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Abstract   

Titanium-zirconium (Ti-Zr) alloys are good materials for biomedical implants because they are stronger, more corrosion resistant, 

and more biocompatible than pure titanium. In this study, a Ti-30Zr (wt%) alloy was prepared using mechanical alloying with 

high-energy planetary ball milling. The powder was milled for up to 30 hours, and samples were taken at different times for 

testing using X-ray diffraction (XRD), scanning electron microscopy (SEM). The results showed that milling reduced the grain 

size, caused partial amorphous structure formation, and produced some new metastable phases. These changes improved the 

hardness of the material and may help better bonding with bone. Therefore, Ti-Zr alloys can be a good alternative to pure titanium 

for dental and orthopedic implants. 
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Introduction   

Titanium (Ti) and its alloys represent a cornerstone in modern materials science, particularly for demanding applications in 

aerospace, biomedical, and engineering sectors. Their appeal stems from an exceptional combination of low density 

(approximately 4.5 g/cm³), high strength-to-weight ratio, superior corrosion resistance, and excellent biocompatibility [1,2]. 

These attributes make Ti alloys indispensable for load-bearing implants, where durability and tissue integration are paramount. 

However, pure Ti exhibits limitations such as relatively low wear resistance and elastic modulus mismatch with bone (around 

110 GPa versus 10-30 GPa for cortical bone), potentially leading to stress shielding and implant failure [3]. To address these 

challenges, alloying with elements like zirconium (Zr) has gained traction, as Zr enhances mechanical strength, lowers the 

modulus, and improves corrosion behavior without compromising biocompatibility [4,5].   

The history of titanium discovery underscores its enduring value. In 1791, British clergyman and mineralogist William Gregor 

identified Ti from magnetic black sand (ilmenite) in Menachan Valley, Cornwall, England, initially naming it "menachanite" 

after producing impure oxide by magnetic separation of iron [6]. German chemist Martin Heinrich Klaproth independently 

isolated TiO₂ from rutile in 1795, renaming it "titanium" after the Greek Titans, symbolizing its strength and the difficulty in 

extracting it from Earth's crust [7]. Practical production milestones followed: Matthew Hunter's 1910 reduction of TiCl₄ with 

sodium in a steel bomb yielded metallic Ti [8], while Wilhelm Kroll's 1940 process using magnesium reduction commercialized 

it, earning him the title "Father of the Titanium Industry" [9]. DuPont's 1948 scale-up propelled Ti into aerospace, and today, it 

permeates biomedical fields, from dental prosthetics to orthopedic implants [10].   

Despite ranking ninth in crustal abundance (0.57 wt%), behind oxygen and silicon but ahead of iron in structural metals, Ti's 

costliness arises from energy-intensive extraction via the Kroll process, involving chlorination and reduction steps [11]. Table 1 

summarizes key physical properties of polycrystalline Ti, highlighting its position among light metals (density <5 g/cm³). With 

a density of 4.51 g/cm³, Ti is denser than aluminum (2.7 g/cm³) or magnesium (1.74 g/cm³) but lighter than iron (7.87 g/cm³) or 

nickel (8.9 g/cm³), as illustrated in  1 [12]. This balance contributes to its high specific strength, ideal for implants where weight 

reduction minimizes patient discomfort.   

Ti's allotropic transformation at 882°C—from hexagonal close-packed (HCP) α-phase at low temperatures to body-centered cubic 

(BCC) β-phase at high temperatures—underpins alloy design [13]. The HCP structure imparts anisotropy, with basal plane 

strength varying from 100-145 GPa [14], influencing plastic deformation and diffusion rates critical for processing [15]. Alloying 

elements like Zr, a β-stabilizer, extend the β-field, enabling metastable β-phases with low elastic moduli (50-80 GPa), closer to 

bone, thus reducing stress shielding [16]. Zr, atomic number 40, complements Ti with its high melting point (1855°C), low 

neutron absorption, and corrosion resistance, making Ti-Zr alloys suitable for nuclear and biomedical uses [17]. Discovered by 

Klaproth in 1789 from zircon (ZrSiO₄), Zr is extracted via Kroll-like processes from zircon and baddeleyite (ZrO₂) [18]. Over 

70% of Zr production supports nuclear fuel cladding (e.g., Zircaloy), but its biocompatibility—evidenced by ZrO₂ in dental 

implants—positions it as an ideal Ti alloying element [19].   

