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Abstract:

 Ti-xIn (x = 0, 5, 10, 15 and 20 wt%) alloys were prepared to investigate the effect of indium on the microstructure, mechanical properties, and corrosion behavior of titanium with the aim of understanding the relationship between phase/microstructure and various properties of Ti-xIn alloys. The Ti-xIn alloys exhibited a lamellar α-Ti structure at an indium content of up to 20 wt%. High-resolution TEM images of the Ti-xIn alloys revealed that all the systems contained a fine, acicular martensitic phase, which showed compositional fluctuations at the nanoscopic level. The mechanical properties and corrosion behavior of Ti-xIn alloys were sensitive to the indium content. The Vickers hardness increased as the In content increased because of solid solution strengthening. The Ti-xIn alloys exhibited superior oxidation resistance compared to commercially pure Ti (cp-Ti). Electrochemical results showed that the Ti-xIn alloys exhibited a similar corrosion resistance to cp-Ti. Among the alloys tested, Ti-10In showed a potential for use as a dental material.
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1. Introduction

Titanium (Ti) and Ti-based alloys have received widespread attention for orthopedic and dental implant applications because of their favorable mechanical properties, including high specific strength, corrosion resistance, and good biocompatibility after implantation [1,2]. However, Ti has several drawbacks, such as low deformability, low wear resistance, and high reactivity with surrounding impurities, such as oxygen and nitrogen, at elevated temperatures [3,4]. Enhanced properties, such as the lower modulus of elasticity, increased corrosion resistance, and improved machinability, are possible through alloying Ti with a variety of elements.

Several Ti–X binary alloys have been developed, such as Ti–Nb [5,6,7], Ti–Ag [8,9], Ti–Au [10], Ti–Hf [11], Ti–Mn [12], Ti–Cr [13,14], Ti–Mo [15], Ti–Sn [16], Ti–Zr [17,18,19], Ti–Ta [20,21], Ti–Co [22], Ti–Pd [23], Ti–Ge [24] and Ti–Cu [25] alloys. The mechanical properties of Ti alloys are influenced by their microstructure, which, in turn, depends on chemical composition and synthetic processing. In fact, the key to this research resides in the judicious choice of the alloying elements. Therefore, in order to improve the mechanical properties of Ti, it is necessary to understand the effect of the alloying elements on the microstructure and the mechanical properties of the alloys.

There are several studies on developing Ti alloys containing indium. It was found that indium-containing Ti alloys were biocompatible. It was recently found that the addition of indium to Ti improves clinical performance of dental implant, such as mechanical properties, corrosion resistance, and biocompatibility [26,27]. Other than this, little experimental investigation has been attempted regarding Ti-In alloys. Sufficient information about the relationship between mechanical properties and phases is not available in the literature. Therefore, it is important to pursue a comprehensive structural analysis of this phase to provide an in-depth understanding of the mechanical properties.

In this study, the goal of which was the development of a dental titanium alloy with better mechanical properties than cp-Ti, the effect of alloying indium on the microstructure, mechanical properties, and corrosion behavior of Ti-In binary alloys was investigated by adding 5, 10, 15, and 20 wt% In. Henceforth, in this work, “Ti-xIn” will stand for “Ti-x wt% In”.



2. Experimental Section


2.1. Preparation of Ti-xIn Alloys

Experimental Ti-xIn alloys (0, 5, 10, 15, and 20 wt% In) were prepared by arc-melting stoichiometric quantities of the elements in a water-cooled copper hearth using a tungsten electrode in a high-purity argon atmosphere. The starting materials (Ti sponge, Alfa Aesar, Ward Hill, MA, USA, 99.95%; In ingot, LS-Nikko, Seoul, Korea, 99.95%) were used without purification. During the arc-melting procedure, a titanium getter was heated prior to melting the reactant mixture to further purify the argon atmosphere. The samples were remelted seven times to promote sample homogeneity. Subsequently, the samples were heat treated for 4 h in an argon atmosphere using a tube furnace at temperatures below 150 °C to the respective solidus temperatures by cooling in a furnace at a rate of 10 °C/min down to 600 °C and then air-cooling to room temperature. These heat treatment conditions were chosen in accordance with the binary Ti–In phase diagrams [28]. Figure 1 shows a Ti-rich portion of the Ti–In phase diagram exhibiting the four alloys investigated and the temperature range of heat-treatment.

