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ABSTRACT

The development of new materials for medical implants attracts considerable academic and commercial interest. Titanium alloys are among the most widely used and promising biomaterials because they possess desirable characteristics for biomedical purpose. It appears that the most adequate properties have alloys with structure of ( titanium. 

In this work a six titanium-chromium based alloys with 5 and 10 at. % of cobalt have been investigated with goal to obtain a new titanium alloys of (-type. Experimental Ti-Cr-Co alloys were prepared by melting pure elements in a laboratory arc furnace and metallographic treated for further analysis. Microstructural observations by scanning electron microscope (SEM) showed that alloys with 5 at. % of cobalt were single (-phase, while in those with 10 at. % of cobalt intermetallic compound Ti2Co at grain boundaries and  (-phase in the (-grains were established. Chemical compositions of present phases were determined by means of energy-dispersive spectrometry (EDS). Quantitative metallographic analysis was performed by computer program Image Tool (UTHSCSA). Mechanical properties such as hardness and strength were characterized by Vickers method (HV2) and compressive test respectively. Hardness of alloys increases with increasing chromium content and ultimate compressive strengths have high values. From the results obtained in this investigation it can be concluded that some a new Ti-Cr-Co alloys have a potential for biomedical application. 
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SAŽETAK
Razvoj novih materijala za medicinske implantate privlači znatan akademski i komercijalni interes. Kao biomaterijali najviše se primjenjuju legure titana, jer posjeduju vrlo dobre karakteristike koje se zahtijevaju za navedene svrhe. Pokazalo se da najadekvatnija svojstva imaju njegove legure sa (-strukturom.

U ovom radu je istraživano 6 legura na osnovi titana i kroma s 5 i 10 at. % kobalta. Cilj je bio dobiti nove legure titana ( tipa. Eksperimentalne Ti-Cr-Co legure proizvedene su taljenjem čistih elemenata u laboratorijskoj elektrolučnoj peći nakon čega su metalografski pripremljene za daljnja ispitivanja. Promatranjem mikrostrukture pomoću skenirajućeg elektronskog mikroskopa (SEM) je nađeno da su legure s 5 at. % kobalta (-jednofazne, dok je u onima sa 10 at. % kobalta na granicama zrna ( faze izlučen intermetalni spoj Ti2Co, a unutar zrna ( faza. Kemijski sastavi prisutnih faza određeni su pomoću energijsko-disperzivne spektrometrije (EDS). Metalografska analiza je provedena pomoću računalnog programa Image Tool (UTHSCSA). Mehanička svojstva, kao što su tvrdoća i čvrstoća, određena su Vickersovom metodom (HV2) odnosno statičkim tlačnim pokusom. Tvrdoća legura se povećava s porastom udjela kroma, a tlačne čvrstoće imaju visoke vrijednosti. Iz rezultata dobivenih ovim istraživanjem može se zaključiti da neke Ti-Cr-Co legure novih kemijskih sastava imaju potencijalnu primjenu u biomedicini.  
Ključne riječi: lijevane Ti-Cr-Co biomedicinske legure, mikrostruktura, mehanička svojstva
1. INTRODUCTION

The development of new materials for medical implants attracts considerable academic and commercial interest. Among metallic materials, titanium and its alloys are considered the most suitable for biomedical applications because they satisfy the property requirements better than any other competing materials, like stainless steels or Co-Cr alloys. It appears that the most adequate properties have alloys with structure of ( titanium. Those (-alloys can be obtained by a certain addition of elements which stabilize a (-phase of titanium. Besides, it is important for biomedical use that alloying elements are non-cytotoxic [1-3]. 
In this paper was attempted to found a new chemical compositions of (-titanium alloys with non-toxic elements and with appropriate microstructure and mechanical characteristic for biomedical applications.

2. MATERIALS AND METHODS

The goal of this work was to obtain a new titanium alloys of (-type. For that purpose a six titanium-chromium based alloys with 5 and 10 at. % of cobalt have been investigated. Chromium and cobalt were selected as alloying elements because they are (-stabilizers of eutectoid type. According to binary phase diagram Ti-Co, cobalt has a low solubility in ( titanium, so its contents in experimental alloys were 5 and 10 atomic percent. Contrary, chromium has a very good solubility in (-Ti and his addition was 10-20 at. %. 