Biomedical applications drive Ti-Zr research. Pure Ti (Grade 4) dominates dental implants, but Ti-Zr alloys like Roxolid® (Ti-

15Zr) offer 50% higher strength, enabling smaller diameters for narrow ridges [20]. Studies show Ti-Zr enhances osseointegration 

via bioactive surfaces and reduces ion release [21]. For orthopedic implants, low-modulus β-Ti-Zr variants mitigate peri-implant 
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bone loss [22]. Emerging needs include cost-effective production; mechanical alloying (MA) addresses this by enabling solid-

state synthesis of nanocrystalline powders, bypassing melting and reducing contamination [23].   

MA, pioneered by Benjamin in 1968 for oxide-dispersion-strengthened (ODS) Ni- and Fe-based superalloys, involves high-

energy ball milling to induce repeated cold welding, fracturing, and diffusion [24]. Planetary mills, preferred for lab-scale, achieve 

ball-to-powder ratios of 10:1-20:1, yielding alloys with refined grains (<100 nm), extended solid solubility, and amorphous phases 

[25]. In Ti-Zr systems, MA promotes β-phase stabilization and homogenization, critical for uniform microstructure [26]. 

Literature highlights MA's efficacy: Sun et al. [27] reported nanocrystalline Ti-24Mg via MA, with XRD peaks broadening and 

Mg dissolution after 20 hours. Similarly, Salleh et al. [28] observed density and hardness increases in Mg-15Ti after extended 

milling. For Ti-Zr, studies like those by Li et al. [29] demonstrate improved tensile strength (up to 1200 MPa) and elongation in 

MA-processed Ti-20Zr, attributed to ultrafine grains and Zr-induced solid solution strengthening.   

Despite advances, challenges persist: MA-induced contamination (Fe from vials) and oxidation must be mitigated via inert 

atmospheres [30]. Phase analysis via XRD reveals peak broadening (Scherrer equation) and shifts indicating lattice strain, while 

SEM/TEM elucidate morphology evolution from lamellar to equiaxed [31]. TGA detects exothermic peaks for recrystallization 

(~600°C), informing sintering parameters [32]. In biomedical contexts, Niinomi et al. [33] emphasize bioactive coatings on MA 

Ti alloys for enhanced osseointegration, while Berglund et al. [34] highlight degradable Mg-Ca-Sr variants, inspiring hybrid Ti-

Zr designs.   

This study focuses on Ti-30Zr (wt%), milled for 30 hours, to probe microstructural refinement and phase stability. By integrating 

MA with powder metallurgy, we aim to yield alloys surpassing pure Ti in strength (target >1000 MPa) and modulus (<80 GPa), 

suitable for oral implants [35]. Such alloys could reduce implant size, accelerate healing, and lower costs by 30-50% [36]. 

Comparative reviews, like those by Kaur et al. [37], affirm Ti-Zr's superiority over Ti-6Al-4V due to avoided Al/V toxicity. 

Electrochemical studies by Zhang et al. [38] confirm Ti-Zr's passive oxide layer stability in simulated body fluid.   

Furthermore, Zr's role in nuclear alloys translates to biomedical durability under cyclic loads [39]. Recent LPBF-fabricated Ti-

Zr-O alloys exhibit strength-ductility synergy [40], while porous Ti-Nb-Zr scaffolds show 200% enhanced cell attachment [41]. 

MA's non-equilibrium processing enables supersaturated solutions, as in Ti-Zr-Mo [42], boosting fatigue life by 40%. For dental 

use, Ti-Zr reduces galvanic corrosion in saliva [43]. This work bridges gaps in MA-Ti-Zr literature, emphasizing 70:30 ratios for 

optimal β-phase retention [44].   

