Microstructure and hardness of Ti-Cr-Co biomedical alloys after compressive test
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Abstract
The use of titanium alloys as biomaterials has been growing due to their good mechanical properties, excellent corrosion resistance and biocompatibility. Even though mechanical tests have not reached the level of clinical simulation, they represent an important parameter of analyses. So, in this work microstructure and mechanical properties after compressive test of four Ti-Cr-Co alloys (Ti75Cr20Co5, Ti70Cr25Co5, Ti75Cr15Co10, Ti70Cr20Co10) were examined. All alloys were metallographically prepared and etched for microstructural examinations. Their microstructure was analyzed by means of light microscope equipped with software for quantitative analysis and by scanning electron microscope with energy-dispersive sprectrometer as well. Hardness of experimental alloys was tested by Vickers method. Results of this investigation show that alloys containing 5 at.% of cobalt have β single-phase microstructure, while alloys with 10 at.% of this element have three-phases microstructure which consists of β-, α-phase and intermetallic compound Ti2Co. Compressive test caused decrease in average area of grains in single-phase alloys and increase in heterogeneous alloys respectively. Also, compressive test revealed that single-phase alloys were brittle and heterogeneous alloys were ductile. Hardness values of heterogeneous alloys are higher than those for homogenous alloys due to the presence of intermetallic compound in their microstructure. According to their microstructure and hardness after compressive test, alloys Ti75Cr20Co5 and Ti70Cr25Co5 may have the potential for biomedical application.
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Sažetak

Upotreba legura titana kao biomaterijala je u stalnom porastu zahvaljujući njihovim dobrim mehaničkim svojstvima, izvrsnoj otpornosti na koroziju i biokompatibilnosti. Iako ispitivanja mehaničkih svojstava nisu dosegla razinu kliničke simulacije, ona predstavljaju važan parametar analize. Stoga su u ovom radu istraživane mikrostruktura i tvrdoća četiri Ti-Cr-Co legure (Ti75Cr20Co5, Ti70Cr25Co5, Ti75Cr15Co10, Ti70Cr20Co10) nakon tlačnog testa. Sve su legure metalografski pripremljene, a za mikrostrukturna ispitivanja i nagrizane. Njihova mikrostruktura je analizirana pomoću svjetlosnog mikroskopa opremeljenog programom za kvantitativnu analizu, te pomoću skenirajućeg elektronskog mikroskopa s energijsko-disperzivnim spektrometrom. Tvrdoća istraživanih legura određena je Vickersovom metodom. Rezultati ovog istraživanja pokazuju da legure s 5 at.% kobalta imaju jednofaznu β mikrostrukturu, dok one s 10 at.% kobalta sadrže β- i α-fazu te intermetalni spoj Ti2Co. Tlačni test je doveo do smanjenja prosječne površine zrna u jednofaznim legurama, te povećanja u heterogenim legurama. Tlačni test je pokazao i da su jednofazne legure vrlo krhke, a heterogene duktilne. Tvrdoća heterogenih legura je veća od one jednofaznih legura zahvaljujući prisustvu intermetalnog spoja Ti2Co. Prema mikrostrukturi i tvrdoći nakon tlačnog pokusa, legure Ti75Cr20Co5 i Ti70Cr25Co5 bi mogle imati potencijal za primjenu u biomedicini.
Ključne riječi: Ti-Cr-Co legure, mikrostruktura, tvrdoća, tlačni test, biomedicinske legure
1. Introduction

Since the population ratio of the aged people is rapidly growing, the demand for innovative implant materials has increased. The use of titanium alloys as biomaterials has been growing due to their favorable mechanical properties, biocompatibility, and enhanced corrosion resistance when compared to more conventional stainless steel and Co-Cr or gold alloys. 
Although the mechanical properties do not necessarily represent actual clinical performance of biomedical materials, they are used to guide the effects of changes in their composition or processing on these properties. In dental field, most of mastication forces are compressive in nature, so it is important to investigate materials under this condition. This test is more suitable to compare brittle materials, which show relatively low result when subject to tension. Surface characteristics are also a determinant factor when the material is in service in oral or body environment. Surfaces characteristics can influence on polishing ability, on the scratching occurrence and on the resistance to load application. Then, surface hardness is a parameter frequently used to evaluate material surface resistance to plastic deformation by penetration. Even thought mechanical tests have not reached the level of clinical simulation, they represent an important parameter of analyses. The knowledge of the principal laboratory tests is of high importance.[1-5]
2. Materials and methods

This work is a continuation of research [6]. Two Ti-Cr-Co alloys containing 5 at.% (Ti75Cr20Co5, Ti70Cr25Co5) and two containing 10 at.% of cobalt (Ti75Cr15Co10, Ti70Cr20Co10)  were selected for examination of their microstructure and mechanical properties after compressive test. Circular samples Ø5 mm x 1.2 mm were tested in uniaxial compression using a mechanical testing machine Instron at a cross-head speed of 0.5 mm/min. The test was performed at room temperature.  Then, alloys were metallographically prepared by grinding and polishing. For microstructural observation samples were etched in Kroll’s reagent. Light microscopy was performed on Olympus GX51 microscope equipped with Olympus Analysis Materials software for quantitative analysis. Detailed microstructural observations were realized by scanning electron microscope Tescan Vega TS 5136 MM with Bruker energy-dispersive spectrometer. Hardness of experimental alloys was tested by Vickers method on Leica VMHT tester at five spots. 
3. Results and discussion
3.1. Light microscopy
[image: image1.jpg]N