Alloys were prepared by melting the pure elements in a water-cooled copper crucible using a non-consumable tungsten electrode arc in a vacuum chamber. This vacuum chamber was first evacuuated and then purged with argon. To ensure an optimal chemical and structural homogeneity the ingots were re-melted a three times. 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 samples were obtained. They were sectioned using a Buehler Isomet low-speed diamond saw to attain a several samples for different examinations. Then, the small samples were mounted in an epoxy resin and metallographically prepared by a grinding and polishing. Some of them were etched with solution: 2,5 cm3 HFconc., 2,5 cm3 HNO3 conc., 70 cm3 H2O at the room temperature.

Microstructure of investigated alloys were analysed by scanning electron microscope (SEM) with SE and BSE technique, respectively. Average chemical compositions of present phases were determined by means of energy-dispersive spectrometry (EDS). Quantitative metallographic analysis was performed by computer program Image Tool (UTHSCSA). Hardness of as cast alloys were measured by Vickers method (HV2) and strength by compressive test in an Amsler testing machine at a strain rate of 1(10-4/s at a room temperature. 
3. RESULTS AND DISSCUSION

In this work microstructural and mechanical characteristics of a six biomedical Ti-Cr-5Co (No. 1 – 3) and Ti-Cr-10Co (No. 4 – 6) alloys were investigated. 
Observation of etched alloys 1 – 3 by scanning electron microscope with SE technique shows that all of three alloys with 5 at. % of cobalt have a single-phase microstructure (Figs. 1a-c). 
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    (a) Alloy 1, Ti85Cr10Co5
       (b) Alloy 2, Ti80Cr15Co5 
            (c)Alloy 3, Ti75Cr20Co5
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   (d) Alloy 4, Ti80Cr10Co10           (e) Alloy 5, Ti75Cr15Co10             (f) Alloy 6, Ti70Cr20Co10
Fig. 1. SEM micrographs of as cast (a-c) Ti-Cr-5Co alloys, (d-f) Ti-Cr-10Co alloys

From the SEM micrographs (Figs. 1d-f) of non-etched alloys with 10 at. % of cobalt it can be seen that all of them have three-phases microstructure. It consists of matrix (gray phase), grain boundaries (light phase) and dark phase. Those phases were characterized by enery-dispersive spectrometry (EDS).
Results obtained by EDS (Table 1) show that the chemical composition of matrix is very similar to alloy composition and corresponds to the (-phase. Light phase on the (-grain boundaries has composition which matches with that for intermetallic compound Ti2Co and the composition of dark phase corresponds to (-phase.
Table 1. EDS results for as cast Ti-Cr-Co alloys    
	Alloy, No.
	Alloy composition, at.%
	Element
	Chemical composition of phases

	
	
	
	( phase, at.%
	Ti2Co, at.%
	( phase, at.%

	1
	Ti85Cr10Co5
	Ti
	87,03
	-
	-

	
	
	Cr
	8,61
	-
	-

	
	
	Co
	4,36
	-
	-

	2
	Ti80Cr15Co5
	Ti
	82,32
	-
	-

	
	
	Cr
	13,29
	-
	-

	
	
	Co
	4,39
	-
	-

	3
	Ti75Cr20Co5
	Ti
	78,23
	-
	-

	
	
	Cr
	16,97
	-
	-

	
	
	Co
	4,80
	-
	-

	4
	Ti80Cr10Co10
	Ti 
	84,10
	69,71
	85,98

	
	
	Cr
	8,62
	8,07
	7,95

	
	
	Co
	7,27
	22,22
	6,12

	5
	Ti75Cr15Co10
	Ti
	77,35
	68,12
	78,18

	
	
	Cr
	14,47
	11,54
	14,26

	
	
	Co
	8,18
	20,34
	7,56

	6
	Ti70Cr20Co10
	Ti
	75,38
	66,12
	77,58

	
	
	Cr
	17,84
	11,42
	15,43

	
	
	Co
	6,78
	22,46
	6,99


Quantitative analysis of microstructure was carried out by computer program Image Tool and the results for volume fractions of phases and average area of grains are shown in Table 2. 

