
University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other 
copyright owners. A copy can be downloaded for personal non-commercial 
research or study, without prior permission or charge. This thesis cannot be 
reproduced or quoted extensively from without first obtaining permission in writing 
from the copyright holder/s. The content must not be changed in any way or sold 
commercially in any format or medium without the formal permission of the 
copyright holders.
  

 When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name 
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk

http://eprints.soton.ac.uk/


UNIVERSITY OF SOUTHAMPTON 

FACULTY OF ENGINEERING AND THE ENVIRONMENT 

Engineering Materials 

Surface modification and strengthening of titanium through application of 

anodic titanium dioxide nanotubes layers and use of high pressure torsion  

by 

Nan Hu 

Thesis for the degree of Doctor of Philosophy 

September 2016 





i

UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 
FACULTY OF ENGINEERING AND THE ENVIRONMENT 

Engineering Materials 

Doctor of Philosophy 

Surface modification and strengthening of titanium through application of 

anodic titanium dioxide nanotubes layers and use of high pressure torsion  

By Nan Hu 

Titanium and its alloys are widely used for fabricating biomedical implants, such as 

cardiovascular and hard tissue replacement devices, because of their superior 

mechanical properties, corrosion resistance and biocompatibility. However, the bulk and 

surface properties of Ti implants should be further improved to serve in the human body 

safely and reliably. In this study, bulk properties of Ti will be further improved through 

severe plastic deformation (SPD), which is a strengthening technique through grain 

refinement without introducing hazardous alloying elements. On the other hand, surface 

properties of Ti will be electrochemically tailored by self-aligned TiO2 nanotube (TNT) 

layers formed by anodic oxidation (anodization) to modify its innate biocompatible 

oxide layer.  

This study aims to investigate the anodization behaviour and the resulting TNT layers of 

SPD-processed ultrafine-grained (UFG) titanium. High pressure torsion (HPT) was the 

SPD technique used. After HPT processing of 10 turns under 3 GPa, optical microscopy 

and transmission electron microscopy have revealed that the grains of a pure Ti sample 

were refined from 13 µm to about 140 nm and the micro-hardness increased from 1.7 to 

2.8 GPa. Subsequent one-step anodization at 30 V in 0.25 wt% NH4F for 2 hours on 
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sample surfaces prepared with different mechanical preparation methods was carried 

out. It appeared that the local roughness of the titanium surface on a microscopic level 

affected the TNT morphology more than the macroscopic surface roughness. For an 

HPT-processed sample, the substrate has to be pre-treated by a mechanical preparation 

finer than 4000 grit for HPT to have a significant influence on TNTs. During the 

formation of TNT layers, the oxide dissolution rate was increased for the ultrafine-

grained microstructure formed due to HPT processing. 

After a two-step anodization (30 V/16 h + 30 V/6 h) in the same electrochemical 

setting, scanning electron microscopy and wettability testing showed that the 

homogeneity, morphology, thickness and wettability of TNT layers are critically 

dependent on the substrate grain size. With HPT processing up to ten turns, significant 

grain refinement was achieved with increasing dislocation density, leading to gradually 

thicker TNT layers up to 2 µm and improved homogeneity with decreasing standard 

deviation from 10 to 5 nm. HPT processing also changed the dissolution rate of oxide 

during anodization in two-step anodization, which resulted in a different top 

morphology as well as an increased aqueous contact angle of TNT layers.  

Grain refinement also affects the crystalline structure and electronic properties of the 

TiO2 in the TNT layer. The as-anodized TNT layer was amorphous, and upon heating at 

350 , it turned into anatase crystalline phase. Crystalline TNTs on HPT samples 

showed a preferential orientation of the (001) plane, which is more active than the 

dominant thermodynamically stable (101) facet in TNTs on a coarse-grained (CG) 

sample. This is thought as the reason why the dissolution rate of titanium oxide is faster 

on UFG sample compared to its CG counterparts. 
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Chapter 1: Introduction 

1.1 Background 

Titanium and its alloys are widely used in orthopaedic and dental applications because 

of their excellent mechanical properties, biocompatibility and corrosion resistance [1, 

2]. The extraordinary surface properties of titanium-based metals come from a 

protecting oxide layer at the surface, which spontaneously forms when the bare metal is 

exposed to air or other oxygen-containing environments [3]. Although the success rate 

of titanium implants is very high [4], failures do happen due to various factors. For 

example, there have been several cases of implant fracture reported [5, 6]. Overloading 

and insufficient osseointegration are complications related to the implant material that 

demand solutions from materials science. Clearly, to reduce corrective surgery rates and 

increase life quality of patients, the next generation of biomaterials for hard tissue 

replacement implants should have enhanced mechanical properties without any 

potentially toxic or allergic elements as well as possess an active while biocompatible 

surface for a good bonding to bones. 

Alloying could well address the problem of overloading by improving the mechanical 

properties but unavoidably introduces some potentially toxic or allergic elements such 

as aluminium and vanadium [7, 8]. Processing the titanium through severe plastic 

deformation (SPD) to produce bulk ultrafine-grained (UFG) titanium [9], can further 

improve the performance of titanium implants by providing substantially increased 

hardness and strength as well as good ductility without introducing harmful or costly 
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additional elements [10]. There are already commercially pure (CP) Ti biomedical 

products available through this approach [11]. In addition, modifying the natural oxide 

layer of titanium, which provides remarkable surface properties, can address the 

problems related to a titanium surface, i.e. solving issues related to insufficient 

osseointegration [12] and undesired cell growth [13-15]. Also, many attempts have been 

made to improve the surface properties of titanium-based implants, (e.g. by 

modification of surface energy, roughness and topography) [16]. These surface 

properties directly affect the implant-body environment interactions. Anodization, 

which provides an economical means to control surface topographies of the implant, has 

already been commercialised in processing Ti surface for various products [17]. 

Because the essence of anodization of Ti is to modify the surface oxide layer, and self-

arrayed TiO2 nanotube (TNT) is one possible and interesting result from anodization. 

The unique microstructure of TNT layers, i.e. ordered arrangement of nanoscale tubes 

and high specific surface area, endows them the ability to interact with human cells in 

specific ways, such as cell migration, proliferation and differentiation [13, 14, 18]. It has 

also been proven that titania nanotubes can improve the biocompatibility of implants 

and the tubular structure of TNT layers also enables them to carry drugs and release 

drugs in a controlled way [19].  

Therefore, by modifying the surfaces of SPD-processed titanium with TNT layers, there 

is a possibility to increase the bulk and surface properties simultaneously, thus further 

increasing the success rate of titanium implants. The morphology of TNTs [20] is 

crucial to the vitality of cells, and the most widely used methods to control the 

morphology involve changing the extrinsic electrochemical parameters, i.e. 

electrochemical parameters such as potential [21], electrolyte types [22-25], water 
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content [26], time [27] and sweep rates [28]. In fact, most research on the fabrication of 

nanotubes focuses on the effect of those electrochemical parameters without considering 

the influence of the intrinsic properties of the Ti substrate, such as sample preparation 

method (surface roughness) [29-32], crystallographic texture [30, 33-36]  and substrate 

grain size [37], which can influence the morphology [29-36] of TNT layers under the 

same electrochemical condition. Lu et al. [31] anodized four samples which only 

differed in surface conditions: as-received, chemically polished, mechanically polished 

and electropolished states. The morphologies of TNT layers on these four samples are 

quite different from each other. However, another study using the same set of samples 

showed very different nanotube growth and morphologies [32], suggesting that titanium 

surfaces with different surface roughness may also differ in other surface conditions, 

such as surface chemical composition, which is not controlled in the same condition on 

all the samples. Moreover, the polycrystalline titanium substrate used in anodization 

usually has various crystallographic orientations in the anodized surface which have a 

substantial influence on the growth of titania and TNT layers [29, 30, 33-36]. 

Furthermore, the grain size of the titanium substrate has been shown to affect corrosion 

behaviour [38-41], and it may also be expected to influence the anodization behaviour 

of titanium. Since TNTs have wide applications in other areas such as photocatalytic 

devices [42], electronics [43], solar cells [44] and sensors [45], a study of the influence 

of substrate microstructure with different grain sizes on the growth of TNT layers may 

also provide insights into a broad range of applications beyond biomedical applications.  

The performance of TNT layers not only relies on the morphology of the TNT arrays 

but also on the material properties of the titanium dioxide, which is determined by the 

crystallinity and the allotrope type of the composing material TiO2 [46]. Anatase TiO2 is 
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the preferred choice for charge-separating devices such as dye-sensitized solar cells and 

photocatalytic devices, and may also be used in biomedical applications such as 

antibacterial sterilisation, antifungal and antiviral effects [47]. The surface grain 

orientations of anatase determine its properties. The as-anodized TNT layers are usually 

amorphous [48-50], which can be turned into anatase crystalline structure upon 

subsequent heating [48, 50, 51]. Highly crystalline structures offer unique advantages 

over amorphous ones by providing a direct and rapid pathway for charge transport, thus 

decreasing the carrier path length, which in turn reduces recombination losses [52, 53]. 

The dominant facet of those crystallized anatase is {101} [54], which is the 

thermodynamically stable [55, 56] orientation, however the high-energy minority facets 

such as {001} and {010} [56] are more desired. The enhanced conversion efficiency of 

solar cells has been reported on TNT layer with dominating {001} facet [56, 57]. 

With the general aim of providing the insight to control the morphology of TNTs, this 

Ph.D. project involves extensive experiments and analysis to reveal the influence of 

intrinsic factors of the substrate on the growth, morphology and crystallinity of TNT 

layers. The present work is the first time that the anodization behaviour of SPD 

processed titanium is being investigated. 

1.2 Aims and objectives 

The first aim is to determine the appropriate sample preparation to reveal the influence 

of substrate microstructure on the growth of TNT layers. Therefore, titanium surfaces 

with different surface roughness prepared only by mechanical grinding or polishing 

were used in anodization, so they only differ in surface roughness with similar surface 

chemical composition and surface oxide layer. However, in this conventional one-step 
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anodization, the sample preparation method has a significant influence on the 

morphology of TNT layers [31], rendering it difficult to observe the effect of grain size. 

In two-step anodization, which is also applied in this work, the oxide layer formed by a 

first-step anodization is removed, leading to a titanium surface covered by ordered 

dimples, which serve as templates for TNT growth during the second anodization cycle. 

In addition, by removing the TNT layer produced in the “precursor” one-step 

anodization, the influence on TNT morphology due to sample processing and surface 

preparation can be minimised, which leads to more uniform and ordered TNTs [58, 59]. 

The second aim is to investigate the influence of substrate grain size, using two-step 

anodization. SPD is employed to fabricate titanium substrates with varying grain sizes 

and crystallographic textures. UFG materials made by SPD processing will contain a 

high density of lattice defects, including vacancies, dislocations, grain boundaries as 

well as other types of defects [9]. Those lattice defects are usually associated with an 

increased electrical resistivity and enhanced atom diffusivity, which may alter 

electrochemical behaviour, such as corrosion and anodization. In this study, CP titanium 

samples with a range of grain sizes are produced by annealing and high pressure torsion 

(HPT) processing which is one of the most efficient SPD methods for grain refinement 

[60].  

