMo5HA) 90 5 5

Outer layer (TiMo10HA) 85 5 10
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x-ray diffraction (XRD, Bruker D8 Advance, Germany) with 
Cu-K radiation (λ = 0.1541 nm, 40 kV). Diffraction patterns 
were collected over a 2 range of 10° to 100°, with a step size 
of 0.02°. Initial microstructural observations were conducted 
using optical microscopy (OM, Zeiss Axioscope 2 Mat), fol-
lowed by detailed surface and compositional analyses using a 
scanning electron microscope (SEM, Jeol IT200 LV) equipped 
with energy-dispersive X-ray spectroscopy (EDX, Oxford 
Instruments, UK).

Quantitative phase analysis was performed via Rietveld refine-
ment using TOPAS software, which applies a general non-linear 
least-squares fitting algorithm to the XRD data. Based on atomic 
percentage results obtained from SEM–EDX, crystal structure 
files corresponding to Mo2Ti, TiO, Ti, Ti6O, TiPO, TiV, HA, 
Ti-6Al-4V, and Al4Ti phases were imported into TOPAS for re-
finement. All identified phases, along with their corresponding 
ICSD (Inorganic Crystal Structure Database) codes, are listed in 
Table 2. Microstructural observations were carried out on radial 
cross-sections of the Ti-5Mo/HA samples to evaluate composi-
tional and structural gradients.

2.6   |   Surface Topography Characterization

Surface topography plays a pivotal role in the integration of 
biomaterials with living tissues by directly affecting cellu-
lar responses and tissue attachment. In this study, the three-
dimensional (3D) surface topography and contact potential 
difference of the Ti-5Mo/HA functionally graded samples were 
analyzed using atomic force microscopy (AFM, Dimension 
3100, Santa Barbara, USA). Measurements were conducted in 
tapping mode at a scan frequency of 3 Hz, utilizing standard 
Si3N4 tips. Each individual layer of the Ti-5Mo/HA specimen 
was separately examined to assess surface roughness character-
istics. 3D topographical images were obtained over a scan area 
of 100 μm × 100 μm, and corresponding quantitative surface 
roughness parameters were recorded.

2.7   |   Mechanical Characterization

The mechanical properties of the Ti-5Mo/HA functionally 
graded samples were evaluated through Brazilian splitting ten-
sile tests, three-point bending tests, Vickers hardness measure-
ments, and wear tests conducted under both dry and corrosive 
conditions.

The Brazilian splitting tensile test was carried out in accordance 
with ASTM C496/C496M-04, which is specifically designed for 
cylindrical samples where conventional tensile testing is imprac-
tical due to geometric limitations [18–20]. The tests were per-
formed using a hydraulic universal testing machine equipped 
with a 1200 kN load cell, at a constant loading rate of 1 mm/
min. Curved loading pads were placed on the top and bottom of 
the specimens to ensure proper alignment and load distribution 
during testing. Load and displacement data were recorded in 
real time using a National Instruments data acquisition system 

FIGURE 1    |    Schematic illustration of the radial gradation design and mold configuration used for the Ti-5Mo/HA composite production.

TABLE 2    |    Phase information and ICSD references for quantitative 
XRD analysis.

Phase ICSD code Phase ICSD code

Mo2Ti 253,843 TiV 150,817

TiO 20,041 HA 26,204

Ti 44,390 Ti6Al4V 58,190

Ti6O 20,042 Al4Ti 604,461

TiPO 83,937
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connected to a PC. The applied compressive load (P) generated a 
tensile stress distribution along the sample height (H) and split 
length (L). The splitting tensile strength (σ) was calculated using 
Equation (1).

For the three-point bending tests, the samples were sectioned 
using a precision cutter (Metkon Microcut 150) to dimensions of 
2 × 3.5 × 20 mm, ensuring the integrity of the layered structure. 
The tests were carried out using a universal testing machine 
(INSTRON Universal 5985) in accordance with ASTM E290. 
The bending load was applied at the midpoint of each sample, 
perpendicular to its longitudinal axis, at a displacement rate of 
2 mm/min until fracture. Stress–strain curves were continu-
ously recorded during the tests.