Table 2. The quantitative metallography results obtained by a program Image Tool 

	Alloy, No.
	Alloy composition, at.%
	% ( phase
	% Ti2Co
	% ( phase
	Average area of grains, μm2

	1
	Ti85Cr10Co5
	100,00
	-
	-
	1117,12

	2
	Ti80Cr15Co5
	100,00
	-
	-
	1498,91

	3
	Ti75Cr20Co5
	100,00
	-
	-
	10381,48

	4
	Ti80Cr10Co10
	66,39
	30,62
	2,99
	130,17

	5
	Ti75Cr15Co10
	61,25
	31,79
	6,96
	57,99

	6
	Ti70Cr20Co10
	59,14
	31,07
	9,79
	54,90


Those data shows that the single (-phase alloys (with 5 at. % Co) have very large grains. Among them the alloy 3 with the maximal chromium content (20 at. %) has the largest average area of grains. The highest volume fraction of (-phase in alloys 4 – 6 (with 10 at. % Co) has the alloy 4 with the minimal chromium content (10 at. %). The lowest volume fraction of (-phase has the alloy 6 with maximal content of chromium (20 at. %). The volume fraction of (- and (- phases in the three-phases alloys 4 – 6 (with 10 at. % Co) depends of chromium content. It can be concluded that the volume fraction of (-phase decreases with increasing chromium content. On the contrary, the volume fraction of (-phase increases with chromium content. At the same time, the volume fraction of intermetallic compound Ti2Co remains practically the same. The highest average area of (-grains in multi-phases alloys has the alloy 4 with the highest content of that phase. 
Results of Vickers hardness measurements for experimental alloys are listed in Table 3. They indicate that single-phase alloys 1 – 3 have similar hardness values (359 – 423 HV2), which are in a good agreement with those for the other Ti-Cr-based alloys in papers [4,5]. 
Table 3. Vickers hardness and compressive strength of as cast Ti-Cr-Co alloys

	Alloy, No.
	Alloy composition, at.%
	HV2
	Compressive strength, MPa

	1
	Ti85Cr10Co5
	359
	1620

	2
	Ti80Cr15Co5
	359
	1710

	3
	Ti75Cr20Co5
	423
	1990

	4
	Ti80Cr10Co10
	489
	1950

	5
	Ti75Cr15Co10
	516
	1900 

	6
	Ti70Cr20Co10
	535
	1600


Hardness of alloys 4 – 6 are in the range 489 – 535 HV2 and increases with chromium content. That could be explained by solid-solution hardening effect of (- and (- phases and the presence of intermetallic compound Ti2Co. Generally, the three-phases alloys with 10 at. % of cobalt have higher hardness values than the single-phases alloys, what could be clearly seen on Figure 2. Further, increasing in hardness with increasing chromium content is also observed for binary Ti-Cr alloys in paper [6].
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Fig. 2. Relationship between Vickers hardness and content of chromium and cobalt
Strengths of investigated Ti-Cr-Co alloys were determined by compressive test and the results are given in Table 4. It can be seen, that all alloys have high compressive strengths which are much higher than that for some other biomedical alloys, like TiCr7,1Fe4,3 or TiCr20Si0,2 in papers [7,8]. Among the single-phase (-alloys with 5 at. % of cobalt, compressive strength increases with chromium content. Contrary to this, the strength of alloys with 10 at. % of cobalt decreases with increasing chromium content. The reason for that behavior in latter alloys is decreasing of the volume fraction of preferred (-phase.
4. CONCLUSIONS

From the results of represented study it can be concluded as follows:

· scanning electron microscopy (SEM) showed that alloys with 5 at. % of cobalt have single-phase microstructure, while those with 10 at. % of cobalt have three-phases microstructure,
· energy-dispersive spectroscopy (EDS) revealed that (-phase matrix has the chemical composition similar to that of alloy; the intermetallic compound Ti2Co precipitated at the grain boundaries of (-phase and the (-phase precipitated into the (-grains,
· quantitative metallographic analysis indicate that the heterogeneity of the microstructure increases with chromium and cobalt content; homogenous (-alloys have coarse-grained microstructure,
· Vickers hardness (HV2) as well as compressive strength increases with heterogeneity of experimental alloys
According to the microstructure and mechanical characteristics of investigated as cast Ti-Cr alloys with 5 and 10 at. % of cobalt following that homogenous (-alloys with desirable properties for biomedical applications can be obtained at lower concentration of cobalt, i.e. 5 at. %.
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