
Figure 1. TEM cross-section view of UFG-
Ti substrate after thermal processing at 

339oC (left) and 446oC (right). 
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 Statement of Purpose: The popular titanium (Ti) alloy 
for biomedical implants, Ti-6Al-4V, with 4 wt% 
vanadium has been shown to evoke the foreign body 
response , whereas commercially pure (cp)-Ti has shown 
no local or systematic response when implanted in the 
human body [1]. Although cp-Ti may be preferred over 
Ti-6Al-4V based on biocompatibility, cp-Ti implants 
have low strength for load-bearing application compared 
to Ti-6Al-4V. However, through severe plastic 
deformation (SPD) processing of cp-Ti it is possible to 
increase the strength to equal or higher than those of Ti-
6Al-4V through grain refinement. Valiev et al. has 
examined equal channel angular pressing (ECAP) for 
grain refinement of Ti [1] and the use of UFG-Ti in dental 
applications [2]. The resulting ultrafine grained (UFG) 
structure (grain size less than ~1 μm) produces attractive 
properties over the conventional form. Using a machining 
process, strains of 1 to 15 have been introduced in a bulk 
metal through the deformation. Strips formed by 
machining have been observed to have a nanostructured 
grain refinement [3]. UFG metals (grain size: ~100-500 
nm) produced result in an increase of hardness and 
strength by 2 to 10 times the bulk material (grain sizes: 
~50 μm) [4]. For orthopaedic applications, UFG-Ti 
should be coated with hydroxyapatite (HA), based on the 
enhanced osteointegration of scaffolds. HA coating 
usually involves thermal processing, which in turn heats 
the substrate. UFG metals are sensitive to thermal 
application, as the grains will grow at temperatures above 
the recrystallization temperature. Grain growth will 
restore original mechanical properties of the conventional 
grain sized cp-Ti. Therefore, two low temperature HA 
coating processes have been explored for UFG cp-Ti 
produced by SPD processing. There have been no 
previous reports of coating properties of HA on UFG 
materials produced by SPD processing. The purpose of 
this study is to: 1) evaluate the mechanical properties of 
the UFG-Ti produced at different strain levels 2) evaluate 
the HA coating on the UFG-Ti formed by two low 
temperature routes and 3) evaluate the recrystallization 
behavior of UFG-Ti substrate during HA deposition.  
Methods:  
Processing 
Plane strain and extrusion machining processes were 
employed for UFG development in cp-Ti (grade 2 and 
grade 4). Shear strains of 2 to 4 were imposed in the 
titanium materials using different geometrical 
configurations for the machining process. These materials 
were then HA coated using one of the following methods:  
Anodization HA coating: Following previous work for 
forming a calcium-phosphorous titanium oxide film using 
a high voltage (350 V) input, UFG cp-Ti chips were 
immersed in a solution containing 0.04 M sodium β-
glycerophosphate and 0.25 M calcium acetate [5].   

Subsequent low temperature hydrothermal processing was 
carried out at 1800C for 20 h for calcination to HA crystal.  
Sol-gel HA coating: A sol was prepared from 3 M 
triethylphosphate and 2 M calcium nitrate in ethanol and 
gelled by aging for 18 h [6]. Spin coating of UFG-Ti was 
used to apply sol-gel solution in eight layers separated by 
drying at 70oC for 1 h. Subsequent calcination was 
completed by heating in air in a box furnace at 313oC, 
339oC or 446oC for each sample.  
Evaluation: A dual beam focused ion beam (FEI) was 
employed for milling of thin (~100 nm) cross-section 
specimen for transmission electron microscopy (TEM). 
TEM was used for coating thickness and substrate grain 
size evaluation. Differential scanning calorimetry (DSC) 
was utilized to determine the recrystallization temperature 
of the UFG-Ti. Nanohardness and scratch testing was 
performed on the HA coatings. Microhardness was 
measured for the substrate without HA coating and after 
thermal processing associated with HA coating.  
Results: Sol-gel spin coated HA film thickness was 
inhomogeneous (50-500 nm). Anodic HA developed a 
film 5-10 μm thick that penetrates into a porous substrate. 
The DSC measurements showed recrystallization occurs 
at 350oC. As shown in Fig. 1, little grain growth of UFG-

Ti was observed 
at thermal 
processing of 
339oC (grain size: 
170 nm); however 
at 446oC (grain 
size: 340 nm) 
grain growth 
occurred. 
Nanohardness 
values of HA 
structures were 

measured up to 5.6 GPa. Hardness of the substrate 
increased 25% with SPD process over conventional grain 
size. A decrease in hardness was observed for thermal 
processing above 340oC; however, anodization coating 
methods did not affect the hardness of substrate Ti.  
Conclusions:  Processing above 350oC results in grain 
growth of the refined structure. This grain growth leads to 
a reduction in hardness. Sol-gel HA coatings were 
inconsistent. Nanohardness measurements of HA coatings 
are consistent with crystalline HA. Anodic HA process is 
a feasible method for coating UFG-Ti without disrupting 
the grain refinement of SPD machining.   
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