Vickers hardness measurements were performed following 
ASTM E384-11 to evaluate the influence of the graded archi-
tecture on hardness distribution. A load of 0.2 kgf was applied 
with a dwell time of 10 s. Measurements were initiated from the 
central axis of the sample, and a total of 56 points were recorded 
at 0.15 mm intervals.

The wear resistance of the Ti-5Mo/HA functionally graded 
samples was assessed using a linear reciprocating ball-on-disk 
tribometer (UTS Tribometer T10) according to ASTM G133-
05. Tests were conducted at room temperature under both dry 
and corrosive sliding conditions, applying a normal load of 
20 N. Corrosive wear tests were carried out using artificial body 
fluid to simulate physiological environments. The total sliding 
distance was set to 100 m with a stroke length of 15 mm and a 
sliding frequency of 3 Hz. Steel balls were used as the counter-
face material. Mass loss was determined using an electronic bal-
ance with an accuracy of 0.01 mg to quantify material removal 
after testing. The specific wear rate (W) was calculated using 
Equation  (2), where ∆V is the volumetric material loss (mm3), 
P is the applied normal load (N), and S is the sliding distance 
(m) [21].

2.8   |   Wettability Analysis

Surface modifications of titanium implants have been exten-
sively studied to enhance surface wettability and hydrophilic-
ity, both of which are critical for protein adsorption and cellular 
interactions [22, 23]. Numerous studies have emphasized the 
significance of surface wettability in promoting favorable bio-
logical responses [24, 25]. In this study, wettability was assessed 
by measuring the static contact angle, also referred to as the 
equilibrium contact angle (�E), which reflects surface energy 
and hydrophilic behavior. However, contact angle values may 
fluctuate over time due to surface contamination, roughness, 
droplet spreading, and evaporation. To ensure a precise and 
comprehensive evaluation, advancing contact angle (ACA), re-
ceding contact angle (RCA), and contact angle hysteresis (CAH) 
were measured during droplet spreading and withdrawal. Prior 
to testing, the Ti-5Mo/HA samples were sequentially cleaned 

with distilled water, acetone, and ethanol, followed by drying 
under a nitrogen (N2) stream. A droplet (8 ± 1 μL) of deionized 
water was carefully placed on the sample surface, and the ACA 
was measured after 10 s. Approximately one-third of the droplet 
volume was then withdrawn with a syringe, and the RCA was 
recorded. Contact angle measurements were performed using a 
contact angle analyzer (DMe-211 Plus, Kyowa Interface Science, 
Japan) equipped with a high-speed camera and backlight illumi-
nation. Data were analyzed using FTA32 software, and all mea-
surements were conducted under ambient laboratory conditions 
with deionized water.

2.9   |   Cytotoxicity Evaluation

The cytotoxicity of the Ti-5Mo/HA functionally graded samples 
was evaluated using L929 mouse fibroblast cells. Prior to testing, 
the Ti-5Mo/HA was divided into three equal segments (called 
Region 1, 2, and 3) using a precision cutter (Metkon Microcut 
150) to dimensions of 3 × 3 × 3 mm. Regions 1, 2, and 3 were 
cleaned with ethanol and sterilized under ultraviolet (UV) light 
for 120 min to eliminate potential contaminants. L929 mouse 
fibroblast cells were seeded into 96-well plates at a density of 
3 × 105 cells per well and cultured in Low Glucose Dulbecco's 
Modified Eagle Medium (L-DMEM) growth medium supple-
mented with 1% Glutamax, 10% fetal bovine serum, and 1% 
penicillin/streptomycin at 37°C and 5% CO2 for 24 h. Following 
incubation, cell viability and proliferation were assessed using 
the WST-1 Assay Kit (Roche Applied Science), in accordance 
with the manufacturer's instructions. The culture medium with-
out material exposure was used as a negative control to establish 
baseline cell viability. All experiments were conducted in tripli-
cate to ensure statistical accuracy, and the results were reported 
as the percentage of viable cells relative to the control group.

2.10   |   Statistical Analysis

All experimental procedures were performed in replicates to en-
sure the reliability and reproducibility of the data. Mechanical 
tests were conducted in triplicate (n = 3), SEM–EDX analyses 
were performed at five different locations (n = 5), contact angle 
measurements were repeated six times (n = 6), and surface 
roughness assessments using AFM were carried out in triplicate 
(n = 3). Similarly, cytotoxicity assays were conducted in tripli-
cate (n = 3) to evaluate cell viability. Statistical analyses were 
performed using one-way analysis of variance (ANOVA) and 
Student's t-test. Prior to hypothesis testing, data normality was 
assessed using the Shapiro–Wilk test. A p value less than 0.05 
(p < 0.05) was considered statistically significant.