The third aim is to explore the influence of substrate grain size on the crystallinity and 

texture of titania in TNT layers after anodization. The reactive facet {001} can be 

increased by tailoring the grain size and dislocation density of the titanium substrate 

before anodization. The experimental results show that anodic TNT layers with 

predominantly {001} facets after heat treatment can be fabricated on an UFG pure Ti 

substrate produced by SPD. 
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The structure of this thesis is as follows: a literature review in Chapter 2 covers 

published experimental and theoretical studies on surface modification and 

strengthening methods of biomedical titanium implants. Chapter 3 describes the 

experimental techniques used in the present study. The influence of HPT processing on 

the microstructure and mechanical properties of CP Ti is presented and discussed in 

Chapter 4. The influence of sample preparation methods on TNT layers in one-step 

anodization is analysed and discussed in Chapter 5. The results on the influence of 

sample preparation on the growth of TNTs are shown in Chapter 6. Then in Chapter 7, 

the influence of substrate grain size and texture on the growth of TNT layers is shown 

and discussed, and HPT processing is found to improve the homogeneity of TNT 

diameters. Chapter 8 presents experiments which show that HPT processing has 

changed the texture of titania in the TNT layers and the relevant mechanisms are 

discussed. The overall influence of HPT influence on TNT layers and their applications 

in biomedical implants is discussed in the general discussion section, Chapter 9. Finally, 

conclusions and suggestions for future work are presented in Chapter 10. 
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Chapter 2: Literature review 

2.1 Titanium and its alloys for biomedical applications 

Titanium and its alloys are widely used in biomedical applications. In this chapter, the 

metallurgy, mechanical properties, biocompatibility and corrosion resistance of titanium 

will be introduced, with the aim to provide an explanation for its importance in 

biomedical implants. Also, specific applications of titanium in this field will be given. 

2.1.1 Metallurgy of titanium  

2.1.1.1 Crystal structure of titanium 

Metallic materials are used to fabricate approximately 70%~80% of implants [61]. By 

far the most frequently used metallic biomaterials are [1]: 

 Stainless steels, e.g., X2CrNiMo1812 (316L); 

 Co-Cr-based alloys, e.g., CoNi35Cr20;  

 CP-titanium and its alloys, e.g., Ti-6Al-4V. 

CP-niobium and CP-tantalum are also used in medical applications [1]. In comparison 

with stainless steels and cobalt-chromium alloys, titanium stands out in terms of specific 

strength (strength to weight ratio), corrosion resistance and biocompatibility [62]. 

Although Ti is the heaviest among all the light metals (after Mg and Al), it has the 

largest specific strength. These superior properties have led to the extensive use of 

titanium and its alloys in aerospace, chemical and medical industries. At room 

temperature, titanium is in a hexagonal close-packed (hcp) structure in designated α 

phase. At around 882 , it has an allotropic transformation into β phase, which has a 
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body-centered cubic (bcc) crystal structure. These two crystal structures are 

schematically illustrated in Figure 2-1 with their most densely packed directions and 

planes highlighted  [63]. 

 

Figure 2-1 Crystal structure of pure titanium (a) α hcp and (b) β bcc [63]. Highlighted planes are close-

packed planes. 

 

2.1.1.2 Plastic deformation of titanium  

In Table 2-1, important physical properties of highly pure crystalline titanium are shown 

[63]. Most applications of pure titanium are below its β-transus temperature, i.e. with 

the material in its hcp structure. The plastic deformation of hcp metals is much more 

complicated than that of bcc and face-centered cubic (fcc) metals because hcp metals 

have fewer independent slip systems (Table 2-2) [63]. 
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Table 2-1  Physical properties of high-purity polycrystalline α titanium (> 99.8 %) at 25  [63] 

Crystal structure  Hexagonal close-
packed 

β-transus temperature 882  
Lattice parameters a=0.295 nm 

c=0.468 nm 
c/a=1.587 nm 

Density 4.506 g·cm−3 
Melting point 1668  
Boiling point 3287  
Elastic modulus  115 GPa 
Shear modulus  44 GPa 
Ultimate tensile strength  235 MPa 
Yield tensile strength 140 MPa 

 

In general, the ease of plastic deformation decreases from the fcc lattice, to bcc lattice 

and to hcp lattice. That is why hcp α-titanium has limited plastic deformability, 

compared to β-titanium. An ideal hcp structure (c/a=1.633) only has 3 slip systems, 

while bcc structure has 12 slip systems. Compared to the ideal hcp structure, α titanium 

has a reduced c/a ratio of 1.587, resulting in a larger space between prism planes. This 

causes an increase of packing density in prism planes, on which slip may also occur 

even more readily than on basal planes, which is the slip plane for ideal hcp structures. 

However, even if the slip systems of prism planes are considered, there are only four 

independent slip systems in α titanium, which is insufficient for homogeneous plastic 

deformation. According to the von-Mises criterion, there should be at least five 

independent slip systems for this to happen. Nevertheless, α  titanium is known to have 

relatively good ductility, indicating the existence of twining in plastic deformation [64].  
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Table 2-2 Characteristic parameters of metallic crystal structure types [63] 

Structure 
type 

Numbers 
of atoms 
per unit 
cell 

Coordination 
number 

Packing 
density 

Slip planes   
Slip directions 

Slip 
system 
Per unit 
cell Indices     Numbers 

hcp  (c/a 
=1.633) 

6 12 74% [0001] 
<1120> 

1          3 3 

bcc 2 8 68% [110] 
<111> 

6          2 12 

fcc 4 12 74% [111]  
<110> 

4          3 12 

 
 

2.1.1.3 Titanium alloys 

As mentioned above, pure titanium is in the form of α phase at low temperature, 

transforming to β at the β-transus temperature. Alloying elements that increase β-transus 

temperature are called α-stabilizers (Figure 2-2 (b)], for example, aluminium, carbon, 

oxygen and nitrogen. The elements that decrease the transformation temperature and 

thus stabilise β phase are called β-stabilizers (Figure 2-2 (c)]. Molybdenum, niobium, 

vanadium, chromium and iron are β-stabilizers. They can increase the size of the β 

phase field in the equilibrium phase diagram by extending it to lower temperatures. Sn 

and Zr are regarded as neutral elements because they have little effect on the α/β phase 

boundary (Figure 2-2 (a)) [63]. 
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Figure 2-2 Influence of alloying elements on phase diagrams of Ti alloys [63]. 

 

Titanium alloys are classified as α, β, and α+β alloys. α titanium alloys include CP 

titanium and other alloys only alloyed with α stabilisers and neutral elements. There are 

4 grades of CP Ti, with different additions of interstitial atoms. With a small portion of 

β stabilisers, near-α alloys can be achieved, such as Ti-5Al-2.5Sn. When the fraction of 

β phase is within the range of 5-40%, the most widely used titanium alloys, the α+β 

alloys, are reached. Ti-6Al-4V alloy is a representative of this group. If the percentage 

of β stabiliser further increase to the degree that β phase no longer transforms to the 

martensitic structure upon fast quenching, then metastable-β alloys are obtained. Ti-

13Nb-13Zr alloy is an example of a metastable-β, which is still in the two-phase field in 

the phase diagram. Finally, an alloy which has 100% beta structure at room temperature 

is a β titanium alloy, such as Ti-12Mo-6Zr-2Fe. All three types, α, β, and α+β Ti alloys, 

are used for fabricating medical implants (Table 2-3). 
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Table 2-3 Titanium alloys for surgical application 

Titanium and its alloys Standard 

CP-Ti Grade 1, 2, 3 and 4 ASTM F67 
Ti-6Al-4V (α+β) ASTM 1108 
Ti-13Nb-13Zr (metastable β) ASTM F1713 
Ti-12Mo-6Zr-2Fe (β) ASTM F1813  

 

2.1.2 Mechanical properties of titanium 

The mechanical properties of titanium alloys are strongly dependent on their chemical 

compositions and microstructures. In Table 2-4, the effect of alloying on mechanical 

properties of titanium alloys is illustrated [2]. With the addition of different elements, 

titanium alloys show entirely different mechanical properties. Ti-6Al-4V, with an 

addition of 10% alloying elements by weight, has 400% higher yield strength than CP 

titanium (Grade 2). It is also worth noting that, just like other metallic elements, oxygen 

is a critical solution element, hence the classification of CP Ti is mainly based on the 

concentration of oxygen and iron. Alloying is the basis for some significant 

strengthening strategies such as solid-solution strengthening and age-hardening, and 

also determines many of the physical and chemical properties. 

Another strategy to change the microstructure and thus modify the mechanical 

properties of titanium alloys is processing, which includes heat treatment, cold working 

and thermo-mechanical treatment. Processing can tailor the properties of titanium alloys 

according to the needs of the final application. Different microstructures are produced 

for optimal strength (using work hardening, precipitation strengthening, solid solution 

strengthening and grain boundary strengthening), ductility, and creep resistance. For 
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example, UFG microstructures produced by SPD, provide high strength combined with 

reasonable ductility. 

Table 2-4 Mechanical properties of titanium alloys for biomedical application [2] 

Alloy  UTS*  

(MPa) 

YS** 

(MPa) 

Elongation  

(%) 

Reduction 
of area  

(%) 

Modulus 

 (GPa) 

Crystal 
structure 

CP Ti grade 1 240 170 24 30 102.7 α 

CP Ti grade 2 235 275 20 30 102.7 α 

CP Ti grade 3 450 380 18 30 103.4 α 

CP Ti grade 4 550 485 15 25 104.1 α 

Ti-6Al-4V 
(annealed) 

895-930 825-869 6-10 20-25 110-
114 

α + β 

Ti-13Nb-13Zr 
(aged) 

973-
1037 

836-908 10-16 27-53 79-84 metastable 
β 

Ti-12Mo-6Zr-2Fe 
(annealed) 

1060-
1100 

1000-
1060 

18-22 64-73 74-85 β 

*Ultimate tensile strength (UTS) 
**Yield strength (YS) 

 

2.1.3 Biocompatibility and corrosion resistance of titanium 

The increased use of biomaterials made from titanium and its alloys can be attributed to 

their superior biocompatibility and improved corrosion resistance compared to that of 

more conventional biomaterials such as stainless steel and cobalt-based alloys. 

Nowadays, titanium has been applied in various biomedical applications, such as 

artificial bones [65], joints [66], dental implants [67], prosthetic heart valves [16], 

protective cases in pacemakers [68], and cardiovascular stents [69]. Titanium and its 

alloys are naturally covered by a surface oxide when exposed to air. This layer of oxide 

consists mainly of amorphous TiO2 [70, 71].   



 

 14

2.1.3.1 Formation of oxide film 

Except in a reductive environment, the atoms at the surface of metals always form a 

reaction passive film, which is the key for the biocompatibility of biomedical metals, 

such as stainless steels, Co-Cr alloys and titanium and its alloys. They are usually about 

1-5 nm thick and transparent [3]. The film is formed very rapidly when the bare metal is 

exposed to the air and this rapid formation causes them to be amorphous. Amorphous 

films contain few grain boundaries and defects; therefore, they are corrosion-resistant. 

The surface film on titanium mainly contains amorphous or low-crystalline TiO2 [72]. 

Figure 2-3 schematically shows this oxide layer on the surface of pure titanium [3].  

