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Abstract
There are a number of advantages of using titanium alloys for biomedical applications. The purpose of this investigation was to examine the effects of alloying and heat treatment on the microstructure and hardness of biomedical Ti-Cr-Co alloys.


This paper shows that the microstructure and hardness are dependent on the addition of alloying elements as well as heat treatment of Ti-Cr-Co alloys. Samples were prepared by melting pure elements in a laboratory arc furnace under an argon atmosphere. They were metallographically prepared and analyzed with the X-ray diffraction method. Microstructures of experimental alloys were taken with digital camera and analyzed with computer program Image Tool. Hardness was measured using the Vickers indentation method. Heat treatment was carried out at 950°C over 3 hours with quenching in water. The microstructure and hardness were analyzed after the heat treatment. 

The results obtained show heat treatment effects the volume ratio of phases in alloys with 10 at.% of cobalt, but alloys with 5 at.% of this alloying element were retained as single-phase. Also, hardness of investigated alloys depends on content of alloying elements (chromium and cobalt), but the effect of heat treatment on the hardness of this alloys was negligible.

Key words: as cast Ti-Cr-Co alloys, biomedical alloys, heat treatment, microstructure, hardness


Sažetak

Legure titana posjeduju brojne prednosti zbog kojih se upotrebljavaju u biomedicini. Svrha ovog istraživanja bila je ustanoviti utjecaj toplinske obradbe i dodatka legirnih elemenata na mikrostrukturu i tvrdoću Ti-Cr-Co legura.

Ovaj rad prikazuje ovisnost mikrostrukture i tvrdoće biomedicinskih legura titana o legirnim elementima i toplinskoj obradbi. Eksperimentalne legure su pripremljene taljenjem čistih elemenata u laboratorijskoj elektrolučnoj peći. Nakon odgovarajuće metalografske pripreme, legure su analizirane metodom difrakcije rentgenskih zraka (XRD). Mikrostrukture legura snimljene su digitalnom kamerom i analizirane računalnim programom Image Tool. Ispitivanje tvrdoće provedeno je Vickersovom metodom. Toplinska obradba je provedena na temperaturi od 950°C tijekom 3 sata, te su nakon toga legure brzo ohlađene u vodi. Zatim su mikrostrukture ponovo snimljene i analizirane, te je ispitana tvrdoća toplinski obrađenih legura. Dobiveni rezultati ukazuju na to da toplinska obrada ima utjecaj na volumni udio faza u legurama s 10 at.% kobalta, dok su legure s 5 at.% tog legirnog elementa ostale jednofazne. Ovo istraživanje je pokazalo i da tvrdoća ovisi o udjelima legirnih elemenata (kroma i kobalta), a neznatno o toplinskoj obradi ovih eksperimentalnih legura titana za biomedicinsku primjenu.
Ključne riječi: lijevane Ti-Cr-Co legure, biomedicinske legure, toplinska obradba, mikrostruktura, tvrdoća 
1. Introduction


In the past decade, replacement of diseased teeth, bone or joints by artificial materials is gaining increasing usage in orthopedic surgery in order to relieve pain and recover maximal possible functionality. To achieve this goal, specialized implant materials are required. Titanium and its alloys are extensively used as biomedical implant materials because their good mechanical properties are accompanied by an excellent biocompatibility and corrosion resistance. The most widely used Ti alloy for medical implants is Ti-6Al-4V. Since vanadium and aluminum are known to be cytotoxic elements, alternative Ti-based alloys with other alloying elements are currently the subject of intensive study as new biomaterials. In this work, chromium and cobalt were used as stabilizers of β-phase, which has favorably properties for use in a medical application. In addition, chromium reduces the melting temperature of titanium and cobalt strengthens the alloys. The mechanical properties of titanium can be also enhanced through the addition of these elements [1-6].
The purpose of this investigation was to establish the influence of chromium and cobalt on titanium as well as heat treatment effects on the microstructure and hardness of Ti-Cr-Co alloys with potential as medical implant materials.

2. Materials and methods

The chemical compositions (in atomic percent) of investigated ternary Ti-Cr-Co alloys were as follows: Ti85Cr10Co5, Ti80Cr10Co10, Ti70Cr25Co5 and Ti65Cr25Co10. They were prepared by melting pure elements in an argon atmosphere using a nonconsumable tungsten electrode arc. The ingots were re-melted three times to improve their chemical homogeneity. Consequently, the cylindrical samples with 8 mm in diameter were prepared by copper mold casting. Those samples were sectioned using a Buehler Isomet low-speed diamond saw to attain several samples for different examinations. The small samples were mounted in an epoxy resin and metallographically prepared by grinding and polishing. Specimens for light microscope observation were etched with solution: 2.5 cm3 HFconc., 2.5 cm3 HNO3 conc., 70 cm3 H2O at room temperature.