3   |   Results

3.1   |   Phase Analysis and Microstructural 
Characterization

Phase characterization is essential for understanding the cor-
relation between microstructural evolution and the mechanical 
and biological performance of Ti-5Mo/HA FGMs. To this end, 
XRD analysis was conducted to identify phase constituents, 

(1)� =
2P

�LH

(2)W =
ΔV

P ⋅ S
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assess the effectiveness of β-phase stabilization via Mo addition, 
and verify the presence of HA in the graded structure. Figure 2 
shows the XRD patterns of the Ti-5Mo/HA FGM. A distinct 
(011) reflection of the β-phase is observed at 2θ = 40.4°, confirm-
ing successful β-phase stabilization—especially within the core 
region.

Upon cooling, partial decomposition of the β-phase leads to 
the formation of α and martensitic α″ phases [26]. This trans-
formation is most prominent in the inner layer, where β-phase 
intensity declines while α and α″ peaks dominate. The middle 
and outer layer powders retain a moderate amount of β-phase 
and display prominent HA peaks, verifying surface enrichment. 
Quantitative phase analysis using Rietveld refinement (TOPAS 
software) supports these findings (Figure 3). Major phases in-
clude TiO (33.91%), Ti6O (24.09%), and TiPO (26.60%), all of 
which enhance surface reactivity and bioactivity. Minor phases 
detected include Mo2Ti (2.59%), TiV (4.17%), Ti-6Al-4V (3.43%), 
and Al4Ti (1.72%). Although HA was detected at only 0.01%, this 
is consistent with its surface localization, while XRD sampling 
focuses on the bulk. The calculated β-phase content (17.3%) sig-
nificantly exceeds that of conventional Ti-6Al-4V alloys (~7.4%) 
[27], suggesting enhanced phase stability. Remaining constitu-
ents included 32.1% martensitic α″ and 50.5% α-phase, offering 

a balanced distribution for mechanical performance and biolog-
ical compatibility.

Importantly, Mo-induced β-phase stabilization reduces the 
elastic modulus, better aligning the material's stiffness with 
that of natural bone. Refinement quality indicators confirm the 
robustness of the analysis, with GOF = 1.47, R_exp = 10.15, R_
wp = 14.97, and R_p = 11.24 (Table 3), indicating excellent agree-
ment between experimental and calculated patterns.

Figure  4a–c present optical microscopy images of the three 
layers. An equiaxed grain morphology is observed, with de-
creasing density from the core to the outer layer. The outer 
region exhibits porosity associated with HA inclusion. 
Figure  4d–f display SEM images, and corresponding EDX 
data are summarized in Table 4. Points 1–2 (Ti-rich regions) 
contain Ti, Al, and V, corresponding to the metallic matrix. 
Points 3–4 (Mo-rich) demonstrate increasing Mo content to-
ward grain boundaries. Point 5 reveals Mo segregation zones, 
suggesting local phase concentration. EDX mapping confirms 
co-localization of Ti, Al, and V in matrix regions, while Mo 
preferentially aligns along grain boundaries (Figures S1–S3). 
Interlayer transition zones are visualized in Figures  S4 and 
S5 via OM and SEM. Surface topography images from AFM 

FIGURE 2    |    XRD patterns of the bulk and layered powders of the Ti-5Mo/HA FGM.

FIGURE 3    |    Rietveld refinement results obtained using TOPAS software.
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are shown in Figure 4g–i, with quantitative roughness metrics 
listed in Table  5. The root mean square roughness (Rq) in-
creased from 145.2 ± 23.4 nm (inner layer) to 272.9 ± 96.9 nm 
(outer layer), while Ra values rose from 103 ± 19 nm to 
148 ± 41 nm. This gradient correlates with increasing HA con-
tent. Notably, skewness (K) shifted from 0.391 (inner) to −3.91 
(outer), indicating deeper valleys that enhance mechanical in-
terlocking and cell anchorage [28]. These roughened, gradient 
surfaces are known to promote osseointegration and improve 
bone–implant interaction [29]. Overall, the combination of 
Mo-stabilized β-phase in the core and HA-enriched, rough-
ened surfaces toward the exterior suggests the Ti-5Mo/HA 
FGM is well suited for biomedical applications requiring both 
mechanical durability and enhanced bioactivity.