The thin oxide surface leads to excellent corrosion resistance and biocompatibility [73], 

thermodynamically high stability [74] and low ion-formation tendency in aqueous 

environments [75]. These properties of the natural oxide layer may be the reason for the 

excellent biological responses of titanium implants to human tissues in comparison to 

many other metal implants, since the interaction between implant and body environment 

is mainly dependent on the surface properties of titanium oxide layer, not the titanium 

metal itself [76]. The corrosion resistance of biomedical metals can be assessed by 

measuring the breakdown potentials in Hank’s solution (a balanced salt solution made 

to a physiological pH and salt concentration.) (Table 2-5) [1]. Titanium and its alloys 

have the highest breakdown potential (> 2 V), while stainless steel has the lowest at 

only 0.2 V. If the passive layer is damaged, for example by mechanical force, then the 

repassivation time of the passive layer for those materials is essential. The repassivation 

time for the various metals in saline solution is also given in Table 2-5. The ranking 

revealed by Table 2-5 is consistent which the finding from Zitter et al. [73], who ranked 
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titanium and its alloys as the most corrosion resistant materials in Hank’s solution, 

followed by niobium, tantalum, and stainless steel. 

 

Figure 2-3 Schematic illustration of the oxide film on the surface of pure titanium [3].  

 

Table 2-5 Breakdown potential of metallic biomaterials in Hank's solution and repassivation in 0.9% 

NaCl (pH = 7.4) [1].  

Biomedical metals Breakdown 
potential (V) 

Repassivation time 
(ms) 
-0.5 V +0.5V 

FeCrNiMo (316L ) +0.2-0.3 >72000 35 
CoCr (as cast) +0.42 44.4 36 
CoNiCr (as wrought) +0.42 35.5 41 
Ti-6Al-4V +2.0 37 41 
CP-Ti +2.4 43 44.4 
CP-Ta +2.25 41 40 
CP-Nb +2.5 47.6 43.1 

 

2.1.4 Biomedical applications of titanium 

2.1.4.1 Cardiovascular stents 

Coronary heart disease is a result of narrowing (stenosis) of coronary arteries due to the 

deposition of fatty tissues (atherosclerotic plaques) on the inner surface of vessels. The 

Several 
nanometres 
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health factors and symptoms associated with coronary heart disease can be treated with 

medication (for example, antiplatelet agents and statins) and lifestyle modification (for 

example, quitting smoking and reducing fat in the diet). However, if these medical 

treatments are unsuccessful or inadequate, revascularizations are necessary.  

There are two main surgeries of revascularisation. The first is coronary artery bypass 

grafting [77], which is usually performed with the heart stopped and the chest open. 

Another surgery is percutaneous coronary intervention [78] also called balloon 

angioplasty, in which a cardiologist uses a catheter mounted with a balloon to widen the 

blocked artery, while the patient is awake. Sometimes, a stent is left at the treated site to 

keep the artery open. The total number of percutaneous coronary intervention operations 

carried out to treat coronary heart disease has been increasing quickly during the past 

decade to 88,692 in 2011 in the UK. By contrast, the amount of coronary artery bypass 

grafting surgeries reached a plateau since the late 1990s reaching only 17,972 in 2011 

[79].  

The fundamental principle of stenting is shown in Figure 2-4 [80]. At first, the stent is 

mounted on a balloon at the front of a catheter in a crimped condition. After the catheter 

is delivered to the narrowed site in the artery through the patient’s groin or wrist, the 

balloon is inflated, to expand the stent to open up the inner wall of the coronary artery. 

When the balloon is deflated and removed, the stent stays and serves as a scaffold to 

hold the artery open.  

There are various designs available, but in general, desirable characteristics for stents 

design are as follows [69, 81]: 

 Biocompatibility and blood compatibility 
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 Good radio-opacity; 

 Flexible when mounted on delivery balloon; 

 Radial strength and conformable when expanded; 

 Smooth surface and/or coating; 

 Availability of wide range of diameters and lengths; 

 Corrosion resistant and thromboresistivity; 

 Low cost.  

 

Figure 2-4 Schematic image of steps during a coronary stent placement [80]. 
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The design of any stent is a trade-off between several desirable features, most of which 

are dependent on the mechanical and surface properties of the raw material. At first, a 

stent should have superior mechanical properties for safety in the human body and 

reliable long-term service. A stent should be radially strong to prevent fracture caused 

by vessel contraction, as well as to firmly hold the wall of that portion of the artery. 

However, at the same time, the stent should be flexible enough to withstand the 

compression before delivery and expansion after deployment. Thus, it should be made 

of materials of considerable ductility. In addition, if a heart beats 60 times a minute, 

then the artery contracts 31,536,000 times a year. Since a stent will stay in the patient’s 

body forever, to avoid stent fracture in the vessels, superior fatigue strength is required 

for the metallic material to fabricate stents. Also, appropriate surface properties are a 

compulsory requirement.  

Only a few metallic materials can satisfy these demands. The most widely used metallic 

materials for stents are stainless steels (316L), Co-Cr alloys and Ti-Ni alloys. For those 

who are allergic to molybdenum and nickel, stents made by other materials are needed. 

So, titanium, pure iron and magnesium can also be used for stent-making. Table 2-6 

shows the mechanical properties of these metals [69]. 

According to different functions, coronary stents can be divided into three groups, bare 

metal stents, drug-eluting stents and biodegradable stents. Drug-eluting stents are the 

most widely used one. With the fast and continuously growing number of stenting 

surgeries all around the world, some initially hidden problems with stenting have been 

revealed. The most harmful complication after stenting is in-stent-restenosis, the re-

blockage of the artery. In the short term, drug-eluting stents have been proven to 

decrease in-stent-restenosis rate. In the long run, however, the safety and long-term 
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effect of drug-eluting stents are controversial. A study compared the long-term effect of 

stenting on 6033 patients who had drug-eluting stents and 13738 patients who had bare-

metal stents in Sweden [82]. In the first 6 months, drug-eluting stents had shown 

superior advantages in reducing undesired events, such as death. From 6 month to 3 

years, however, these two groups did not differ significantly in the rate of myocardial 

infarction and death. Moreover, drug-eluting stents group showed a slightly higher 

mortality rate.    

Table 2-6 Mechanical properties of main metallic materials used for manufacturing stents [69] 

Metal Elastic 
modulus (GPa) 

Yield 
strength 
(MPa) 

Tensile 
strength 
(MPa) 

Density 
(g·cm-3) 

316L stainless steel 
(annealed) 

190 331 586 7.9 

Tantalum (annealed) 185 138 207 16.6 

CP-titanium (30% 
cold worked) 

110 485 760 4.5 

Nitinol (Austenite) 83 195-690 895 6.7 
Cobalt-chromium 
alloy 

210 448-648 951-1220 9.2 

Pure iron 211.4 120-150 180-210 7.87 
Mg alloy (WE43) 44 162 250 1.84 

 

A vascular wall is usually made up of three layers (Figure 2-5 (a)). The innermost layer 

is only made of one single-cell layer of endothelial cells (EC), which is called intima. 

Outside of intima is the media, which is primarily made up of smooth muscle cells 

(SMC). Moreover, the outmost layer is adventitia. A stent, as a hard foreign body, will 

inevitably damage the single-cell layer of ECs when put inside of human vessels. In 

response to the injury, SMC will migrate from media to intima (Figure 2-5 (b)), and 

actively proliferate.  As a result, new intima, i.e. neo-intima, forms at the injured site 
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and is usually much thicker than the previous intima, just like scar tissues. This process 

is called intimal hyperplasia. 

 

Figure 2-5 Schematical illustration of (a) healthy vascular wall (b) vascular wall with intimal hyperplasia. 

 

2.1.4.2 Hard-tissue replacement applications 

Other cardiovascular applications of titanium are prosthetic heart valves, protective 

cases in pacemakers, artificial hearts, and other circulatory devices. The most widely 

used titanium alloy in cardiovascular applications is nickel-titanium (nitinol). The 

advantages of titanium in cardiovascular applications are that it is robust and inert. Also, 

because of its non-magneticity, few artefacts are produced in magnetic resonance 

imaging, which is a powerful diagnostic tool. Titanium and its alloys also have wide 
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applications in hard tissue replacement, such as artificial bones, joints (Figure 2-6), 

dental implants (Figure 2-7) and bone fracture fixation [16]. 

 

Figure 2-6 Schematic diagram of the artificial hip joint [16]. 

 

 

Figure 2-7 Schematic diagram of the screw-shaped artificial tooth [16]. 
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2.2 Surface modification of titanium implants 

In addition to remarkable bulk properties, the biological response of titanium implants 

resulting from interactions with living human tissue is an essential factor in its 

application as implants and it is the outermost atomic/molecular layers of the material 

that plays a key role [83]. The surface properties of titanium, such as wear and corrosion 

resistance and biocompatibility, can be modified through various types of surface 

modification techniques, including mechanical methods, chemical methods, physical 

methods, and electrochemical methods [16]. Some surface modification techniques and 

their applications are shown in Figure 2-8. 

 

Figure 2-8 Commonly used surface modification techniques for titanium and its alloys. 
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2.2.1 Surface modification methods 

2.2.1.1 Mechanical methods 

Mechanical surface modification methods, such as machining, grinding, polishing and 

blasting, involve mechanical removal of atoms at the surface of materials. The 

objectives of mechanical modification are to obtain surfaces with appropriate roughness 

and topographies, removal of contaminations and deformed layer for best biological 

responses [83]. Hayes et al. [84] found that paste-polished commercially pure titanium 

and a titanium-molybdenum alloy had the poorest soft tissue adhesion. Therefore, in 

clinical applications where free gliding of tissues is required, surface polishing may be 

applied. Examples of such applications are hand and wrist fracture fixation. 

2.2.1.2 Chemical methods 

Chemical methods of titanium implant surface modification mainly involve chemical 

reactions between the titanium substrate and a solution. The commonly used solutions 

are acid, alkali, and colloid solutions. Acid treatments are often used to remove surface 

oxides and contaminations. Mechanical methods can meet this end too, but at the same 

time may introduce an undesired deformation layer to the surface. Solutions containing 

HNO3, HF and H2O in various percentages are often used for pre-treatments [16]. HF 

readily attacks TiO2 to react with Ti to form soluble titanium fluorides and hydrogen, 

and HNO3 is used to reduce incorporation of hydrogen in titanium which leads to 

embrittlement of the surface layer. Alkali treatments are often used to form an active 

bone-like apatite layer for improving bioactivity [85]. Sol-gel methods are often used to 

make coatings through a five-step process: (1) hydrolysis and polycondensation; (2) 

gelation; (3) ageing; (4) drying; (5) densification and crystallisation [86]. Common 
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coatings made by sol-gel methods are TiO2 coatings [87, 88], calcium phosphate 

coatings [89], TiO2 /hydroxyapatite composite coatings [90], and silica coatings [91].  

Another chemical treatment is chemical vapour deposition (CVD), which involves 

chemical reactions between the sample surface and chemicals in the gas phase resulting 

in the deposition of a compound on the substrate [92]. A common process of CVD is 

schematically illustrated in Figure 2-9, which includes the following steps [93]: 

1. Convective and diffusive transport of reactants from the gas inlet to the reaction 

zone; 

2. Chemical reactions in the gas phase to produce new reactive species and by-

products; 

3. Transport of the initial reactants to the substrate surface; 

4. Adsorption (chemical and physical) and diffusion of these species onto the 

substrate surface; 

5. Heterogeneous reactions catalysed by the surface leading to film formation; 

6. Desorption of the volatile by-products after surface reactions; 

7. Convective and diffusive transport of the reaction by-products away from the 

reaction zone. 