X-ray diffraction (XRD) for phase analysis was conducted by using a diffractometer (Philips PW3710) operating at 40 kV and 40 mA. Ni-filtered Cu K( radiation was used for this study, wherein the phases were identified by matching each characteristic peak with the JCPDS files [7]. 
The microstructures of prepared specimens were observed by light microscope (Leitz, Ortholux) at the magnification of 280 x. Microphotographs were taken with a digital camera, an Olympus DP11. They were used for quantitative analysis which was carried out by the computer program Image Tool UTHSCSA.
Hardness measurements were performed by the Vickers indentation method on the equipment Leica with load 19.60 N and holding time of 10 s.
The heat treatment of experimental alloys was carried out with the aim of improving the microstructure and mechanical properties. The samples of all as cast alloys were encapsulated in quartz in vacuum and heat treated at 950°C for 3 hours followed by quenching in water. The microstructure and hardness of alloys after heat treatment were analyzed again with methods described above. 
3. Results and discussion
This paper shows that the microstructure and hardness of Ti-Cr-Co alloys is dependant on the addition of alloying elements as well as the heat treatment process used. 
X-ray diffraction patterns of alloys with 10 at. % of cobalt (Figs. 1b, 1d), i.e. Ti80Cr10Co10 and Ti65Cr25Co10, show two phases identified as β phase, which is dominant, and the intermetallic compound Ti2Co. XRD patterns of alloys with 5 at. % of cobalt (Figs. 1a, 1c) show diffraction maximums of β phase only. It follows that with reduction of cobalt content from 10 to 5 at. % the intermetallic compound Ti2Co formation is avoided. In this way, the microstructure of alloys with lower cobalt content includes just the β phase. At the same time, chromium content in these alloys is higher than 10 at. % which is enough for retaining the cubic body-centered crystal structure of β phase [2]. 
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Figure 1. XRD patterns of as cast experimental alloys

Figure 2 shows light micrographs of as cast experimental alloys taken with digital camera. The microstructure of alloys Ti85Cr10Co5 and Ti70Cr25Co5 (Fig. 2a, 2e) is composed of one phase, which is according to the XRD analysis results identified as the β phase. This phase exhibits very coarse grains, similar to other Ti-Cr biomedical alloys [8]. As cast alloys Ti80Cr10Co10 and Ti65Cr25Co10 have a three-phase microstructure, which is composed of a metallic matrix, a second phase on the grain boundaries and the third phase inside the grains (Fig. 2c, 2g). The metallic matrix is β phase, because it’s the dominant phase on the XRD patterns and shows the strongest diffraction maximums. Likewise, second phase is identified as the intermetallic compound Ti2Co, which precipitates on the grain boundaries. Since the XRD patterns for these two alloys show only maximums for two phases the third phase was in such small amounts which could not be detected by the XRD method. According to the corresponding diagrams [8] it was identified as the ( phase.
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Figure 2. Light micrographs of as cast and heat treated alloys (280x)
After heat treatment the alloys Ti80Cr10Co10 and Ti65Cr25Co10 show a two-phase microstructure which consists of the β-matrix and an intermetallic compound, Ti2Co, at the grain boundaries of β phase (Figs. 2d, 2h). A microstructure comparison of heat treated and the as cast condition of these two alloys implies that the third ( phase is no longer present. In the alloys Ti85Cr10Co5 and Ti70Cr25Co5, which were single-phase in their as cast condition, a very small amount of intermetallic compound Ti2Co was precipitated at the grain boundaries of β-matrix after heat treatment. In addition, it resulted with significantly enlargement of the β phase grains. 
A quantitative analysis (Table 1) has revealed that among heterogeneous alloys, i.e. alloys with 10 at. % of cobalt, will have a higher β phase portion those alloys with higher titanium content and smaller chromium content.
Table 1. The chemical compositions and quantitative metallography results for as cast and heat treated experimental alloys

	Alloy composition, at.%
	As cast
	Heat treated

	
	% β
	% Ti2Co
	% (
	Average area of grains, μm2
	% β
	% Ti2Co
	Average area of grains, μm2


