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Abstract
Background and Objectives: Titanium has attracted considerable attention for a range of applications because
of its excellent mechanical properties, high corrosion resistance, and biocompatibility, leading to its widespread
use in fields such as the aerospace industry, decorative coatings, and biomedical materials. Adding zirconium
to titanium can improve the material properties of titanium-based alloys. In this research, titanium-zirconium
alloy thin films with varying zirconium content were prepared using the DC magnetron co-sputtering method
with titanium and zirconium metal targets. The effect of zirconium content on the crystal structure, morphology,

and hardness of the titanium-zirconium alloy thin films was studied.
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Methodology: Titanium—zirconium alloy thin films were deposited on silicon substrates using a DC magnetron
co-sputtering system with titanium and zirconium metal targets as the sputtering targets. Before deposition, the
vacuum chamber was evacuated to a base pressure of 5.0x10™ mbar using a diffusion pump in combination
with a rotary pump. Subsequently, ultra-high purity argon gas (99.999%) was used as the sputtering gas and
introduced into the vacuum chamber at a constant flow rate of 4.0 sccm to obtain a working pressure of
5.0x10° mbar during the deposition process. The deposition time was kept constant at 20 min for all conditions,
and the zirconium content in the thin films was controlled by adjusting the electrical current supplied to the
titanium and zirconium cathode targets. The crystal structure of the deposited thin films was analyzed using an
X-ray diffractometer. The surface morphology and cross-sectional morphology of the deposited thin films were
examined using field-emission scanning electron microscopy. The elemental composition of the deposited thin
films was analyzed using energy-dispersive X-ray spectroscopy, and the hardness of the deposited films was
measured using the nanoindentation technique.

Main Results: The elemental composition analysis of the titanium-zirconium alloy thin films deposited on silicon
substrates, performed using energy-dispersive X-ray spectroscopy, showed that the zirconium content in the
thin films increased with increasing electrical current supplied to the zirconium target and decreasing electrical
current supplied to the titanium target. The X-ray diffraction analysis revealed that all thin films with zirconium
contents in the range of 0-35.8 at.% exhibited a hexagonal close-packed structure, and no X-ray diffraction
peaks corresponding to other compounds were observed. This indicates the formation of a substitutional solid
solution between titanium and zirconium. As the zirconium content increased, the X-ray diffraction peaks shifted
toward lower diffraction angles, indicating an expansion of the crystal structure. This expansion resulted from
the substitution of larger zirconium atoms into the titanium crystal lattice, leading to an increase in interatomic
spacing. Consequently, the lattice parameters increased, with the a-lattice parameter increasing from 0.296 to
0.314 nm and the c-lattice parameter increasing from 0.470 to 0.485 nm. Meanwhile, the c/a ratio showed a
decreasing trend, indicating anisotropic lattice distortion. In terms of microstructure, the crystallite size
increased from 2.6 to 12.7 nm as the zirconium content increased from 0-35.8 at.%, along with the development
of a pronounced preferred orientation along the (002) plane. Field-emission scanning electron microscopy
analysis revealed that the grain size tended to increase with increasing zirconium content. In addition, the
average film thicknesses were approximately 220, 350, and 380 nm for the thin films containing 0, 29.2, and
35.8 at.% zirconium, respectively. The thin films containing 29.2 and 35.8 at.% zirconium exhibited dense
columnar structures. Furthermore, the hardness of the thin films increased with increasing zirconium content,
reaching a maximum value of approximately 7.7 GPa at a zirconium content of 35.8 at.%. However, the increase
in hardness occurred despite the increase in grain size, which does not follow the Hall-Petch relationship. This
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behavior can be explained by the combined effects of solid-solution strengthening and anisotropic lattice
distortion.

Conclusions: The titanium—zirconium alloy thin films with increasing zirconium content up to 35.8 at.% exhibited
an expansion of the crystal lattice and anisotropic lattice distortion within the hexagonal close-packed structure.
Grain growth was also observed, and the thin films showed a pronounced preferred orientation along the (002)
plane. The increase in film hardness can be explained by solid-solution strengthening caused by the
substitution of zirconium atoms into the titanium crystal lattice.

Keywords: Ti-Zr alloy; thin film; DC magnetron co-sputtering; hardness
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Table 1 Deposition Parameters of Ti—Zr Alloy Thin Films

Parameters Details
Sputtering target Ti, Zr
Substrate Si wafer
Target-substrate distance 13cm
Base pressure 5.0 X10®° mbar
Total pressure 5.0 X10”° mbar
Argon flow rate 4.0 sccm
Ti cathode current 800-700 mA
Zr cathode current 0-400 mA
Deposition time 20 min
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Table 2 The Composition, Thickness, and Crystallite Size of Ti—Zr Alloy Thin Films at Different Zr Contents

Samples Ti Cathode Zr Cathode Zr Content Thickness Crystallite Size
Current (mA) Current (mA) (at.%) (nm) (nm)
1 700 0 0 220 2.6
2 800 300 29.2 350 10.9
3 700 400 35.8 380 12.7
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Figure 1 XRD Patterns of Ti-Zr Alloy Thin Films at Different Zr Contents
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Figure 2 Lattice Parameters of Ti-Zr Alloy Thin Films at Different Zr Contents
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Figure 5 Hardness of Ti-Zr Alloy Thin Films at Different Zr Contents
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