 

 

Figure 2-9 Sequence of gas transport and reaction processes contributing to CVD film growth [93]. 
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2.2.1.3 Physical methods 

Physical modification methods refer to those processes, including thermal spraying and 

physical vapour deposition (PVD), in which there are no chemical reactions. Several 

physical modification methods are available. Thermal spraying is a method in which 

coating materials are melted into droplets and introduced to the surface of titanium to 

cool down and condense. The coating is build-up of successive layers of droplets. These 

processes are often classifed as either plasma spraying [94] or flame spraying [95] 

according to the maximum achievable temperature. Hydroxyapatite [94], calcium 

silicate [96] and titanium [97] are common materials used for thermal spraying. PVD is 

another important physical modification method, and in this type of process the coating 

materials are evaporated or sputtered to form atoms, molecules or ions that subsequently 

transported to the substrate to condense and form a film. PVD processes include 

evaporation [98], sputtering [99] and ion plating [100] and they can be used for 

improving the wear resistance of titanium implants by coating hard films such as 

nitrides or carbides [101-105]. Mitamura et al. [100] first reported a TiN coating in 

several micrometres thickness made by ion plating on a titanium prosthetic heart valve 

cage. 

2.2.1.4 Electrochemical methods 

Electrochemical modification methods for titanium mainly involve anodic oxidation of 

titanium. In these processes electrode reactions with electric field drive ion 

transportation, resulting in the formation of oxide film on the anode surface. 

Electrochemical oxidation in various electrolytes and under different electrochemical 

parameters may manipulate the morphology, structure and chemical composition of the 

surface oxide layer to obtain optimum surface properties. Anodic oxidation can be used 
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to increase the thickness of the oxide layer and improve corrosion resistance, to 

decrease ion release, for coloration and for creation of a porous or tubular coating for 

functionalization. The details of production of porous and tubular oxide coatings will be 

further discussed in Section 2.4. Anodization is a very straightforward and economical 

process. Anodizing equipment set-up is schematically illustrated in Figure 2-10 [76].  

  

Figure 2-10 Schematic diagram of a typical anodizing apparatus [76].  

 

Driven by the externally applied electric field, titanium and oxygen ions are transported 

through the oxide layer leading to the formation of the oxide film. Since titanium oxides 

are much less conductive than the substrate and the electrolyte, the applied voltage 

drops with the increasing thickness of oxides. The final oxide thickness, δ, is almost 

linearly proportional to the applied voltage U (usually in tens of volts) according to the 

following relationship [27]: 

 δ = fU Eq. 2-1 

where f is a constant. 
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Through anodization of metals self-organized oxide nanotubes or nonporous arrays can 

be produced, the different stages of the process are illustrated in Figure 2-11. When a 

suitable metal (with its natural oxide layer in several nanometres (stage I)) is exposed to 

a sufficiently anodic voltage in an electrochemical environment [27], an oxidation 

reaction M→Mn+ + ne- will be triggered (stage II). Then the formation and dissolution 

of the oxide occur simultaneously and compete, resulting in porous or tube-like oxide 

(stage III). With appropriate anodization setting, self-organized oxide nanotubes may be 

produced. Under certain specific circumstances, disorganised rapid growth of nanotube 

bundles (stage IV) can be found. At the cathode, the simultaneous reaction is the 

formation of hydrogen. Figure 2-12 shows the typical morphology of a TNT layer 

observed by a scanning electron microscopy (SEM) [106]. The chemical reactions for 

anodization of a Ti substrate from stage I to stage III are as follows:                  

Anode 

I Ti → Ti4+ + 4 e- Eq.2-2 

II Ti + 2H2O → TiO2 + 4H+ + 4e- Eq.2-3 

  Ti + 4H2O → Ti (OH)4 + 4H+ + 4e-  Eq.2-4 

 Ti (OH)4 → TiO2 + 2H2O
      Eq.2-5 

III 
TiO2 + 6F- + 4H+ → [TiF6]

2- + 2H2O 
Eq.2-6 

Cathode 

 4H2O + 4e- → 2H2↑ + 4OH-                                         Eq.2-7 
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Figure 2-11 Schematic of electrochemical anodization process and possible anodic morphologies at 

different stages of anodization: I) metal electropolishing II) formation of compact anodic oxides, III) 

formation of self-ordered nanotubes and IV) disorganised nanotube oxide formation [27]. 

 

2.2.2 Surface characteristics  

The surface characteristics of an implant material, which influence cell adhesion, 

proliferation and differentiation, include surface texture, surface energy, surface 

potential and the stability of the surface oxide layer. The surface properties of materials 

are determined by surface treatments used. For example, Kajzer et al. [107] found that 

the corrosion resistance in simulated artificial urine of an electropolished and 

chemically passivated Ti-Ni alloy with a surface roughness Ra of 0.10 µm is higher than 

the ground one with Ra of 0.16 µm. Several surface characteristics should be considered 

when applying surface modification techniques to titanium implants. 
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Figure 2-12 Illustrative Field Emission Scanning Electron Microscope (FESEM) (a) cross-sectional, (b) 

and (c) bottom, and (d) top images of an organised nanotube array sample grown at 60 V in an ethylene 

glycol electrolyte containing 0.25 wt% NH4F [106]. 

 

2.2.2.1 Surface morphology 

For blood-contacting materials, thrombogenicity is usually higher for rougher surfaces 

[108], so polishing is important for these materials. It has been shown that 

electrochemical polishing decreased thrombogenicity and neointimal hyperplasia of 

coronary stents [109]. There are many ways to measure, define and report the surface 

roughness of a sample, but Ra is the most commonly used measure. According to ISO 

4287:1997 [110], mathematically, Ra is the arithmetic average value of the profile 

departure from the mean line, within a sampling length lt (Figure 2-13).  
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Figure 2-13 Schematic illustration of Ra (mean roughness) calculation across a surface length (the 

schematic is made according to the definition in Ref. [110]). Average roughness is calculated by the 

average deviation of the peaks and valleys. The valleys are then inverted to obtain a positive value. The 

horizontal mean-line represents the average roughness, Ra of this surface, and lt is the sample length. 

 

2.2.2.2 Surface energy 

Increased surface energy leads to the growth of thrombogenicity [111]. Fontaine et al. 

[112] reported that the use of a polyurethane coating, which has a low surface energy, 

significantly reduced thrombosis on Ta and stainless steel. Surface energy and surface 

chemistry also influence a material’s wettability [69]. Wettability is an important factor 

influencing cell attachment and thus affects biocompatibility [113], and this factor can 

be analysed as follows. When two fluids are in contact with a solid surface, an 

interfacial tension between two substances (vapour, solid or liquid) is present, and the 

equilibrium shape of these two phases depends on the relative values of surface tension 

between each pair of these three phases. During a contact angle test, a liquid droplet is 

put on a solid surface and is surrounded by vapour. When the droplet reaches 
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mechanical equilibrium under the action of three interfacial tensions: solid-vapour, γSV, 

solid-liquid, γSL, and liquid-vapour, γLV, the contact angle θc is the angle formed by a 

liquid at the three phase boundaries where the liquid, vapour and solid intersect, shown 

in Figure 2-14 [114]. This is known as the wetting (or dihedral) angle of the liquid to the 

solid in the presence of the gas. When these three phases reach equilibrium, the wetting 

angle from the surface tensions can be calculated by Young’s equation [114]: 

 cos
	 	

 
Eq.2-8 

 

Figure 2-14 Contact angle from Young’s equation based on the classical liquid-solid-vapour interaction 

model [114]. See text for explanation of symbols. 

 

2.2.2.3 Surface potential 

The net surface electrical charge is also essential for the biological responses of 

implants [108]. Zitter et al. [73] simulated the in-vivo condition of a metallic implant in 

tissues exhibiting different redox potentials. The test, called a straddle tests, was 

conducted by applying a constant potential difference of 250 mV in saline containing 

the stable, fast-reacting redox system K4Fe(CN)6/K3Fe(CN)6. The result showed the 

current densities of different corrosion resistant metals in the following ranking: Au > 

316 stainless steel > Co-Cr alloy > Ti-6Al-4V > Ti > Nb > Ta. This ranking corresponds 
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well with their biocompatibility ratings, which are ranked in a reverse order, reported 

from in-vivo experiments [108]. Another aspect of the influence of surface potential is 

that most metals are electropositive while blood contents tend to be electronegative, 

which aggravates the thrombogenicity problem [108].    

2.2.2.4 Stability of surface oxide layer 

The stability and thickness of a surface oxide layer influence biocompatibility in the 

perspective of stopping the release of metal ions underneath the surface [69]. For 

example, Ti-Ni alloys used in biomedical applications typically contain about 50 at% Ni 

[115], and this Ni is suspectedly responsible for allergic reactions [116, 117]. The 

release of Ni ions from Ni-Ti alloys has been reported in several cases, with the released 

Ni ions reportedly inducing platelet activation, which resulted in thrombogenicity of 

blood-contacting devices, such as cardiovascular stents [118, 119]. The stability of the 

oxide layer is also essential for the surface characteristics mentioned above. It affects 

surface energy by providing hydrophilicity to a material surface and affects surface 

potential by preventing the release of electrons [69].  

2.3 Severe plastic deformation 

The mechanical properties of Ti implants need to be further improved for more stable 

and longer performance. Alloying provides a solution, but at the same time it may 

introduce hazardous elements. Therefore alloying should be avoided, as well as other 

strengthening techniques based on alloying, such as precipitation strengthening and 

solution strengthening. Another solution for improving mechanical properties is grain-

refinement strengthening. According to the Hall-Petch relationship [120], the strength 

and hardness of metallic materials are proportional to the reciprocal square root of grain 
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size. SPD techniques can efficiently decrease grain size to obtain UFG materials with 

improved mechanical properties. Therefore, they are very promising in enhancing 

mechanical properties of titanium without introducing harmful elements, and there are 

already commercialised SPD titanium implants available [77]. In this section, SPD 

techniques such as HPT and equal channel angular processing (ECAP) as well as UFG 

materials produced by SPD will be introduced. The surface and bulk properties of UFG 

materials will also be addressed. 

