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Abstract

Titanium alloys of (-type have become a very important class of biomaterials because of their unique combination of high strength, low Young’s modulus, good corrosion resistance and excellent biocompatibility. In this work a new ternary titanium alloys, composed of non-toxic and non-allergic elements like chromium and cobalt, have been designed in order to achieve (-phase structure. Samples of four Ti-10Co-xCr alloys with chromium content 10-25 at.% were prepared by vacuum arc melting technique. They were analyzed by scanning electron microscope, X-ray diffraction and compression tests. The experimental results show that all alloys have two-phases microstructure, with a small portion of third phase. The (-phase with bcc type of crystal structure is dominated and the intermetallic compound Ti2Co precipitated on the grain boundaries. All alloys exhibited high compressive strength of 1391-1958 MPa, high yield strength 1290-1540 MPa and Young’s modulus in the range of 30-59 GPa, together with the large plastic strains. The present results indicate that the combination of high strength and low elastic modulus of Ti-Co-Cr alloys offer potential advantages in a biomedical applications. 
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Sažetak

Legure titana (-tipa postale su vrlo važan biomaterijal zbog jedinstvene kombinacije visoke čvrstoće, niskog Young-ovog modula, dobre korozijske otpornosti i izvrsne biokompatibilnosti. U ovom radu dizajnirane su nove ternarne legure titana, koje ne sadrže toksične elemente ni alergene, kao što su krom i kobalt, da bi se postigla struktura (-faze. Četiri Ti-10Co-xCr legure sa 10-25 at.% kroma, preparirane su elektrolučnim taljenjem u vakuumu. One su analizirane scanning elektronskom mikroskopijom, difrakcijom rentgenskih zraka i kompresijskim testom. Eksperimentalni rezultati pokazuju da sve legure imaju dvofaznu mikrostrukturu,  s malim udjelom treće faze. Dominantna je (-faza sa bcc tipom kristalne strukture, a intermetalni spoj Ti2Co je izlučen na granicama zrna. Sve legure su pokazale visoku tlačnu čvrstoću od 1391-1958 MPa, visoku granicu tlačenja od 1290-1540 MPa i nizak Youngov modul od 30-59 GPa, te veliku plastičnost. Navedeni rezultati pokazuju da kombinacija visoke čvrstoće i niskog modula elastičnosti Ti-Co-Cr legura pruža potencijalne prednosti za primjenu u biomedicini.
Ključne riječi: legure titana, Ti-Co-Cr legure, (-faza, Young-ov modul

Introduction
Among the main metallic biomaterials, i.e. stainless steels and cobalt-based alloys, titanium and its alloys have become the most popular because of their suitable characteristics for biomedical applications. They have an excellent balance of mechanical properties, low density, high biocompatibility and corrosion resistance. 
The low Young’s modulus of biomaterials is required because it should be as close as possible to that of bone. Although titanium and its ((+() alloys have an elastic modulus (100-120 GPa) a much smaller than stainless steel (210 GPa), it is still significantly higher than that of bone tissue (10-40 GPa). Besides, one of the most widely used biomedical titanium alloy, Ti-6Al-4V, with ((+() -phase structure and elastic modulus of about 110 GPa, contains cytotoxic elements (V, Al) [1-4]. So, the aim of the current research is to develop a new (-type titanium alloys with low elastic modulus, composed of non-toxic elements. 
In this work a new ternary titanium-based alloys, composed of chromium as a (-phase improving element and cobalt as strengthener have been designed in order to obtain alternative titanium alloys applicable as a new biomaterials [5]. 

Materials and methods
The Ti-10Co-xCr alloys (x = 10, 15, 20, 25 at.%) used for the present study were prepared from titanium, cobalt and chromium with purity better than >99,9%. The melting of pure elements was performed by using a vacuum arc melting technique. The ingots of approximately 7 g weight were re-melted three times to improve their chemical homogeneity. The casting of alloys was realized in the same equipment by means of specially constructed copper anode, which served also as a casting mould. In this way, as-cast cylindrical specimens with dimensions 8 mm x 25 mm were produced directly. 
The cast alloys were sectioned using a Buehler Isomet low-speed diamond saw to obtain specimens for different examinations. Then, specimens were mounted in an epoxy resin and they were mechanically grinded and polished via a standard metallographic procedure.
Microstructure of non-etched alloys was examined using a scanning electron microscope (Tescan Vega) with technique SE and BSE, respectively. X-ray diffraction (XRD) phase analysis was conducted using a diffractometer Philips PW 3710 with CuK(- radiation. Phases were identified by matching each characteristic peak with the JCPDS files [6]. Mechanical examinations were performed on cylindrical samples with dimensions 8 mm x 10 mm. The compression test was carried out with an Amsler testing machine at a strain rate of 1(10-4/s at a room temperature.
Results and discussion