Figure 1. Ti-rich portion of the Ti–In system according to the published Ti-In equilibrium phase diagram [28]. The four alloys investigated and the temperature ranges of heat-treatment are marked.
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2.2. Material Characterization

Phase analysis and structural characterization were performed using X-ray diffraction (XRD, PANalytical B.V., Almelo, The Netherlands). The XRD diffraction patterns were collected with an X’Pert PRO Multi-Purpose X-Ray Diffractometer (40 kV and 40 mA) using Cu Kα radiation (λ = 1.54056 Å). The scanning speed was 2°/min, and the scanning angle, 2θ, ranged from 20° to 80°. The lattice parameters were obtained by least squares refinement of the data with the aid of a Rietveld refinement program [29]. The microstructure of the samples was examined using a metallurgical microscope (Epiphot FX-35WA, Nikon, Tokyo, Japan), high-resolution transmission electron microscopy (HRTEM, Technai-F20, Philips, Amsterdam, The Netherlands) and selected area electron diffraction (SAED).



2.3. Measurement of Mechanical Properties

The microhardness of the polished alloys was measured using a Vickers microhardness tester (Zwick, Postfach 4350, Ulm, Germany) with a 500 g load maintained for 30 s. Elastic modulus testing was performed using a Nanoindenter XP (MTS Co., Dubuque, IA, USA) with a maximum indentation depth of 2 μm. The oxidation behavior of Ti with different In contents was tested using thermogravimetric analysis (TGA, SDTA 851e, Mettler-Toledo, Columbus, OH, USA), which enabled measurement of the change in mass due to oxidation. Samples measuring 4.5 × 4.2 × 1.0 mm3 in size were heated to 795 °C and 1000 °C at a heating rate of 10 °C/min and air flow rate of 50 mL/min. After fracture by an Instron 4302 testing machine at a crosshead speed of 1.5 mm/min, the fracture surface morphology was investigated using a scanning electron microscope (SEM, S-3000N, Hitachi, Tokyo, Japan). The surface roughness of the ground surface (0.4 × 0.3 mm2 in size) was measured using a Nanosurface 3D optical Profiler (NV-E1000, NanoSystem, Daejeon, Korea).



2.4. Electrochemical Analysis

To observe the corrosion behavior of the Ti-xIn alloys, potentiodynamic anodic polarization tests were conducted at a scan rate of 5 mV/s from −1.5 V to +1.5 V (saturated calomel electrode: SCE) using a potentiostat (WAT100, WonA Tech Co., Ltd., Seoul, Korea) in a 0.9% NaCl solution at 37 ± 1 °C. Three samples were tested to confirm the experimental results through repetition. The surfaces of the samples 10 mm in diameter were mechanically polished using SiC paper up to 2000 grit. Electrochemical measurements were recorded using the three electrode technique, which involves the use of a working electrode (test samples), counter electrode (high density graphite), and reference electrode (SCE) [30]. Ar gas was bubbled into the electrolyte at 150 mL/min for over 20 min to eliminate residual oxygen in the electrolyte. The used electrolyte was replaced with a fresh one before each measurement. The exposed surface area of samples in the electrolyte was 0.283 cm2. Potentiodynamic polarization curves were plotted using an automatic data acquisition system. Both the corrosion current density and potential were estimated with Tafel plots using both the anodic and cathodic branches.




3. Results and Discussion


3.1. Phase and Microstructure

Figure 2 shows the XRD patterns as a function of x for the Ti-xIn (x = 0, 5, 10, 15, and 20 wt%) samples. There was no obvious change in the diffraction patterns and peak positions as the In content changed. The patterns of Ti-xIn alloys can be indexed as a hexagonal α-Ti type structure (the space group of P63/mmc). In all of the Ti-xIn alloys, no peak splitting was observed, which indicated that the structural transformation from α-Ti to β-Ti did not occur.

Figure 2. X-ray diffraction (XRD) patterns of commercially pure Ti (cp-Ti) and the series of binary Ti-xIn alloys. The vertical dotted line in the figure is a guide to the eye, and it connects the peak positions of the α-Ti phase.
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Rietveld refinements were done to investigate the effect of In on the lattice parameters, and the results are shown in Figure 3. The bigger atomic radius of In (approximately 1.67 Å) compared to Ti (approximately 1.47 Å) [31] meant the addition of In atoms caused the lattice parameters to increase. This caused the XRD peaks to shift toward lower angles. The lattice parameters a and c increased linearly with increasing In content in the Ti-xIn alloys, but the c axis increased much more rapidly than the a axis. As a result, the c/a ratio increased linearly as the In content increased, which is in agreement with previous findings [28]. The unit cell constants of cp-Ti were a = 2.951 (1) Å and c = 4.683 (1) Å (c/a ratio = 1.581), corresponding with those in the literature (JCPDS card No. 44-1294) [32], whereas the unit cell parameters of Ti-20In were a = 2.964 (1) Å and c = 4.740 (1) Å (c/a ratio = 1.599). Based on the linear relationship of the lattice parameters in the Ti-xIn alloys, we estimated that up to 20 wt% In dissolved to form a solid solution, in agreement with the binary Ti-In phase diagram [28].