2.3.1 Ultrafine-grained materials  

2.3.1.1 Nanostructured materials and Ultrafine-grained materials  

The conception of nanostructured materials, raised by German scientist Gleiter [121] in 

1989, shed light on the future of metallic materials. Bulk nanostructured materials are 

defined formally as solids having microstructural features lying below 100 nm in at 

least one dimension [122]. Some newly discovered physical phenomena, such as some 

phase transformations and quantum size effect, can only be found in ordered solids with 

defects. If the characteristic size of crystals (grain size, crystallite size or thickness of 

film) in polycrystalline materials has reached critical length scales of some physical 

phenomena, such as the mean free path of electrons or phonons, a coherence length, a 

screening length etc. [121], the properties of materials are not only dependent on the 

interaction between atoms in crystal lattice, but also largely affected by the dimension 

and decreased size of characteristic size, as well as high-density defects. Gleiter [121] 

believed that if polycrystalline materials with grain size in the range of nanometers, the 

microstructure will be significantly different from ordinary polycrystalline materials 

(grain size > 1 mm) or glasses (degree of order < 2 nm).  
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When the characteristic length of materials reaches the nano-scale, their properties may 

change fundamentally and show up some special properties. Nanostructured metallic 

materials possess many unique properties, such as significantly accelerated diffusion 

rate of atoms. Diffusion rate affects many properties of materials, such as creep, 

superplasticity and electrical properties. The diffusion coefficient of copper in 

nanocrystalline nickel is increased by 4-5 orders of magnitude in the temperature range 

of 398–448 K compared to its coarse-grained counterparts [123]. The significant 

increase of diffusion coefficient indicates some special properties of grain boundaries of 

nanostructured materials, such as long-distance stress and extra energy. Also, because 

nanostructured materials have a high density of boundaries, on which atoms are in a 

significantly disordered alignment, it is quite easy for atoms to migrate under external 

forces, leading to good ductility, which endows structural materials, such as metals and 

ceramics some novel mechanical properties. The strength of nanostructured metallic 

materials also has changed. For ordinary polycrystalline materials, the relationship 

between strength and grain size is usually in accordance with the Hall-Petch relationship 

[124]:  

 ∙ 	 Eq. 2-9 

σ 0 is a strength constant, K is a positive constant, and d is grain size. This relationship 

means the strength and hardness grow proportionally with d-1/2. According to this 

relationship, in most metallic materials, the strength will remarkably increase when the 

grain size is in the range of nanometres. This is an ideal way to increase strength 

without sacrificing ductility. 
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In recent years, various techniques to fabricate nanostructured materials have been 

developed. So far there are two routes. The first one is “bottom-up” processing, the 

principle of which is to sinter nano-scale building blocks into bulk solids. Nano-scale 

blocks can be made through PVD [125], CVD [126], microwave plasma [127], 

electrochemical vapour deposition [128] and sol-gel processing [129]. Another group 

are “top-down” techniques, which introduce external energy into bulk solids to lead to 

phase transformations or structure changes, directly resulting in bulk nanostructured 

materials. They include, crystallisation of amorphous materials [130], rapid 

solidification  [131], mechanical alloying [132] and SPD [133]. 

However, most of these methods have some intrinsic problems, which prevent them 

from further development into industrialisation. “Bottom-up” methods inevitably 

introduce various defects, such as voids and inclusions, which leads to the questionable 

or poorly controlled microstructure-property relationship of nanostructured materials 

made in this way. As for “top-down” methods, although crystallisation of amorphous 

materials is simple and cost-efficient, it is difficult to obtain bulk solid through this 

approach, and the prerequisite for producing nanostructured samples is to make 

amorphous materials. Rapid solidification could fabricate void-free materials with clean 

interfaces, and samples in various grain sizes can be obtained at different cooling rates, 

but just as samples of crystallisation of amorphous materials, rapid solidification 

samples do not have a sufficiently large dimension for practical applications. 

Mechanical alloying is highly productive, but contamination from milling media 

(grinding balls and tanks) and atmosphere (O2, N2, H2O), as well as coarsening in later 

sintering are problems with mechanical alloying. Out of all the available methods to 

produce nanostructured materials, only SPD techniques are capable of making voids-
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free and contamination-free samples in a comparatively large dimension (such as sheets 

and bars), hence is the most promising route for the commercialization of reliable 

metallic nanostructured materials to compete with other rising non-metallic materials 

[120]. The grain sizes of polycrystals processed by SPD techniques are usually smaller 

than 1000 nm [9]. Therefore, those polycrystals include materials in nanometre range (< 

100 nm), which are nanostructured materials and materials in submicrometre range (100 

– 1000 nm). The term “nanostructured materials” alone is insufficient to describe 

materials processed by SPD techniques. So materials processed by SPD techniques are 

often called UFG materials. In Ref. [9], UFG materials are usually with a majority of 

high angle grain boundaries. 

2.3.1.2 SPD techniques 

SPD has become one of the most important processing techniques of metallic materials 

in many research laboratories. SPD refers to any method of metal forming under a huge 

hydrostatic pressure that may be used to impose a very high strain on a bulk solid 

without introducing any significant change in the overall dimensions of the sample 

[134]. Therefore, extremely high strain, which conventional metal-working techniques 

can never reach [9], is introduced to the work-piece. As a result, a high density of 

dislocations and fine grains are achieved. The reason for the extraordinary features of 

SPD is the special tool geometry that imposes a considerable hydrostatic pressure on the 

workpiece. Because of its unique capability to refine grains of metals to the range of 

sub-micrometres or even nanometres, superior mechanical properties can be achieved 

through SPD techniques. Therefore, SPD has won growing attention from materials 

scientists all over the world since its debut in scientific papers over two decades ago. 

However, this metal-forming technology has existed in human civilisation for over two 
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thousand years. Even though the worldwide popularity of SPD only lasts for the past 

two decades, human beings started to use it in old times. During the Han dynasty of 

ancient China around 200 BC, sword artisans utilized an efficient forging technique to 

process steel [134].  

SPD techniques are now emerging from laboratory-scale research into the commercial 

production of UFG materials.  The markets for UFG materials exist in many products 

where superior mechanical properties are essential, such as strength, strength to weight 

ratio and fatigue life. Out of the vast spectrum of probable applications of SPD-

processed metals, biomedical implants made by UFG titanium and its alloys have been 

successfully commercialized. For example, plates and screws made of new titanium 

materials have been used in fixing bones and UFG titanium has been used in 

orthodontics [135].   

2.3.2 Classification and principles of SPD 

There are various SPD techniques available, including ECAP [136], HPT [137], 

accumulative roll bonding [138], dynamic plastic deformation [139], multi-directional 

forging [136]. Among these techniques, ECAP and HPT are the most widely studied 

techniques. 

2.3.2.1 Equal channel angular processing technique 

The principle of ECAP is schematically depicted in Figure 2-15 [140]. There are two 

channels contained in ECAP die, which are identical in cross-section, intersecting at an 

angle in the die. Before ECAP processing, samples are machined and ground to fit into 

these channels and pressed through the die by a plunger. This is defined as one pass. 

When a sample exits from the die, three planes can be defined in the sample, where 
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plane x is perpendicular to the longitudinal axis of the sample and planes y and z are 

parallel to it (Figure 2-15 (a)). During each pass, simple shear is imposed on the sample 

at the intersection of two channels between two adjacent segments labelled 1 and 2 in 

Figure 2-15 (b). Since the cross section of the sample remains unchanged after every 

pass, a sample can go through multiple passes thus achieve a very high level of 

accumulative strain.  

 

Figure 2-15 Schematic illustration of ECAP processing (a) simple shear occurs during the processing, (b) 

illustration of simple shear occurs during ECAP [140]. 

 

To calculate the accumulative strain, two important internal angles, Ψ and Φ, 

delineating the curvature associated with the two channels, should be defined first. Φ is 

the angle between the channels, and Ψ is the angle at the outer arc of curvature where 

two channels intersect (Figure 2-16) [141]. When a sample goes through the die, the 

precise value of the von Mises equivalent strain depends on these two angles. The 

a b 
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accumulative strain after a series of repetitive pressings, εe, can be calculated by the 

relationship: 

 

√3
2 cot

2
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2

 
Eq.2-10 

where Ne is the total number of passes through the die. 

  

Figure 2-16 A section through an ECAP die showing the two internal angles Φ and Ψ [141]. 

 

Although continuous processing can be achieved, different rotations of the sample in the 

x-axis when re-entering the die between each pass may lead to different slip systems. 

Four processing routes are depicted in Figure 2-17 [142]. For route A, the sample is 

processed repetitively without rotation. In route BA, the sample is rotated through 90° in 

alternate directions between each pass, while the sample is rotated by 90° in the same 



 

 40

direction for route BC. For route C, the sample is rotated by 180 ° between passes [143].  

One possible model of grain refinement during ECAP processing is shown in Figure 

2-18 [142]. Each image represents the subgrains formed on the Y plane. Rows 1p, 2p 

and 4p represent those after 1, 2 and 4 passes, and columns A, BC and C depict those 

when route A, BC and C are applied  [142]. The colours: red, mauve, green and blue 

represent the slip lines introduced in the first, second, third and fourth pass, 

respectively. It is the intersection between slip planes that refines the grain size. The 

width of the subgrain bands is defined as “d” for each separate passage through the die 

[115]. The direction of subgrain bands changes for different passes, the intersection of 

these subgrain bands leads to the refinement of grains. The grains formed in route BC 

are the most equiaxed than those formed in route A and C.  

 

Figure 2-17 the four processing routes in ECAP [142]. 
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Figure 2-18 A model for grain refinement in ECAP [142]. 

 

2.3.2.2 High pressure torsion technique 

Another important SPD technique, HPT, is the most effective one to refine grain size to 

the range of sub-micrometre or even nanometre [60]. HPT machine and schematic 

diagram of HPT processing are shown in Figure 2-19. HPT processing deforms the 

sample through concurrent compressive and torsional forces. It is the HPT machine that 

provides these two kinds of forces. The core part of a HPT machine is a pair of anvils, 

which have a cavity in the centre (Figure 2-19 (a)). The disc sample is located between 

these two anvils right in the centre cavities (Figure 2-19 (b)). The compressive force is 
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applied to the sample by pressing of these two anvils, and the torsional strain is 

introduced to the sample through rotation of the lower anvil. It is surface frictional 

forces that deform the sample by shear and the deformation proceeds under a quasi-

hydrostatic pressure [60], which is usually more than 1 GPa.     

 

Figure 2-19 (a) HPT machine (b) schematic diagram of HPT processing 

 

The equivalent von Mises strain is then calculated using the relationship.  

Following 	
√3
	 Eq.2-11 

where γ is the plastic shear strain, which is given by Eq.2-12, as 

    Eq.2-13 

where h denotes the final thickness of the sample,  is the number of revolutions, and 

 is the radius of the sample. 
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This equation is only correct for small amount of shear strain (e.g. γ = 0.1), but for 

significant amount of strain, where γ	 ⩾	 0.8, the equivalent strain is given by Eq.2-14 

[137] 

 

√
	In	 1 	 	   

Eq.2-14 

Another relationship was developed to incorporate the decrease in the thickness of the 

disc as a consequence of the applied pressure. For this condition, the true strain is given 

by  

 
In	 1

∙
	 In	  

Eq.2-15 

where h0 denotes the initial thickness of the sample. In practice, this equation can be 

further simplified, since (θ⋅	r)/h ≫ 1 and θ = 2πN, it follows that [137],   

 

In	
⋅

In	 In	
⋅ ⋅

	

																																																 In	
2π ⋅ ⋅

 

 

Eq. 2-16 

  

Figure 2-20 Parameters used in estimating the true strain in HPT [137]. 
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Typical microstructures of HPT-processed CP Ti are shown in Figure 2-21 as bright-

field and dark-field transmission electron microscopy (TEM) images. After HPT 

processing, the microstructure is sufficiently homogenous, but there are significant 

lattice distortions associated with high internal stresses, indicated by the circled 

diffraction patterns with numerous spreading spots (Figure 2-21 (a) inset) [10]. The 

grain size can be calculated from the fragments separated by large disorientations in 

dark field images. However, the actual grain size is slightly larger because of distorted 

layers at the edge of each grain. The measured grain size in (Figure 2-21 (b)) is about 

120 nm [10]. The mechanical properties of SPD-processed CP Ti at room temperature 

are summarised in Table 2-7 and the values of UTS are significantly improved 

compared with the UTS of annealed CP Ti shown in Table 2-4. 

 

Figure 2-21 Typical bright field TEM micrograph (with selected area electron diffraction (SAED) image 

as an in-set) (a) and dark field (b) micrographs of as-processed HPT CP Ti [10]. 