The microstructure and crystal structure, as well as the mechanical properties of four as-cast Ti-10Co-xCr alloys have been studied. Their chemical compositions are presented in Fig.1.
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Figure 1. Compositions of experimental alloys presented on the isothermal section of ternary Ti-Co-Cr system at room temperature

Observation by scanning electron microscope (SEM) shows that all alloys have three-phases microstructure (Figs. 2a-d) which consists of matrix (gray phase), grain boundaries (light phase) and dark phase. 
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(a) Alloy 1. Ti80Co10Cr10



(b) Alloy 2. Ti75Co10Cr15
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(c) Alloy 3. Ti70Co10Cr20



(d) Alloy 4. Ti65Co10Cr25
Figure 2. SEM micrographs of as cast Ti-10Co-xCr alloys, 1500x
However, XRD patterns exhibits only two phases indicated as (-phase, which is a dominant, and intermetallic compound Ti2Co (Figs. 3a-d). This mismatch could be explained by a small amount of third phase (a dark) which couldn’t be detected by a diffractometer.
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(a) Alloy 1. Ti80Co10Cr10 

[image: image7.jpg]900

625

400+

Intensity

2254

100+

254

(2) Ti,,Co,LCr,.

W B-Ti
@ TiCo

100





(b) Alloy 2. Ti75Co10Cr15 
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(c) Alloy 3. Ti70Co10Cr20
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(d) Alloy 4. Ti65Co10Cr25 

Figure 3. X-ray diffraction patterns for experimental alloys

The mechanical properties (Table 1) were evaluated directly from the obtained stress-strain curves. This results show that all alloys have low values of elastic modulus in the range of 30-59 GPa. The lowest E-value, 30 GPa, has alloy 4 with the highest chromium content of 25 at.% and it is close to the elastic modulus of the bone tissue (10-40 GPa). The highest E-value, 59 GPa, has alloy 1 with the lowest chromium content of 10 at.%. Besides, all alloys exhibited high compressive strength of 1391-1958 MPa, which decreases with increasing chromium content. Their yield strengths are in the range of 1290-1540 MPa and are also high. The values of plastic strains are in the range of 5,5 - 40,5 %. Alloy 4, with the highest chromium content, has the largest plasticity which was found to be 40%. 
Table 1. Mechanical properties of experimental alloys 

	Alloy No.
	Alloy composition, at.%
	Elastic modulus, 
GPa
	Compressive strength,

MPa
	Yield strength, 

MPa
	Plastic strain, %

	1.
	Ti80Co10Cr10
	59
	1958 
	1300
	18,5

	2. 
	Ti75Co10Cr15
	46
	1891 
	1290
	17,0

	3.
	Ti70Co10Cr20
	57
	1810
	1540
	5,5

	4. 
	Ti65Co10Cr25
	30
	1391
	1355
	40,5


Conclusions

The present study results with following conclusions:

· Scanning electron microscopy shows that the microstructure of alloys consists of three phases. 
· XRD analysis indicate the presence of two phases, the (-phase which is a dominant in all alloys and the intermetallic compound Ti2Co.
· Alloy 4, Ti65Co10Cr25, with the highest chromium content, exhibits the lowest elastic modulus of 30 GPa, while the other alloys also have low values of E-modulus.
· All alloys show high compressive strengths of 1391-1958 MPa. Among them, alloy 1, Ti80Co10Cr10, with the lowest chromium content has the highest value. 
· All alloys exhibit high yield strengths of 1290-1540 MPa.
· Alloy 4, Ti65Co10Cr25, with the highest chromium content, has the largest plasticity. 
Finally, it can be concluded that the combination of high strength and low elastic modulus of investigated Ti-10Co-xCr alloys offer potential advantages for their use in a biomedicine.
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