Figure 3. (a, b) Lattice parameters (a and c) of cp-Ti and Ti-xIn alloys and (c) the variation in the ratio (c/a) of lattice parameters.
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Figure 4 shows the representative optical micrographs of the Ti-xIn alloys. All the Ti-xIn alloys exhibited lamellar pattern microstructure. Detailed microstructure analyses were performed using TEM. As shown in Figure 5, the fine, acicular martensitic phase was observed, especially in Ti-10In alloy. The SAED patterns of the Ti-10In alloy consisted of a characteristic single α-Ti phase (Figure 5c) in the matrix which showed a perfect atomic arrangement and a highly faulted sub-microstructure (Figure 5d) due to Ti and In solid solution formation.

Figure 4. Optical micrographs of Ti-xIn alloys: (a) Ti-5In, (b) Ti-10In, (c) Ti15In, and (d) Ti-20In.
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Figure 5. Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) patterns of Ti-10In alloy. (a) TEM image, (b) magnified TEM image, and (c,d) representative SAED patterns.
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3.2. Mechanical Properties

Table 1 shows the Vickers hardness and elastic modulus of Ti-xIn alloys compared to those of cp-Ti (n = 5). All the Ti-xIn alloys had significantly higher Vickers hardness values (p < 0.05) than that of cp-Ti. Of the Ti-In alloys, the alloy with 10 wt% In content showed the highest hardness value (522 HV), which was about three times larger than that of cp-Ti (165 HV). The abnormal hardness of the Ti-10In alloy was probably caused by the combined effect of the solid-solution strengthening of the α-phase and the hardening of the fine, acicular martensitic phase. This was in agreement with previous results by Ho et al [15]. They reported a sharp increase in hardness caused by the presence of a martensitic phase in the Ti-Mo system. On the other hand, no consistent trend in the elastic modulus related to changes in In concentration in the Ti-xIn alloys was observed. The elastic modulus for cp-Ti was 132 GPa. The elastic moduli of the Ti-5In and Ti-15In alloys were slightly higher than that of cp-Ti, whereas the elastic moduli of the Ti-10In and Ti-20In alloys were lower (p < 0.05). The values for Ti-10In and Ti-20In alloys were about 124 GPa. Therefore, the Ti-10In and Ti-20In alloys are more suitable for dental applications because of their low modulus and high strength. The appearance of metal chips resulting from metal grinding at 10,000 rpm was examined using an SEM and is shown in Figure 6. Although no quantitative evaluation was performed, chips of Ti-xIn alloys appeared larger than those of cp-Ti. As the In concentration increased, the chips became longer.

Figure 6. Metal chips resulting from grinding at 10,000 rpm (two magnifications): (a) cp-Ti, (b) Ti-5In, (c) Ti-10In, (d) Ti-15In, and (e) Ti-20In.
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Table 1. Vickers hardness values of Ti-xIn alloys compared with cp-Ti.


	Alloy code
	Hardness (VHN)
	Elastic modulus (GPa)





	cp-Ti
	164.54 (3.54) *,a
	132.35 (12.22) a



	Ti-5In
	402.60 (128.12) b
	159.80 (2.57) c



	Ti-10In
	522.40 (61.03) b
	124.10 (4.61) a



	Ti-15In
	303.20 (89.38) c
	141.10 (4.01) b



	Ti-20In
	332.00 (46.80) c
	124.43 (4.69) a





* Within the same column, the different alphabet in superscript indicated statistically different mean values at a 5% level (p < 0.05) according to Duncan’s multiple range test.






Figure 7 shows profiles of the ground surfaces of the Ti-xIn alloys, which were ground at 10,000 rpm using a SiC. Grinding marks were observed on all of the Ti-xIn alloys. However, there was no pronounced difference in the appearances of the ground surfaces of all the Ti-xIn samples. A surface roughness parameter (Ra) was selected to express the surface roughness. The cp-Ti showed a mean Ra value of 1.4 (3) μm. The Ra values for Ti-xIn alloys were in the range of 1.2 (2)–1.8 (2) μm. The Ti-5In showed the highest mean Ra value of 1.8 (2) μm. The mean Ra value decreased as the In concentration increased in Ti-xIn alloys. The oxidation behavior of Ti-xIn alloys was assessed using thermogravimetric analysis (TGA).