 

It is worth noting that there is an interesting result shown by HPT-processed titanium. 

After 10 mins short annealing at a low temperature of 300 °C, the ultimate strength of 

pure Ti exceeds 1200 MPa, which is close to the strength of many Ti alloys, with 

slightly increased ductility compared to the as-processed sample (Figure 2-22). It is 
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because the microstructure of HPT-processed Ti changed during short annealing. More 

specifically, a significant decrease in lattice distortions without visible grain growth is 

observed [10]. 

Table 2-7 Mechanical properties of SPD-processed CP Ti at room temperature [10] 

 

 

Although the capability of HPT to refine grains of metallic materials has a potential to 

enhance both their bulk and surface properties for implant applications, there is a grain 

size limit for SPD techniques. A study of HPT on electrodeposited nickel showed that 

the final grain size was determined by the processing parameters rather than by the total 

true strain [144].  

 

Figure 2-22 Stress–strain curves for HPT-processed CP Ti in as-processed and annealed state at room 

temperature [10]. 
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2.3.3  Electrochemical behaviour (Work function) of SPD materials  

UFG materials possess a much higher number of grain boundaries with non-equilibrium 

states compared to their coarse-grained counterparts. Many studies have proved that this 

particular microstructure plays a crucial role in the unusual mechanical, physical and 

corrosion properties in UFG metals [145, 146]. This section will particularly focus on 

the influence of grain size on the electrical work function and corrosion properties of 

UFG materials. 

2.3.3.1 Electrical work function of SPD materials 

The influence of nanocrystallization on the electron work function of metals 

Work function can be regarded as an electrochemical potential. The changes of work 

function thus change the electrochemical properties, such as corrosion and anodic 

oxidation. At absolute zero temperature, electrons in metals fulfil all the energy levels 

under the Fermi level (EFm), and all the energy levels above the Fermi level are empty. 

Under a certain temperature (not absolute zero), only a few electrons near the Fermi 

level can transfer to higher energy levels out of thermal activation, but most electrons 

stay within the metal. It means although electrons have free mobility within the metal, 

the energy levels where most electrons are located are lower than the energy levels 

outside of the metal. An electron needs extra energy from the outside to escape out of 

the metal. Therefore, electrons in metals are moving within a potential well. Figure 2-23 

is the energy band in a metal which shows this potential well [147]. E0 is the energy of a 

still electron in vacuum. Therefore, work function W is the energy difference between 

E0 and EFm, which means the minimum energy, usually measured in electron volts, 

needed to remove an electron from a metal to a place outside of the metal surface, or the 
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energy required to move an electron from the Fermi level into the vacuum. Work 

function marks the degree of an electron being trapped in a metal. The higher the work 

function, the less likely that an electron escapes out of a metal. 

 W = E0 - EFm Eq. 2-17 

 

Figure 2-23 Schematic representation of the energy band  in a metal [147] , in which the definition of 

work function is illustrated. 

 

Electron work function decreases in UFG metals [148, 149]. Khisamov et al. [149] 

investigated the electron work function of nickel with various grain sizes (150 nm, 200 

nm, 250 nm, 1.7 μm and 4 μm) and found that the work function decreases with 

decreasing average grain size. They also found that with the transformation of grain 

boundaries from a nonequilibrium state to an equilibrium state, there is an increase in 

the electron work function [149].  

Corrosion behaviour of UFG materials 

A typical characteristic of UFG materials is the high density of defects, including 

vacancies, dislocations, grain boundaries as well as other types of defects. These defects 

are usually more chemically active sites and thus are more inclined to corrosion than 

W 
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other parts of the metal. Compared to bulk grains, grain boundaries are generally 

associated with a higher electrical resistivity as well as higher atom diffusivity. So the 

grain boundaries are more susceptible to corrosion attack if intergranular diffusion of 

corrosive species is favoured [150]. The positive side of this feature is that grain 

boundaries support faster diffusion of passivating ions from the bulk to the surface, 

which result in a more effective protective layer (especially in the case of high-

temperature oxidation). The proven enhancement of bulk electrical resistivity of UFG 

materials also favours corrosion resistance. From the published papers, there is no 

general agreement of the influence of grain refinement on corrosion, because those 

reported studies on the corrosion behaviour of nanocrystalline metals show a variety of 

results, including both the positive and negative aspects.  

Table 2-8 shows different results for corrosion tests of SPD-processed metals in 

different environments. Some UFG metals show increased corrosion resistance in 

certain settings. Gao et al. [39] did immersion tests and potentiodynamic polarization 

experiments on HPT-processed Mg-Zn-Ca alloys in simulated body fluid. The results 

showed an increased corrosion resistance: there was a homogeneous corrosion and the 

current density of the HPT-treated alloy decreased from 5.3ｘ10-4 A·cm-2 to 3.3ｘ10-4 

A·cm-2 compared to the as-cast alloy. The increase can be ascribed to the nano size of 

the second phase and their uniform distribution in grain interiors rather than along grain 

boundaries, as a result of HPT processing [39]. HPT-processed Al-Fe alloys also 

displayed an enhanced pitting corrosion resistance. Nakano et al. measured the 

polarization curves of those alloys in solutions containing 0.1 mol.dm-3 Na2SO4 and 

8.46 mmol.dm-3 NaCl (300 ppm Cl-) at 298 K . The potentials for pitting corrosion of 

those Al-Fe alloys clearly shifted to the noble directions. The reason for the increase of 
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pitting corrosion resistance of HPT-processed alloys is that HPT processing raised the 

oxidation rate of Al alloys [40]. On the other hand, some metals demonstrated 

disadvantages in the corrosion tests after SPD processing. The corrosion resistance of 

HPT-processed CP titanium was lower than that of coarse-grained titanium in 3.5 % 

NaCl solution, and there is a decreasing corrosion susceptibility of the HPT-processed 

samples with increasing torsional strain [38]. The corrosion resistance of a commercial 

aluminium alloy processed by ECAP diminished with the increasing ECAP passes [41]. 

The authors thought it was presumably due to the breakdown of the α–AlFeSi after 

ECAP leading to higher number of galvanic cells and enhanced dissolution of the 

aluminium matrix [41].  

Table 2-8 Different results for corrosion tests of SPD-processed metals in different environment 

Metals SPD 
techniques 

Corrosion solution Corrosion tests 
result 

Reference 

Mg-Zn-Ca 
alloy 

HPT Simulated body fluid Increased corrosion 
resistance 

[39] 

Al-Fe alloys HPT Solution containing 
0.1 mol dm-3 Na2SO4 
and 8.46 mmol dm-3 
NaCl (300 ppm Cl-) 

Increased pitting 
corrosion 
resistance 

[40] 

CP titanium ECAP 3.5 % NaCl solution Decreased 
corrosion 
resistance 

[38] 

CP 
aluminium 

HPT NaCl solutions Decreased 
corrosion 
resistance 

[41] 

 

2.3.3.2 UFG titanium for implant applications 

HPT could further increase the performance of titanium, the most promising metallic 

material for fabricating implants, such as artificial knees, hips and cardiovascular 

implants. Titanium is the most biocompatible metal, but the mechanical properties of 

pure titanium are insufficient to withstand loads of human body. Alloying could make 
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titanium stronger. The alloying elements, however, are either poisonous, such as 

vanadium and aluminium, or expensive, such as niobium or zirconium. HPT-processed 

pure titanium, on the contrary, has remarkably small grains. As a result, they also have 

largely increased hardness and strength, whilst no alloying elements are present. This 

increase of strength will enable titanium implants to serve reliably in the human body 

without introducing harmful or costly additional elements.  

Sergueeva et al. [10] processed CP Ti with HPT and reduced the grain size from 5 µm 

to 120 nm. The  UTS was increased from about 620 MPa to 950 MPa. Furthermore, 

after annealing at 300  for 10 mins, the UTS of HPT-processed Ti further rose to 1240 

MPa with ductility of more than 20%. This is even better than some titanium alloys, 

such as Ti-6Al-4V, the most often used Ti alloy for implants. Table 2-8 illustrates the 

mechanical properties of conventional Grade 4 CP Ti, nanostructured CP Ti processed 

by ECAP followed by thermal mechanical treatment, and Ti-6Al-4V alloy [11]. The 

ultimate tensile and yield strength, as well as fatigue strength of SPD Ti are almost 

twice of that of conventional Ti and are even larger than that of Ti-6Al-4V alloy. Thus, 

HPT-processed pure Ti can meet the mechanical property requirements for making 

implants. On top of bulk properties, HPT-processed titanium also has been proved to 

have improved interaction with human bone cells. Faghihi and his colleagues cultivated 

bone cells on HPT-processed nanostructured CP Ti substrates, to investigate the 

interaction between them [151]. It was found that these substrates with ultrafine grains 

supported the attachment and growth of bone cells much better than other substrates 

with normal grains. This is because of the increased hydrophilicity and surface energy 

of nanostructured titanium.  
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Table 2-8 Mechanical properties of conventionally processed and nanostructured CP Grade 4 titanium 

[11] 

Processing/ treatment 
conditions 

UTS, 
MPa 

YS, 
MPa 

Elongation 
% 

Reduction 
Area, % 

Fatigue 
strength 
at 106 circles 

Conventional Ti 
As received 

700 530 25 52 340 

Nanostructured Ti 
ECAP + TMT 

1240 1200 12 42 620 

Annealed 
Ti-6Al-4V ELI* 

940 840 16 45 530 

*ELI= Extra Low Interstitial 
 

UFG titanium provides new solutions for many applications due to their increased 

hardness and strength as well as good ductility. This increase will enable titanium 

implants to serve reliably in the human body without introducing harmful or costly 

additional elements. Unique mechanical and surface properties of nanostructured 

titanium and its alloys are enormously promising for creating the next-generation 

implants. Actually, the commercialization of nanostructured titanium has been realized. 

Timplant Ltd (Czech public) fabricated the first dental substitute made by 

nanostructured titanium. Figure 2-24 shows a cylindrical threaded screw implant called 

Nanoimplant®, which is made-up from nanostructured Ti having a diameter 2.4 mm 

and length of the intraosseous part 12 mm [152].  

  

Figure 2-24 A dental screw made from UFG titanium named Nanoimplant® [152].  
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2.4 TiO2 nanotubes 

There are several factors making TNTs special. One is their composing material: 

titanium dioxide, TiO2, which is nontoxic, inert, and chemically stable. As an N-type 

semiconductor, TiO2 also possesses some special electronic properties, which may 

influence their interactions with human cells. Another aspect of TNT is the self-arrayed 

morphology. The basic building block of TNT is a nanotube, which is a tube-like 

structure with one end open and the other end closed, just like a test tube. A TNT layer 

is made of lots of such nanotubes orderly arrayed in a hexagonal arrangement, like a 

honey-comb. The exceptionally high surface area to volume ratio and the ordered 

morphology of TNTs enable them to show extraordinary features. There are many ways 

to produce TNTs, but the most economical and simplest method is anodization, an 

electrochemical synthesising method. In this section, TiO2, as a material and a 

semiconductor, will be firstly introduced. Then the electrochemical synthesis process of 

TiO2 will be presented. Finally, the determining factors for the morphology of TNT 

including characteristics of the substrate will be given. 