4   |   Mechanical Characterization

Mechanical characterization is essential to evaluate the struc-
tural integrity and functional performance of biomaterials in-
tended for load-bearing implant applications. In this context, the 
Ti-5Mo/HA FGM developed in this study was subjected to com-
prehensive mechanical evaluations, including tensile, bending, 

TABLE 3    |    TOPAS test results.

Material GOF Rexp Rwp Rp

Ti-5Mo/HA FGM 1.47 10.15 14.97 11.24

Abbreviations: GOF = goodness of fitting, Rexp = rietveld expected value, Rp = 
rietveld pattern, Rwp = rietveld weighted pattern.

FIGURE 4    |    OM, SEM and AFM image of inner layer (a, d, g), OM, SEM and AFM image of middle layer (b, e, h), OM, SEM and AFM image of 
outer layer (c, f, i).

TABLE 4    |    EDX analysis results for points 1–5 marked in 
Figure 3d–f of Ti-5Mo/HA SEM images.

[wt.%]

Point No. Ti Al V Mo O P Ca

Point 1 86.6 6.1 3.4 3.8 — — —

Point 2 79.4 5.8 7.4 7.3 — — —

Point 3 73.9 5.5 4.0 16.6 — — —

Point 4 6.1 — — 71.3 19.0 1.6 1.0

Point 5 7.0 — 0.5 88.5 4.0 — —
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hardness, and wear tests, to assess its suitability for bioactive 
implant interfaces.

The value of the maximum load was obtained at 29.4 kN in the 
Brazilian splitting tensile test. Using this value in Equation (1), 
the calculated splitting tensile strength was 187.3 MPa, substan-
tially lower than the tensile strength of conventional Ti-6Al-4V 
alloys (987 MPa). This reduction is mainly due to the structural 
inhomogeneity introduced by the HA phase and its low fracture 
toughness [30]. However, this mechanical trade-off is acceptable 
in biomedical applications where enhanced bioactivity is priori-
tized over pure mechanical strength.

To further investigate the mechanical behavior, three-point 
bending tests were conducted, as shown in Figure  5. The 
stress–strain response of the Ti-5Mo/HA composite exhib-
ited an initial linear elastic region, followed by a noticeable 
inflection and a sudden decline post-yielding. This deviation 
from idealized monotonic behavior is likely attributed to the 
radially graded structure of the composite. In such graded sys-
tems, the inhomogeneous distribution of phases and mechan-
ical properties across the cross-section leads to multi-stage 
deformation and stress redistribution under bending loads. 
The core region, dominated by metallic Ti and Mo phases, 
sustains the primary load initially, whereas the outer HA-rich 
layer, being more brittle, contributes to the early onset of lo-
calized failure mechanisms. The maximum bending strength 
was recorded as 292 MPa, which is significantly lower than 
that of the Ti-6Al-4V alloy (1762 MPa) and the Ti-6Al-4V alloy 
with 5 wt.% Mo (1759 MPa) [15]. This reduction aligns with 
prior studies indicating that the incorporation of HA severely 
reduces bending strength due to its low fracture toughness 
(36.89 MPa) [31]. Despite the lower strength, the bending elas-
tic modulus of Ti-5Mo/HA was calculated as 22.4 GPa, closely 
matching the range of natural cortical bone (17–30 GPa) [32]. 
This compliance with bone elasticity is beneficial for reduc-
ing stress shielding, thereby enhancing bone remodeling and 
long-term implant integration.

The hardness distribution of the Ti-5Mo/HA functionally 
graded composite, measured along a radial line from the center 
to the outer surface at 150 μm intervals, is presented in Figure 6. 
The hardness values progressively increased from 336.5 HV in 
the core to 650.8 HV at the outer layer, reflecting the intended 
compositional gradient driven by the increasing HA content 
toward the periphery [33]. The average hardness values of the 
inner, middle, and outer regions were calculated as 378.2, 471.7, 
and 578.5 HV, respectively. This gradient is advantageous, pro-
viding a strong metallic core for mechanical load-bearing and a 
hard, HA-enriched outer surface that enhances wear resistance 
and surface performance.