	Ti85Cr10Co5
	100,00
	-
	-
	1117,12
	100,00
	-
	-

	Ti80Cr10Co10
	66,39
	30,62
	2,99
	130,17
	92,94
	7,06
	72,30

	Ti70Cr25Co5
	100,00
	-
	-
	3517,87
	100,00
	-
	-

	Ti65Cr25Co10
	56,73
	36,79
	6,48
	71,54
	53,29
	46,71
	144,26


The volume portions of the intermetallic compound and ( phase increase with decreasing titanium and increasing chromium content. The alloy Ti80Cr10Co10, with greater portion of β phase, has coarser grains. The data in Table 1 shows that single-phase β alloys have very coarse average area of grains.
The results of quantitative metallography of heat treated alloys (Table 1) show that intermetallic compound portion decreased in alloy Ti80Cr10Co10 for 23,56% and increased in alloy Ti65Cr25Co10 for 14,92% in comparison with the as cast condition. The same is valid for the average area of grains, which could not be determined for the other two alloys. The reason for this lies in the fact that the grains are too big and therefore excluded from the micrographs.
The Vickers hardness measurements (Table 2) show the strong effect of chemical composition and microstructure on hardness values. Among the as cast alloys with 10 at. % of cobalt, hardness values increase with increasing chromium content (from 10 to 25 at. % of Cr), which is also observe by Majumdar et al [2]. It could be explained with the following hypotheses: during the Ti-Cr solid solution formation, around the chromium atom in crystal structure of titanium voids were formed, because the diameter of chromium atom is smaller than that of titanium. Consequently, the chromium content increase causes the enlargement of voids whereupon alloys hardness increases. However, hardness upgrowth of this alloys with 10 at. % of cobalt primary is associated with the presence of intermetallic compound Ti2Co. Therefore, hardness of these three-phase alloys increases with the increase of the intermetallic compound portion (Table 1). Likewise, among the single-phase alloys, hardness increases with increasing chromium content. Measured values (359 and 444 HV2) are similar to that of the other β-type biomedical alloys [9].
Table 2. Vickers hardness of as cast experimental alloys
	Alloy No.
	Alloy composition, at.%
	HV2

	
	
	As cast alloys
	Heat treated alloys

	1
	Ti85Cr10Co5
	359
	381

	2
	Ti80Cr10Co10
	489
	439

	3
	Ti70Cr25Co5
	444
	455

	4
	Ti65Cr25Co10
	550
	527


Vickers hardness values of heat treated alloys (Table 2) are very close to those of as cast alloys (Fig 4). 
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Figure 4. Vickers hardness comparison of as cast and heat treated alloys
After heat treatment Ti80Cr10Co10 and Ti65Cr25Co10 show a similar tendency to slightly decrease in hardness when compared to the as cast condition. Thereat volume portion of intermetallic compound was changed differently. It follows that the grain size of alloys after heat treatment has a more important affect on this mechanical property. Hardness decrement could be related to the fact that the ( phase is no longer seen in the microstructure of these alloys. Namely, it is known that the ( phase exhibits the higher hardness values than the β phase [10]. Alloys Ti85Cr10Co5 and Ti70Cr25Co5, after heat treatment, possessed a higher hardness value in comparison with the as cast condition. That could be explained by the precipitation of negligible amount of intermetallic compound Ti2Co, mainly at the grain boundaries of the β phase. 
4. Conclusions

The microstructure and hardness of alloys Ti85Cr10Co5, Ti80Cr10Co10, Ti70Cr25Co5 and Ti65Cr25Co10 in as cast condition and after heat treatment were investigated. The following results were obtained:

· Microstructure of as cast alloys with 10 at. % of cobalt consists of a β phase, the intermetallic compound Ti2Co and a ( phase, while in that of alloys with 5 at.% of Co only the β phase is present.

· The β phase portion in alloys with 10 at. % of Co decreases with decreasing titanium and increasing chromium content. Simultaneously, the portion of intermetallic compound increases.
· Among alloys with 10 at. % of Co heat treatment did not result in homogenous single β phase alloys, although ( phase was transformed into the β phase. Namely, the intermetallic compound Ti2Co was retained.

· Vickers hardness of as cast alloys with 10 at. % of Co increases with increasing chromium and Ti2Co content. Hardness of single β-phase alloys also increases with increasing chromium content.
· Vickers hardness of alloys with 5 at. % of Co after heat treatment was little higher in relation to the as cast condition, while that of alloys with 10 at. % of Co was decreased.
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