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Abstract. 
The effect of grain refinement of commercial purity titanium by equal channel angular pressing (ECAP) on its mechanical performance and bone tissue regeneration is reported. In vivo studies conducted on New Zealand white rabbits did not show an enhancement of biocompatibility of ECAP-modified titanium found earlier by in vitro testing. However, the observed combination of outstanding mechanical properties achieved by ECAP without a loss of biocompatibility suggests that this is a very promising processing route to bioimplant manufacturing. The study thus supports the expectation that commercial purity titanium modified by ECAP can be seen as an excellent candidate material for bone implants suitable for replacing conventional titanium alloy implants.
 

1. Introduction
Titanium alloys take a prominent place among the materials used for medical implants, particularly in bone replacement and dental implantology [1–5]. However, concerns about possible biotoxicity of alloying elements, such as Al and V in the popular Ti-6Al-4V alloy, have been recently driving the development of commercial purity (CP) grades of titanium as an alternative to alloys [6]. This is of particular significance for dental applications, which pose stringent requirements on biocompatibility of the implant materials [5].
If commercial purity (CP) titanium is to replace Ti alloys as a competitive implant material, the loss of strength due to lack of alloying elements needs to be compensated for. The only tool the metallurgist is left with is to modify the microstructure, and mechanical working leading to grain refinement appears to be the only viable option. The severe plastic deformation technique of equal channel angular pressing (ECAP) was proposed as a potent way to achieve strengthening of CP Ti by extreme grain refinement down to deep submicron range [1, 7–9]. It was further shown that such grain refinement also leads to enhanced attachment of living cells to the surface of Ti. Indeed, in vitro tests demonstrated that proliferation of the fibroblast [7, 8], preosteoblast [9, 10], and stem cells [11] on the surface of ECAP-modified Ti was markedly increased. The degree of preosteoblast attachment and rate of growth on the surface of CP titanium was also found to be increased as a result of grain refinement by high-pressure torsion—another severe plastic deformation technique [12]. The mechanisms of this effect found in vitro are not yet understood, but the first data suggest that it is a change in Ti surface morphology [11] and grain orientation [12] that gives rise to the enhanced cell response. 
As improved biocompatibility in vitro is no guarantee that this favourable effect will be replicated in an in vivo situation, we have conducted an in vivo study on the same Grade 2 CP titanium that was investigated earlier [9, 11]. In this communication, we report the results of a study of the extreme grain refinement by ECAP on the in vivo performance of the material in an animal test. For completeness, transmission electron microscopy and mechanical characteristics of the material are presented. 
2. Materials and Methods
ASTM Grade 2 CP titanium (Tico Inc., USA), which was also employed in previous work [9, 11], was investigated. Specimens of the material in the as-received condition (extruded bar annealed at 704.4°C for 1 h) as well as in the ECAP-modified state (four ECAP passes at 350°C, route 
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 involving rotation by 90° about the long axis between the passes) were used. A back pressure applied made it possible to conduct ECAP at a relatively low temperature of 350°C thus leading to a very substantial level of grain refinement. A huge difference in the average grain size between these two conditions (4.5 μm for the as-received and ca. 200 nm for the ECAP-modified state) is seen from the micrographs in Figure 1.
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(b)
Figure 1: Grain structure of Grade 2 CP Ti in the as-received (a) and the ECAP-modified (b) state. 


This difference in microstructure is responsible for a very strong difference in the tensile deformation behaviour presented in Figure 2. The magnitude of the ultimate tensile strength (about 850 MPa) is in excess of what has ever been achieved for Grade 2 CP Ti by ECAP processing only, that is, without any postprocessing steps [13]. 




	
		
	
	
	
	
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
			
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
				
				
				
			
		
		
			
				
				
			
		
	
	
		
			
		
	
	
	
	
	
	
	
	
	
	
	

Figure 2: Uniaxial stress-strain curves for the as-received coarse-grained (CG) and ECAP-modified ultrafine-grained (UFG) Grade 2 CP Ti.


The mechanisms of extreme grain refinement by severe plastic deformation by formation of dislocation cell arrangement, which gradually transforms into a new, finer, grain structure upon continued straining, are understood reasonably well [14], as is an inverse correlation between the tensile strength and the grain size. Using a rather robust relation applicable to ultrafine-grained titanium and its alloys [15], the expected fatigue strength (i.e., the stress amplitude corresponding to 107 fatigue cycles) can be estimated roughly as half the ultimate tensile strength, which yields a value of about 425 MPa. While tensile ductility had to be partly sacrificed to gain these levels of strength (which are comparable with those for conventional, coarse-grained Ti-6Al-4V alloy), the remaining value of elongation to failure of about 20% is sufficiently high for biomedical applications in sight. 
As reported earlier [9], the ECAP processing and the concomitant changes in the grain size of the bulk and the morphology of the polished surface of this Grade 2 CP titanium yielded a spectacular (nearly 20-fold!) gain in the proliferation rate of preosteoblast cells as observed in vitro. A recent study of the response of human bone marrow-derived mesenchymal stem cells (hMSCs) to the same material showed that the attachment and spreading of hMSCs within the first 24 h of in vitro culturing was markedly accelerated on the surface of the ECAP-modified material [11]. Along with the observation of accelerated proliferation of bacteria on ECAP-modified CP Ti [16], these findings indicate clearly that ECAP processing leads to enhanced bioactivity of titanium. These findings are in line with the general trend of nanostructuring being a promoter of improved cell adhesion to and proliferation on titanium [3, 12, 17]. 
With this promise in mind, we have conducted an animal test aiming at an assessment of the extreme grain refinement by ECAP on the in vivo biocompatibility of Grade 2 CP titanium. Indeed, it is not uncommon that the in vivo behaviour of a candidate implant material is different from the in vitro response [18]. In another context, Toledo and Wahl made this point th