I BN N
00U



   [image: image2.jpg]



                        a) alloy 1, Ti75Cr20Co5                        b) alloy 2, Ti70Cr25Co5  

[image: image3.jpg]


   [image: image4.jpg]



           c) alloy 3,  Ti75Cr15Co10                         d) alloy 4, Ti70Cr20Co10

Figure 1. Light micrographs of etched alloys 

Figure 1 shows micrographs of etched experimental alloys taken with light microscope at magnification of 200 x. It can be seen that microstructure of alloys 1 and 2 (Figs. 1a, 1b) consists of one phase identified as beta phase and it has coarse grains similar to that of biomedical Ti-Cr alloys with 5-30 wt. % of chromium [6,7]. Alloys 3 and 4 (Figs. 1c, 1d) have three-phases microstructure which consists of matrix, second phase on grain boundaries and inside the grains is a third phase.
3.2. Quantitative metallography

Results of quantitative metallography (Table 1) show that in alloys containing a lower cobalt content (5 at.%), the average area of grains affects  the chromium content, so that higher chromium content increase the average area of grains (Table 1) and therefore reduces their number (Table 2). Heterogeneous alloy 1 containing higher titanium percentage has grains with larger an average area than alloy 2 containing lower titanium percentage (Table 1). Accordingly, number of grains per mm2, labeled by the corresponding number G (ASTM E112-96), in the alloy 1 is lower than that in the alloy 2 (Table 2). 
Table 1. Results of quantitative analysis by program Image Tool UTHSCSA

	Alloy No.
	Alloy composition,

at.%
	Average area of grains, μm2
	Perimeter of grains, μm
	Vol.% of matrix
	Vol.% of interphase

	1
	Ti75Cr20Co5
	38.11 
	26.78 
	98.96 
	1.043 

	2
	Ti70Cr25Co5
	92.28 
	127.91 
	100 
	0

	3
	Ti75Cr15Co10
	160.77
	116.51
	67.71
	2.29

	4
	Ti70Cr20Co10
	94.30
	97.88
	63.13
	36.87


Results in Table 1 show that alloys 1 and 2 contain a lower cobalt portion which is not enough to form a second phase on grain boundaries, so they remain single-phase alloys. Higher vol. % of matrix in alloy 3 than that in alloy 4 is due to higher titanium content. 
Table 2. Number and size of β-phase grains (ASTM E112-96)

	Alloy No.
	Alloy composition,

at.%
	Number of grains/mm2
	Grain size, G

	1
	Ti75Cr20Co5
	27052.67 
	11.75 

	2
	Ti70Cr25Co5
	10939.31 
	10.46

	3
	Ti75Cr15Co10
	638178
	9.67

	4
	Ti70Cr20Co10
	10759.96
	10.43 


When these values ​​are compared with those before the compressive test it can be seen that deformation by compression has significantly decreased the average area of grains for homogenous alloys 1 and 2 and increased it for heterogeneous alloys 3 and 4 (Fig. 2a). It means that very large grains in microstructure of alloys 1 and 2 have reduced by compression indicating them as very brittle alloys. Accordingly, there is an increase in the number of grains per mm2 (Fig. 2b). Further, compression strain caused increase in perimeter of grains in alloys 3 and 4, which is followed by decrease of number of grains per mm2 (Fig. 2b). So, they were indicated as ductile alloys.  
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(a)                                                               (b)
Figure 2. Comparison of the average area (a) and number (b) of grains

 before and after compressive test
3.3. Scanning electron microscopy and energy-dispersive spectrometry
Microstructure of experimental alloys was analyzed in detail by means of scanning electron microscope (SEM). Figures 3a and 3b show only matrix in alloys 1 and 2, while in figures 3c and 3d matrix (gray area), grain boundaries (light area) and dark phase are visible. So, SEM analysis confirmed that microstructure of alloys 1 and 2 is single-phase, while alloys 3 and 4 have three-phase microstructure.
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              a) alloy 1, Ti75Cr20Co5                               b) alloy 2, Ti70Cr25Co5
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             c) alloy 3, Ti75Cr15Co10                            d) alloy 4, Ti70Cr20Co10
Figure 3. SEM micrographs of experimental alloys with phases determined by EDS
All alloys were analyzed by energy-dispersive spectrometer (EDS) to determine the phase composition and content of individual elements in them. Point analysis was performed on five spots and the mean value of element atomic percentage in each phase was given in Table 3. 
Point analysis by EDS of alloys 1 and 2 reveals that chemical composition in every spot is identical, which indicates homogeneous alloys. Results given in Table 3 show that composition of matrix, i.e. β phase, in alloys 1 and 2 corresponds to chemical composition of adequate alloy as well as in alloys 3 and 4. EDS analysis for alloys 3 and 4 shows that light phase on the (-grain boundaries has composition which matches with that for intermetallic compound Ti2Co, while composition of light phase within the grains corresponds to that of α phase. 
Table 3. Average chemical composition of phases in experimental Ti-Cr-Co alloys
	Alloy No.
	Alloy composition,

at.%
	Element
	Chemical composition of phases, at. %

	
	