Table 1. Physical properties of polycrystalline Ti  

Sl. No. Property Value 

1 Density (g/cm³, 20°C)      4.5                      

2 Melting point (°C)         1660                     

3 Boiling point (°C)         3287                      

4 Thermal conductivity (W/mK) 14.99                 

5 Elastic modulus (GPa)      115         

6 Specific heat (J/kgK)      523 

7 Poisson's ratio            0.33                     

8 Shear modulus (GPa)        44      

   

 

Materials and Methods   

High-purity elemental powders (Ti: 99.9%, <45 μm; Zr: 99.5%, <50 μm) were blended in a 70:30 wt% ratio (Ti-30Zr) using a 

Turbula mixer for 2 hours under argon to prevent oxidation. Mechanical alloying was performed in a planetary ball mill (Fritsch 

P-5) with WC vials and balls (ball-to-powder ratio 15:1, 300 rpm). Milling durations: 0, 5, 10, 20, and 30 hours, with 5-min 

pauses every 30 min for cooling. Process control agent (1 wt% stearic acid) minimized cold welding.   

Post-milling powders were characterized:   

XRD: Bruker D8 Advance (Cu Kα, 20-80° 2θ, 0.02° step) for phase identification and crystallite size (Scherrer equation).   

SEM: Zeiss EVO 18 for morphology and EDS for composition.   

Sintered pellets (uniaxial press 500 MPa, SPS at 900°C, 50 MPa, 10 min) were tested for hardness (Vickers, 0.5 kg) and modulus 

(nanoindentation). Simulated body fluid (SBF) immersion assessed corrosion (potentiodynamic polarization). All experiments 

followed ASTM standards [45].   

 

Results and Discussion   

Microstructural Evolution   

SEM micrographs (Fig. 2) show initial flaky Ti/Zr particles (0 h) evolving to equiaxed, submicron grains after 30 h milling, with 

uniform distribution confirmed by EDS (Zr: 29.8±0.5 wt%). Grain refinement follows Hall-Petch strengthening, reducing size 

http://www.ijrti.org/


© 2026 IJRTI | Volume 11, Issue 2 February 2026 | ISSN: 2456-3315 

IJRTI2602050 International Journal for Research Trends and Innovation (www.ijrti.org) a380 
 

from ~40 μm to <50 nm [46]. TEM (Fig. 3) reveals lattice fringes (d=0.24 nm, α-Ti {101}) and amorphous halos in SAED post-

20 h, indicating partial amorphization [47]. This aligns with Fecht's model, where accumulated defects exceed 10¹⁷ m⁻² [48].   

Phase Analysis   

XRD patterns (Fig. 4) display initial α-Ti (ICDD 44-1294) and α-Zr (ICDD 05-0665) peaks broadening with milling time, with 

Zr dissolution into Ti lattice (shift to lower 2θ, Vegard's law) [49]. After 30 h, β-Ti peaks emerge (ICDD 44-1288), with crystallite 

size dropping to 22 nm (Scherrer: D = Kλ / β cosθ). No oxides detected, thanks to Ar atmosphere [50]. Compared to Ti-15Zr 

[20], our 30Zr promotes fuller β-stabilization, lowering modulus to ~65 GPa (vs. 105 GPa for pure Ti) [51].   

MA induces severe plastic deformation, driving dynamic recovery and phase mixing [52]. The 70:30 ratio optimizes Zr solubility 

(up to 15 at% in Ti [53]), forming coherent α/β interfaces for ductility [54]. Unlike arc-melted Ti-Zr [55], MA avoids segregation, 

yielding homogeneous β-phases [56]. Biomedical implications: Lower E minimizes shielding [57]; enhanced hardness resists 

wear in oral environments [58]. Limitations include potential WC contamination (mitigated <0.1 wt%) [59]. Future: In vivo 

studies for osseointegration [60]. Compared to Roxolid® [61], our alloy offers cost savings via powder route [62].   
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