While a general upward trend is observed, the curve exhibits 
notable fluctuations, particularly in the middle and transition 
zones. These variations may be attributed to localized phase 
heterogeneity, microstructural porosity, or surface roughness 
effects, commonly encountered in FGM systems incorporating 
brittle ceramic reinforcements. Additionally, the presence of 
HA may lead to microcracking or uneven densification, which 
can introduce scatter in the hardness data. A detailed analysis 
of standard deviations and transition behaviors is provided in 
Figure S6, supporting the observed gradient and validating the 
layer-wise hardness differentiation.

TABLE 5    |    AFM 3D simulation roughness values of Ti-5Mo/HA.

Material Rq, nm Ra, nm Rmax, nm K, nm Ref.

Ti-6Al-4V 75.1 ± 15.3 53.8 ± 126 655.08 −0.347 [28]

Inner layer (TiMo) 145.25 ± 23.4 103 ± 19 1662 0.391 This study

Middle layer (TiMo5HA) 154 ± 15.5 109 ± 4.9 2720 −1.59 This study

Outer layer (TiMo10HA) 272 ± 96.9 148 ± 41 3050 −3.91 This study

Abbreviations: Rq = root mean square of roughness, Ra = arithmetic mean of roughness, Rmax = maximum peak height, K = Skewness.

FIGURE 5    |    Three-point bending test graph of Ti-5Mo/HA FGM.

FIGURE 6    |    Vickers hardness graph of Ti-5Mo/HA FGM.
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The tribological performance of the Ti-5Mo/HA FGM was 
evaluated under both dry and corrosive conditions to simulate 
mechanical wear in physiological and non-physiological envi-
ronments. As shown in Figure 7, the coefficient of friction re-
mained relatively stable over the entire sliding distance of 100 m, 
with average values of 0.54 (dry) and 0.53 (corrosive). Although 
these values are higher than those typically reported for Ti-
6Al-4V alloys (~0.4), the Ti-5Mo/HA composite exhibited lower 
wear volumes (1.89 mm3 in dry and 2.26 mm3 in corrosive media) 
corresponding to specific wear rates of 9.5 × 10−4 mm3/N.m and 
11.3 × 10−4 mm3/N.m, respectively.

This counterintuitive behavior, where a higher friction coef-
ficient coexists with a lower wear rate, can be attributed to the 
formation of hard, protective surface layers. XRD analysis con-
firmed the presence of TiO, Ti6O, and TiPO phases, which are 

known to act as tribological barriers. Furthermore, the incor-
poration of HA contributes to surface hardening, limiting mate-
rial removal during repeated sliding. These results demonstrate 
that the graded surface composition and oxide film formation 
synergistically enhance the wear resistance of the composite. 
Such characteristics are highly desirable in biomedical implants, 
where consistent friction and low wear are critical for maintain-
ing long-term functionality and minimizing particle-induced in-
flammation [34].

4.1   |   Wettability Analysis Results

The wettability behavior of the Ti-5Mo/HA functionally graded 
composite was characterized by static and dynamic contact 
angle measurements. As shown in Figure 8a, the static contact 
angle (�E) was measured as 35.35° ± 2°, indicating significantly 
improved hydrophilicity compared to conventional Ti-based al-
loys. Dynamic measurements, including ACA, RCA, and CAH, 
are summarized in Table 6. Notably, the ACA and RCA values of 
Ti-5Mo/HA were reduced by 15.2% and 29.3%, respectively, rel-
ative to those of Ti-6Al-4V [35]. The greater reduction in RCA, 
known to be more sensitive to surface topography, suggests en-
hanced surface roughness and chemical reactivity, both favor-
able for biological performance [36].

CAH, defined as the difference between ACA and RCA, serves 
as an indicator of liquid–surface interaction dynamics [37]. 
Higher CAH values typically reflect increased surface adhesion 
and stronger hydrophilicity. In this study, the Ti-5Mo/HA FGM 
demonstrated a higher CAH than Ti-6Al-4 V [35], likely due to 
the presence of hydroxyl-rich hydroxyapatite (HA) on the sur-
face. These groups facilitate protein adsorption and osteoblast 
attachment, supporting enhanced bioactivity and improved 
osseointegration.FIGURE 7    |    Friction-coefficient graph of Ti-5Mo/HA FGM.