2.4.1 Titanium dioxide: TiO2 

2.4.1.1 Phase transformation of TiO2 (titania) 

Crystal structure and properties of titania 

Titanium dioxide is also called titania, which has three main crystalline allotropes: 

anatase, rutile and brookite phases. However, only anatase and rutile are used in 

applications of TiO2 and hence only they have been widely studied. The unit cell and 

crystal structure of anatase and rutile are illustrated in Figure 2-25. The dimensions of 

tetragonal unit cell of anatase are: a=b=4.587 Å, c=2.954 Å and of rutile are a=b= 3.782 
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Å, c=9.502. For both structures, the basic building block is a slightly distorted 

octahedron. The bonding angles and lengths and the arrays of the octahedra in both 

structures are also shown in Figure 2-25 [46]. The properties of titania are determined 

by the crystallinity and the allotrope type. For example, anatase is the preferred choice 

for dye-sensitized solar cells and photocatalyst while rutile phase is used mainly in gas 

sensors and dielectric layers [153]. In biomedical applications, anatase has been 

reported to be superhydrophilic, with a contact angle of nearly 0°, which may be 

favourable for osseointegration at the early stages. Because the wetting of the surface of 

implant influence the absorption of biomolecules from blood or other body fluids, the 

initial macromolecule condition of the surface plays a significant role in the subsequent 

attachment of cells [47]. Another important application of anatase phase is 

photocatalysis, which may be used in antibacterial sterilization, antifungal and antiviral 

effects [47]. Out of the three titania polymorphs, rutile has the lowest free energy.  

 

Figure 2-25 Unit cell and crystal structures of anatase and rutile [46]. 
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Phase transformation of TNT during heating 

The crystallographic structure of the as-synthesized TNT is amorphous. The nanotube 

walls transform into the crystal structure, such as the anatase phase, upon heating in 

oxygen. For example, glancing angle X-ray diffraction (GAXRD) patterns of a 20 V HF 

aqueous electrolyte nanotube sample annealed at different temperatures in dry oxygen 

are shown in Figure 2-26 [154]. Upon heating at 230  for 3 h, the nanotubes are still 

amorphous. At 280 , the anatase phase appears, indicating the anatase crystalline 

phase begins to form between 230 and 280 . The anatase phase starts to transform into 

rutile phase at around 430 . Afterwards, the rutile phase continues to grow and 

completely substitute the anatase phase at about 620 . It is also noted that at around 

680 , the X-ray reflection from the titanium substrate totally vanishes, indicating the 

development of a rutile barrier layer.		

A high-resolution TEM (HRTEM) study confirms the phase transformation of TNT 

along with temperature rise from the X-Ray Diffraction (XRD) study [50]. Figure 2-27 

shows HRTEM images of a part of a nanotube grown at 40 V in an electrolyte 

containing 2 % HF [50]. Figure 2-27 (a) is an as-anodized nanotube, and Figure 2-27 (b) 

is an annealed nanotube in oxygen at 550 . The corresponding SAED patterns are also 

given in the inset. In Figure 2-27 (a), it is obvious that the as-prepared nanotube is 

amorphous because the SAED pattern does not show diffraction spots for any plane. 

The bright field image in Figure 2-27 (a) is also uniform, indicating few scattering 

occurs, which is another evidence of the amorphous structure. Consistent with the 

previous GAXRD study, the annealed sample at 550  shows a crystalline structure. In 

the inset of Figure 2-27 (b), the inset image shows a (101) diffraction of the anatase 
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phase. Furthermore, the bright-field image in Figure 2-27 (b) also shows clear contrasts 

resulted from scattering of particular crystalline planes. 

 

Figure 2-26 GAXRD patterns of the nanotubes annealed at temperatures ranging from 230 to 880  in a 

dry oxygen ambient for 3 h. A, R, and T represent anatase, rutile and titanium, respectively [154]. 

 

 

Figure 2-27 HRTEM images of 2% HF 40 V nanotube sample: (a) as-anodized, and (b) after 550  

annealing in oxygen for 6 h. The insets are the corresponding selected area electron diffraction (SAED) 

patterns [50]. 
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2.4.1.2 TiO2 as a semiconductor 

The high surface area-to-volume ratio of TNTs leads to a significant influence of 

surface defects and contracting media on their electronic performance. These defects are 

attributed to deep intro-band gap states that impede carrier transport, and then they are 

considered as bad traps. Shallow traps, however, may help carrier transport, so they 

might be regarded as good traps. It is important to understand the chemical nature of 

these traps so that they can be controlled for certain applications. Since TiO2 is an 

indirect band gap semiconductor, it exhibits no band gap photoluminescence. However 

when illuminated by ultraviolet light, it shows broad visible photoluminescence caused 

by recombination of oppositely charged trapped carriers and free carriers. The 

recombination depends on the spatial coincidence of trapped and mobile charge carriers, 

the photoluminescence intensity is greater when transport is hindered, and lower when 

the charges are more mobile. 

Electrons and holes are charge carriers of semiconductors. When recombined, they 

simultaneously annihilate each other: electrons occupy, by one or several steps, the 

empty state related with a hole. During the process, both carriers finally disappear, and 

the energy difference between the initial and final state of the electron is released. The 

released energy can exist in different ways. In the case of radiative recombination, this 

energy is emitted in the form of a photon. If the radiative transition occurs in the visible 

part of the spectrum, where the wavelength of the light is between 300–650 nm, then it 

is known as luminescence. The photoluminescence emission spectrum is a useful tool to 

reveal the efficiency of charge carrier trapping, immigration, and transfer [155].  
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2.4.2 Electrochemical synthesis of TiO2 Nanotubes 

2.4.2.1 One-dimentional nanostructures 

Since Iijima discovered carbon nanotubes [156], structures in nanoscale with promising 

properties have triggered growing worldwide interest in nanotubular materials, with 

tremendous efforts put into chemistry, physics and materials science. Schematic 

illustrations of the structures and a TEM image of carbon nanotubes are shown in Figure 

2-28 [157]. These nanotubular structures offer exciting electronic properties, such as 

high electron mobility. Inspired by carbon nanotubes, a series of other nanostructures, 

such nanowires, nanorods, nanofibers have been synthesized with unique features and 

properties [158-160].  

 

Figure 2-28 (a) Schematic illustrations of the structures of carbon nanotubes with different structures. (b) 

TEM image of multi-wall carbon nanotubes [157]. 

 

In the years following the discovery of carbon nanotubes, other nanotubes were 

successfully synthesised, in which transition metal oxide nanotubes, such as TiO2  and 

V5O2 are typical examples. Titania (TiO2) nanotubes, as well as other one-dimentional 

nanostructures, including rods, wires, fibres and tubes have exhibited a wide range of 

a b 
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unique electrical and optical properties which are determined by both size and shape 

[161-168]. TiO2 has been the most commonly utilized as a white pigment throughout 

history for it is cheap, non-toxic, chemically stable, environmentally friendly and 

biocompatible. Now this classic material with different morphologies has been widely 

used for hydrogen production [169], photocatalysis [170-172], water and air purification 

[173, 174], dye-sensitized solar cells [44] and biomedicine applications [13, 14, 19, 20, 

175, 176]. 

There are various methods to synthesise one-dimentional TiO2 nanostructures, such as 

sol-gel methods [177], micelle and inverse micelle methods [178], sol methods [179], 

hydrothermal methods [180, 181], solvothermal method [182], CVD [183], PVD [184], 

and by anodization of titanium substrate [42, 177, 181, 185-195]. This section will, 

however, only focus on one of the most intriguing one-dimentional structures: self-

organized TiO2 nanotube layers [106]. This layer of nanotubes can be achieved through 

a simple and economical electrochemical process: anodization. This organized structure 

has shown a spectacular combination of outstanding properties and controllable 

nanoscale geometry (tube length and diameter can be varied through different 

anodization parameters). More surprisingly, this approach of self-ordering anodization 

can also be applied to other transition metals or alloys to make largely aligned 

nanotubes or nonporous.  

2.4.2.2 Stages in TiO2 nanotube growth 

The pioneering work to produce self-organized anodic TiO2 nanotubes on titanium was 

done by Zwilling and his co-workers in 1999 [196]. They made organized oxide 

nanotubes (although he called them nonporous) layers in the thickness of 0.5 µm. But 

essential works on the geometry of these nanotubes were conducted by Macak et al. [22, 
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25, 58, 189, 197]. They found that pH is the key to controlling the tube length of 

nanotube layer. At neutral pH values, much longer tubes could be grown than in acid 

environments [25]. In addition, smooth nanotubes without sidewall inhomogeneity can 

be grown in non-aqueous solutions, showing much improved ordering [22]. With 

organic electrolytes, such as ethylene glycol, almost ideal hexagonal tube arrangement 

can be achieved with the tube length of 250 µm [24]. Furthermore, a two-step 

anodization can lead to the nearly perfect hexagonal ordering of TiO2 nanotube arrays 

[58]. 

Anodization to make layers of TiO2 nanotubes is usually carried out under an 

appropriate constant voltage between 1-30 V in an aqueous electrolyte or 5-150 V in a 

non-aqueous electrolyte containing about 0.1 to 1 wt% fluoride ions [27]. The growth of 

the oxide can be detected by recording the current density-time (j-t) curves (Figure 

2-29) [27]. Figure 2-29 (a) shows typical j-t curves during the formation of oxides. 

Either compact oxide (CO curve in Figure 2-29 (a) inset) (fluoride free) or 

porous/tubular metal oxide (PO curve in Figure 2-29 (a) inset) (fluoride containing) 

forms by different morphological stages (I-III). The inset of Figure 2-29 (a) is a current-

voltage curve, which is often used in characterizing electrochemical reactions, for the 

anodization process. UP is the threshold voltage for oxidation formation. The inset 

shows typical linear sweep j-U curves for different fluoride concentrations resulting in 

either electropolished metal (EP curve in Figure 2-29 (a) inset) (high fluoride 

concentration), compact oxide (very low fluoride concentration), or tube formation 

(medium fluoride concentration). At the same time, a counter reaction happens at the 

cathode, which is the formation of hydrogen (Eq.2-7).  
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This is a classical anodization model, including the formation of cations [Ti4+; Eq.2-2], 

reaction with O2- (created by deprotonation of H2O or HO-
 : Eq.2-3 and Eq.2-4) and ion 

migration of Ti4+ and O2- through the oxide [Figure 2-29 (b)]. The growing process of 

an anodic oxide layer is controlled by the field-aided transport of mobile ions through 

the oxide layer.  