Figure 7. Profiles of ground surfaces of Ti-xIn alloys at a grinding speed of 10,000 rpm: (a) Ti-5In, (b) Ti-10In, (c) Ti-15In, and (d) Ti-20In.
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Figure 8 shows the result of TGA when the cp-Ti and Ti-xIn alloys were heated up to 795 °C and 1000 °C at a heating rate of 10 °C/min in air (n = 2). At temperatures higher than 500 °C, the Ti-xIn alloys were rapidly oxidized, resulting in a significant increase in mass. All of the In-containing samples showed weight gain of about 0.1% at a temperature of 795 °C, whereas at 1000 °C, a significant change in mass of 0.8%–1.2% was observed. Among the tested Ti-xIn alloys, the final mass change in the Ti-10In alloy was significantly less than that after the oxidation of cp-Ti, indicating that the addition of In to cp-Ti could restrain the oxidation rate of the alloy, and Ti-10In alloys had stronger oxidation resistance.

Figure 8. Thermogravimetric analysis (TGA) of cp-Ti and Ti-xIn alloys showing various degrees of weight gain (%) after heating in air up to 795 °C and 1000 °C.
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3.3. Corrosion Behavior

The corrosion behavior of the Ti-xIn alloys were evaluated using potentiodynamic polarization and the results are shown in Figure 9. The anodic polarization curves reveal typical anodic reactions below −0.08 V, initial passive oxide formation at −0.05–0.25 V. The cp-Ti, Ti-10In, and Ti-15In displayed passive behavior above 0.6 V, while the Ti-5In and Ti-20In revealed transpassive behavior above 0.6 V. Ti-15In showed a rapid current increase at approximately −0.08 V, which may be attributed to localized corrosion or pitting corrosion on the surface defects. The critical potentials of cp-Ti, Ti-5In, and Ti-10In were observed at −0.08, 0.04, and −0.05 V, respectively. Ti-20In showed no critical potential in the −0.08–0.16 V range. The initial passive current densities were in the following order: Ti-5In (2.6 × 10−6 μA/cm2) > Ti-10In (1.9 × 10−6 μA/cm2) > cp-Ti (1.7 × 10−6 μA/cm2) > Ti-15In (1.2 × 10−6 μA/cm2) > Ti-20In (1.1 × 10−6 μA/cm2). Ti-20In and Ti-5In showed pseudopassive behavior. The current densities at 1.0 V were in the following order: Ti-5In (123 × 10−6 μA/cm2) > Ti-20In (89 × 10−6 μA/cm2) > Ti-10In (76 × 10−6 μA/cm2) > Ti-15In (63 × 10−6 μA/cm2) > cp-Ti (66 × 10−6 μA/cm2). Using the Tafel extrapolation method, we calculated the corrosion parameters of cp-Ti and Ti-xIn alloys from both the anodic and cathodic branches of the potentiodynamic polarization curves. These results are summarized in Table 2. A cathodic shift in Ecorr compared to cp-Ti was observed in the Ti-5In, Ti-10In, and Ti-20In alloys. All investigated Ti-xIn samples exhibited similar Icorr (0.35–0.73 μA/cm2) compared to that (0.61 μA/cm2) of cp-Ti.

Figure 9. Representative potentiodynamic polarization curves for cp-Ti and Ti-xIn alloys. The arrows indicate the critical potential.
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Table 2. Corrosion potential (Ecorr) and corrosion current density (Icorr) of cp-Ti and Ti-xIn alloys.


	Alloy code
	Ecorr (±SD) (V)
	Icorr (±SD) (μA/cm2)





	cp-Ti
	−0.58 (0.04) *,a
	0.61 (0.17) a,b



	Ti-5In
	−0.49 (0.05) a
	0.73 (0.36) b



	Ti-10In
	−0.59 (0.07) a
	0.42 (0.09) a,b



	Ti-15In
	−0.58 (0.12) a
	0.35 (0.02) a



	Ti-20In
	−0.54 (0.05) a
	0.44 (0.05) a,b





* Within the same column, the different alphabet in superscript indicated statistically different mean values at a 5% level (p < 0.05) according to Duncan’s multiple range test.











4. Conclusions

This study investigated the influence of In on the microstructure, mechanical properties, and corrosion behavior of commercially pure titanium (cp-Ti). All the Ti-xIn alloys with up to 20 wt% In content exhibited a hcp α structure. Based on the linear relationship of the lattice parameters with the In content, Ti alloys with up to 20 wt% In concentration formed solid solutions. The present study demonstrated that the mechanical properties and corrosion behavior of Ti-xIn alloys are sensitive to the In content. The Vickers hardness increased as the In content increased because of solid solution strengthening. Ti-10In alloy with a fine, acicular martensitic phase had the best Vickers hardness and oxidation resistance among all of the tested samples. Electrochemical results showed that the Ti-xIn alloys exhibited a similar corrosion resistance to cp-Ti. Considering the mechanical properties and corrosion behavior, Ti-xIn alloy with an In content of 10 wt% is a good candidate for dental casting alloys.
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