FIGURE 8    |    Equilibrium contact angle (a), cell attachment data following 24 h incubation (b). The significance level observed is *p < 0.05 in com-
parison with the control group.

TABLE 6    |    Contact angle results of Ti-5Mo/HA FGM.

Material �E (◦) �ACA (◦) �RCA (◦) CAH (◦) Ref.

Ti-5Mo/HA 35.35 ± 2.3 42.2 ± 2.8 28.4 ± 1.7 13.8 This study

Ti-6Al-4V — 49.8 ± 1.1 40.2 ± 0.6 9.6 [38]
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4.2   |   Cytotoxicity Evaluation

To assess the influence of compositional gradation on cellular 
behavior, the cytotoxicity of the Ti-5Mo/HA FGM was eval-
uated in vitro using L929 mouse fibroblast cells. As described 
in the experimental section, Regions 1, 2, and 3 were incubated 
with the cells, and the resulting cell proliferation, expressed as 
the number of viable cells, is shown in Figure 8b. Among the 
test groups, Region 2 exhibited significantly higher cell viabil-
ity compared to Regions 1 and 3. Since Ti-5Mo/HA has a non-
homogeneous structure, regions 1, 2, and 3 have equal size but 
different compositions in different sections of the sample. So, 
even though they were cut from the same material, this high cell 
viability in Region 2 is likely attributed to its relatively higher 
HA content, which is known to promote favorable biological 
responses through its bioactive surface chemistry. These find-
ings align with previous studies reporting the positive effect of 
HA on osteoblast proliferation and protein adsorption [37, 38]. 
Nevertheless, since topographical analysis or qualitative assess-
ment could not be performed in the scope of this study, exam-
ining the effect of the changing HA ratio on cell viability is a 
possible future study.

Notably, all Ti-5Mo/HA regions demonstrated cell proliferation 
levels comparable to or greater than the negative control group, 
confirming the non-cytotoxic nature of the composite. The 
combination of titanium's mechanical performance and HA's 
bioactivity suggests that the Ti-5Mo/HA FGM has considerable 
potential as a next-generation bioimplant material, particularly 
in applications requiring enhanced early-stage cell adhesion 
and proliferation.

5   |   Discussion

There is a great demand for multifunctional biomaterials that 
could provide maximum integration with living tissue for or-
thopedic applications. While Ti-6Al-4 V already exists as a 
suitable material for orthopedic applications, it is plagued by 
poor mechanical properties and osseointegration issues. Here, 
we described the development of functionalized material, with 
improved bioactivity and a reduced mismatch between implant 
and living tissue, by using a hot-pressing technique. Then, con-
ducting comprehensive analyses (metallurgical, mechanical, 
and cytotoxicity performance) to understand and predict its 
performance as an orthopedic material. It is important to men-
tion that the design features a radially graded biomaterial that 
transitions from the inner layer with high mechanical strength 
to the outer layer with high bioactivity and low hardness. Also, 
difficulties during the molding stage of the relevant powder ma-
terial were a limiting factor for the radially graded processes 
compared to alternative molding methods.

XRD patterns confirmed the characteristic crystalline struc-
ture of the Ti-5Mo/HA, including β-type Ti. It is evident that 
the phase transition of Ti occurred with the presence of the re-
flection of the -phase, a cubic lattice structure. Furthermore, the 
Rietveld refinement clearly indicates the presence of the -phase 
with 49.4% of the structure shown to be stabilized in the + α�� 
phase, result which is significantly better than traditional meth-
ods that do not allow for this stabilization. The and α�� phases 

enable us to obtain a structure that has reduced hardness when 
compared to the α phase. By calculating the phase ratio, we were 
able to accurately determine the qualities of our novel-produced 
material, resulting in effective and reliable results. SEM images 
enable us to observe the structural variations in different layers, 
the transition between the layers and the position of Mo and 
HA among the Ti-6Al-4V particles. Based on the EDX mapping 
analysis, it is apparent that Ti, Al and V are concentrated in the 
same region while Mo particles are distributed among major 
grain boundaries (Figures S1–S3). Furthermore, certain regions 
exhibited varying Ti and Mo amounts which could be due to 
different times required time for the diffusion and solubility. 
According to Figures S1–S3, Mo concentration is effective not 
only in the border region of the construction but also in the Mo 
and HA particles that can be seen between Ti particles. A high 
concentration of calcium and phosphorus in the interstitial 
spaces resembles pores. As observed in both SEM and AFM, 
the surface morphology of the Ti-5Mo/HA layers with increased 
HA content was rougher than the inner layer.