	
	β phase
	Ti2Co
	( phase

	1
	Ti75Cr20Co5
	Ti
	78
	-
	-

	
	
	Cr
	17
	-
	-

	
	
	Co
	5
	-
	-

	2
	Ti70Cr25Co5
	Ti
	72
	-
	-

	
	
	Cr
	22
	-
	-

	
	
	Co
	6
	-
	-

	3 
	Ti75Cr15Co10
	Ti
	77
	67
	77

	
	
	Cr
	14
	6
	14

	
	
	Co
	9
	27
	9

	4
	Ti70Cr20Co10
	Ti
	71
	66
	69

	
	
	Cr
	21
	6
	18

	
	
	Co
	8
	28
	13



Line analysis of alloys 1 and 4 (Fig. 4) shows concentration profile of elements at default line on a sample surface.
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a) alloy 1, Ti70Cr25Co5
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b) alloy 4, Ti75Cr15Co10

Figure 4. Line analysis of alloys 1 and 4
Figure 4a shows stable lines for titanium, chromium and cobalt, and there are no significant changes in concentration of any element. In Figure 4b is evident that lines for titanium and cobalt are changing going through the various phases. It indicates a change in their concentration. So, going through grain boundaries, decreasing of titanium and increasing of cobalt concentration are obvious and confirmed the presence of Ti2Co. All these confirm the results of the point analysis.
3.4. Vickers Hardness 
Hardness measurement results by Vickers method show significant effect of chemical composition and microstructure of experimental alloys on hardness values (Fig. 5).
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Figure 5. Comparison of alloys hardness values before and

after compressive test

Results of hardness measurements given in Figure 5 show that values for alloys after compressive test (455-572 HV2) are slightly higher than those for undeformed alloys (423-535 HV2). The crucial impact on HV2 values in single-phase alloys 1 and 2, despite a significant decrease in grain size, has beta phase. In alloys 3 and 4 decisive effect on hardness values has intermetallic compound Ti2Co and not the grain size. Since Ti2Co possess higher hardness than β matrix, increasing of its content i.e. decreasing of β-matrix portion, increases the hardness of alloy. In addition, the presence of α phase, which has higher hardness than a β phase, contributes to increasing of alloys hardness values. Further, it can be seen that three-phase alloys 3 and 2 exhibited higher hardness values than single-phase alloys 1 and 2 due to their higher cobalt content (10 at. %) which is creditable to form intermetallic compound Ti2Co. Hardness of single-phase alloys 1 and 2 decreases with increasing chromium content which obviously affect on a coarse grain microstructure formation. Obtained values are similar to that for some biomedical β-type alloys such as TiCr13Cu3 (300 HV) and TiCr19Cu3 (350 HV) [8].

4. Conclusions

In this work microstructure and hardness of four as cast biomedical Ti-Cr-Co alloys after compressive test were examined. From the obtained results it can be concluded:
· Microstructure of alloys Ti75Cr20Co5 and Ti70Cr25Co5 consists of one phase (β).

· Microstructure of alloys Ti75Cr15Co10 and Ti70Cr20Co10 is heterogeneous and it consists of three phases: β matrix, intermetallic compound Ti2Co on β grain boundaries and α phase within its grains.
· Chemical compositions of β and α phase are very similar and correspond to alloy composition.

· Average area of grains in homogenous alloys grains are bigger for alloy with higher chromium content (25 at. %), while in heterogeneous alloys is bigger for alloy with higher titanium content (75 at. %).
· Compressive test caused decrease in average area of grains in single-phase alloys and increase in heterogeneous alloys.
· Compressive test revealed that single-phase alloys were brittle and heterogeneous alloys were ductile.
· Content of cobalt in experimental Ti-Cr-Co alloys affects on number of present phases in a way that with its increase the number of phases increases. At sufficiently low cobalt content (5 at. %) alloys are single-phase.

· Hardness of experimental alloys decreases with increasing chromium content.

· Hardness values of heterogeneous alloys are higher than those for homogenous alloys due to the presence of intermetallic compound in their microstructure, which has higher hardness than β phase.

· Among homogenous as well as heterogeneous alloys, higher hardness values exhibited alloy with lower chromium and higher titanium content.
· Hardness values of alloys before and after compressive test were similar depending on presented phases, but not the grain size.
Finally, deformation by compressive test of Ti75Cr20Co5 and Ti70Cr25Co5 alloys did not jeopardize significantly their microstructure and hardness, which retain them good enough to have potential as a good biomaterial, but due to a britlement, with a shorter durability. 
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