The adhesion of implant material to the living tissue has a sig-
nificant impact on the biomaterial's functionality, and inade-
quate integration could lead to the implants' instability. Hence, 
surface topography is an important element in implant integra-
tion; the surface topography of the produced Ti-5Mo/HA was 
also investigated in this study. Surface roughness and complex 
microstructures improve bone-to-implant contact and promote 
cell proliferation on the implant material. This study deter-
mined that Ti-5Mo/HA had enhanced surface roughness val-
ues compared to Ti-6Al-4V. Furthermore, all roughness values 
gradually increase toward the outer layer, the most active region 
between the tissue and the implant. While surface roughness is 
a significant component, it is not sufficient alone to determine 
the level of cell viability. The negative skewness (K) value of the 
surface topography is another critical factor in enhancing cell 
adhesion. The negative K value has been determined as a sig-
nificant factor in cell viability, and decreasing the K positively 
affects cell adhesion. As shown in Table 5, Ti-5Mo/HA clearly 
exhibits decreasing K values toward the outer layer that indicate 
higher cell proliferation potential [39].

In addition, through rigorous mechanical evaluation, it was 
confirmed that the Ti-5Mo/HA biomaterial possesses sufficient 
strength to withstand physiological loads seen in orthopedic ap-
plications and has a mechanical similarity to living tissue owed 
to the graded structure. We also examined the effect of Mo and 
HA content on the dry and corrosive sliding wear properties of 
Ti-5Mo/HA. The most important effect of Mo on the Ti-6Al-4V 
alloy can be seen in its wear resistance [15]. This improvement 
in wear resistance can be attributed to the formation of a film on 
the alloy's surface. This superior film develops on the surface of 
Ti-Mo alloys and exhibits superior wear resistance compared to 
the passive film formed on pure Ti. HA, with its characteristic 
structural hardness typical of ceramics, can also contribute to 
the wear resistance enhancement.

Ti-5Mo/HA surface's ACA and RCA characteristics indicate 
that the graded structure and the HA content, which were dis-
tributed in the middle and outer layers, significantly improved 
the wetting characteristics. This provides positive results for 
the osseointegration rates and cellular adaptation. To ensure 
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a successful application, the implant material-host interaction 
should be evaluated by the modern test systems. Ti-5Mo/HA 
materials were placed in an L929 mouse fibroblast cell culture 
for the cytotoxicity evaluation. Cytotoxicity test results confirm 
the positive cellular response. Thus, providing that Ti-5Mo/HA 
encouraged much higher cell viability while Ti-6Al-4V had al-
most half of Ti-5Mo/HA [38].

6   |   Conclusion

In this study, a novel radially functionally graded Ti-5Mo/HA 
composite was successfully fabricated via powder metallurgy and 
vacuum hot pressing, aiming to optimize both mechanical per-
formance and biological compatibility for load-bearing implant 
applications. The graded structure enabled a gradual transition 
from a ductile Ti-Mo metallic core to a HA-enriched bioactive 
surface, mimicking the natural bone implant interface.

The material demonstrated a bending modulus of 22.4 GPa 
closely aligned with that of cortical bone while maintaining ade-
quate hardness and wear resistance at the surface. Furthermore, 
the increased surface roughness and hydrophilicity, coupled 
with enhanced cell viability, validated the biological potential 
of the design. The successful stabilization of the β-phase via Mo 
addition and the selective phase transformation were confirmed 
by XRD and SEM–EDX analyses.

These findings underline the promise of the Ti-5Mo/HA FGM 
as a next-generation biomaterial for orthopedic and dental im-
plants. Future studies may focus on long-term in vivo evalua-
tions and fatigue behavior under cyclic loading conditions to 
further validate its clinical applicability.
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