 

Figure 2-29 The growth of TiO2 nanotubes a) typical current-time (j-t) characteristics after (a) voltage 

step in the absence (------) and presence ( ) of fluoride ions in the electrolyte. (b) and (c) schematic 

illustration of field-aided transport of mobile ions through the oxide layers in the absence and presence of 

fluoride ions: rapid fluoride migration leads to accumulation at the metal-oxide interface [27]. 
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The presence of fluoride ions is the key to the formation of nanotube arrays, as fluorides 

form water-soluble [TiF6]
- species with Ti4+, according to Eq.2-6. As shown in the inset 

of Figure 2-29 (a), three electrochemical reactions may occur, depending on different 

fluoride concentrations. At a very low fluoride concentration (≤ 0.05 wt%), when the 

voltage is above Up, a stable compact layer of oxide starts forming. At a high fluoride 

content (≥ 1 wt%), all the Ti4+ react immediately with fluorides to form soluble [TiF6]
-
 , 

and electro-polishing of the sample is observed. Only in the medium concentration of 

fluoride ions, porous or nanotube oxide can be achieved as a result of the competition 

between oxide formation and solvatization of Ti4+. A classical j-t curve for the 

formation of TiO2 nanotubes is shown in Figure 2-29 (a), labelled by PO. There are 

three stages in this curve (Figure 2-29) and the corresponding SEM images of TNTs in 

these three stages are shown in Figure 2-30. I). At the beginning of anodization, it is the 

formation of a compact oxide layer (Stage I in Figure 2-29 and Figure 2-30 (a)), just 

like the fluoride-free case. As the voltage is constant, the electric field Fo decreases 

continuously with the increasing thickness of oxide following: 

 Fo = U/δ Eq.2-18 

 where U is the potential and δ is the compact oxide thickness [27], leading to a drop of 

current;  

II) at Stage II, the current increases as a result of penetration of irregular nanoscale 

pores (Stage-II in Figure 2-29 and Figure 2-30 (b) and (c)) due to the growth of reactive 

areas; At stage III (Figure 2-29 Stage III and Figure 2-30 (d) and (e)), the current 

decreases again with the stable formation of nanotube layer. After the process of self-

organization, nanotubes grow stably at a constant current. The magnitude of the current 

of tube oxide formation is, however, much higher than that of a compact oxide 
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formation (Figure 2-29 (a), labelled by CO). This indicated that there must be a thin 

layer at the bottom of oxide nanotubes in terms of driving force. Another role of 

fluoride ions is to maintain a thin layer of oxides at the bottom of tubes [198]. 

2.4.2.3 Extrinsic factors influencing the morphology of TNTs 

The growth of TNT layers is a result of the balance between the formation and 

dissolution of the oxide. By modifying the electrochemical growth factors, this balance 

can be changed as well as the resulting morphology of the TNT layers. Several key 

extrinsic factors are influencing the growth of TNT layers, such as pH, fluoride 

concentration, ageing of the electrolyte, anodizing potential and time and temperature 

[199]. The influence of time during the TNT formation process has been shown (Figure 

2-29 (a)). This section will only focus on the influence of pH and fluoride ions.  

 

Figure 2-30 SEM cross-sectional (a–e) images of TiO2 formed at 20 V in glycerol/0.35 M NH4F after 

anodization times of (a) 30 s, (b) 60 s, (c) 75 s, (d) 100 s and (e) 110 s. In the top-view images the border 

separating the anodized from the non-anodized region is shown [189].   
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Fluoride content affects the dissolution rate of oxide. In addition, it is clearly the 

fluoride content also affects the pH of the solution. The concentration of fluoride ions 

needs to be kept low in order to minimize dissolution of the oxide, while it also has to 

be high enough to ensure the growth of TNT. The concentration of fluoride ions plays a 

key role in determining the morphology of TNT layers by affecting the initiation and 

growth of TNTs. The pH of the electrolyte influences the tendency of formed oxide to 

dissolve in the solutions. A much higher dissolution rate occurs in an acidic 

environment than in a neutral environment [23]. For example, an aqueous HF-based 

electrolyte grew about 0.5 μm long TNTs but an aqueous NaF for KF based electrolyte 

grew 6.8 μm long TNTs, and a nonaqueous F- ion-based electrolyte grew 134 μm TNTs 

[200]. Similarly, the concentration of fluoride ions has to be kept low enough to 

minimize dissolution, but in the meanwhile, it has to be at a sufficient level to guarantee 

the growth of TNT layers. Depending on different fluoride concentration, three very 

different electrochemical features can be achieved [201]. Low concentration of F- ions 

(usually ≤ 0.05 wt%) leads to the formation of compact oxides. If the fluoride 

concentration is very high (≥ 1 wt%), electrochemical polishing will occur, since all the 

Ti4+
 formed immediately reacts with the abundant fluoride to form solube [TiF6]

2-
. Only 

with intermediate fluoride concentration, a competition between oxide formation and 

dissolution strike a balance and porous oxide or nanotube formation can be obtained. So 

typical F- concentrations appropriate for the growth of TNT layers are in the range of 

0.3-0.5 wt% according to literature [198, 200], and 0.1-1 wt% according to the literature 

[27].  

In published papers, within a certain range of F- ions, the length of TNT layers grows 

longer and longer. When the concentration of NH4F electrolyte increase from 0.15 wt.% 



 

 64

to 0.5 wt%, the length of TNT layers increases [201]. Macak et al. [198] also reported 

the same tendency in a series of the electrolyte with NH4F concentration of 0.135 M, 

0.27 M and 0.54 M. Because higher fluoride concentration leads to higher current 

densities [198]. Electrochemical processes, such as anodization, are usually 

characterized by current-voltage and current-time curves. Polarization curves in Figure 

2-31 (a) show the two roles F- ions play in the anodization process. The polarization 

curve can be separated into several stages with F- ions playing different roles. In the first 

stage, the current densities rise to the first peak marked by the solid arrow in Figure 

2-31 (a). This is due to the fast field-aided F- ion transport through the growing oxide 

layer [198]. As a result, a fluoride-rich layer is formed at the metal-oxide interface 

[202]. The tube length of the TiO2 layer at this very moment is proportional to the 

applied potential [198]. According to Eq.2-18, the driving force Fo decreases with 

increasing film thickness δ resulting in an exponential drop in the anodic current with 

time (Figure 2-31 (b)). For many transition metals including Ti, this final thickness is 

reached that mainly determined by the anodization voltage, since the thickness is given 

by Eq. 2-1. The stage of anodization at this very moment also corresponds to Stage I 

shown in Figure 2-29. After the first peak, the current densities increase again including 

the F- free case at around 5 V in Figure 2-29. But only with the presence of fluorides, a 

second peak is present in the polarization curve marked with a dashed arrow in Figure 

2-31. Accompanied with the second peak are the morphological changes (randomly 

developed pores) on the surface (Figure 2-31 (a)) [198]. This is the initiation of TNT 

layers, also corresponding to the second stage shown in Figure 2-29. The current drop 

after the second peak is due to an overlap of these two effects. 
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After the initiation of nanopores, many pores have initiated, and a tree-like growth takes 

place [189]. Therefore, the individual pores start interfering with each other as well as 

competing for the available current. The self-ordering steady state condition is 

established when the pores equally share the available current. After the initiation phase, 

TNTs grow longer and longer with time. In this stage, the current remains at a 

comparatively constant level but significantly higher than when a compact oxide layer is 

formed. This implies that an accordingly higher field must be present at the tube bottom 

since the ion-migration rate is controlled by this oxide layer [27]. There is a permanent 

oxide layer present at the bottom, and the thickness of this layer increases with the 

potential [198].   

 

Figure 2-31 Polarization curves (a) and current transients (b) recorded for samples anodized 

water/glycerol electrolyte (50: 50 vol. %) at 20 V during 3 h with different NH4F concentrations and with 

a sweep rate of 250 mV⋅-s [198]. 

 

Since the applied potential determines the strength of the electric field, the migration of 

ions can be affected as a result, thereby the diameter of TNT is affected. Generally, 

there is a linear relationship between applied voltage and TNT diameter. Most 

(a) (b
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experiments were conducted under potentiostatic conditions, which applies a constant 

potential and only records the change of anodization current. By contrast, a 

galvanostatic condition was less used, which holds the current at a constant value while 

monitoring the change of potential, because it is harder to control the morphology of the 

TNT layers under a galvanostatic state. In an organic electrolyte, the range of voltage 

used is usually between 10 to 60 V. The applied voltage influences the morphology of 

TNT layers by affecting the migration of ions, because the applied potential determines 

the electric field strength across the oxide. Thereby, there is usually a linear relationship 

between the potential and the nanotube diameter, as shown in Figure 2-32 [199], where 

dex represents the external diameter and din is for the internal diameter. Also, the 

thickness of the barrier layer at the base of TNT layers is also proven to have a linear 

relationship with the applied potential. 

2.4.3 Influence of intrinsic features of the substrate on TiO2 nanotubes 

The influence of extrinsic anodization parameters, such as anodization potential, time, 

temperature, electrolyte composition, pH, and viscosity have been widely studied [24, 

203-205]. The intrinsic influence of titanium substrates, however, is rarely mentioned. 

The stable growth of nanotubes is an equilibrium between passive oxide layer formation 

and dissolution, since substrates with different microstructures affect the formation of 

the passive layer, so they also affect the formation of nanotubes. Studies have proved 

that the substrates, with identical chemical compositions but different physical and 

metallurgical properties, can have a significant influence on the passive film or the 

morphologies of nanotubes or demonstrated different electrochemical properties in at 

least three aspects: the number of grain boundaries and dislocations [145, 206], grain 

orientation and textures [33, 34, 207, 208] and surface roughness [31].  
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Figure 2-32 Linear dependence from potential observed for the inner and outer diameter of NTs grown in 

NaF/glycerol over the range 10-40 V [199]. 

 

2.4.3.1 Sample processing methods 

Different mechanical polishing methods affect the resulting TNT layers as well. 

Mechanical polishing of metallic samples will unavoidably introduce a deformed layer 

because in theory even the finest scratch will create a deformed layer underneath. Under 

each scratch, there is a plastic deformation zone. The abrasive paper grit number is 

inversely proportional to the width of the largest scratch. So the larger the grit number, 

the thicker the deformation zone and the higher the surface strain [209].  

The depth of a scratch on a 220 grit SiC paper processed sample is about 2 μm but is 

below 0.3 μm for a sample last processed by 1 μm diamond polishing. The metal layer 

beneath the scratch has undergone significant deformation. For 220 grit SiC paper 

processed sample, the significant deformation layer is about 8 μm. Below the significant 

in 

ex 
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deformation layer is the undisturbed layer in which neither scratches nor heavily 

deformed metal is present. For the sample last processed by 1 μm diamond polishing, 

the fragmented layer and deformation layer have a combined thickness of less than 0.5 

μm [209]. 

2.4.3.2 Grain size and dislocation density  

Because UFG materials contain more defects and thus are more chemically active, they 

may be less corrosion resistant than their coarse-grained (CG) counterparts. However, 

Balyanov and his colleagues [145] found that UFG Ti with a grain size of about 300 nm 

had more positive corrosion potential, lower corrosion current densities and lower 

critical currents, compared with coarse-grained titanium with a grain size of 7 µm, in 

both HCl and H2SO4 solutions. They believed that it was because of the highly 

increased number of grain boundaries and dislocations that a more rapid formation of 

passive films occurred, which attributed to the increased corrosion resistance of UFG 

Ti. UFG Ti also demonstrated better corrosion resistance than CG Ti in simulated body 

fluid [206]. Youssef et al. [210] reported improved corrosion resistance of UFG Zn 

(grain size: 56 nm) produced by pulse-current electrodeposition, compared to 

electrogalvanized steel samples (grain size > 10 µm). 

2.4.3.3 Grain orientations and textures 

The growth characteristics of the anodic passive layer and TiO2 nanotubes can be 

tailored by the crystallographic orientation of the underlying titanium substrate. Figure 

2-33 shows the colourful optical microscopy (OM) images of oxides grown on planes 

with different orientations [34]. Figure 2-33 (a) is the Electron back-scatter diffraction 

(EBSD) colour map showing grains with different orientation, and each numbered grain 

is an orientation. The substrate was subsequently polarised under a potential of 15 V 
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and showed different colours of oxides on different grains (Figure 2-33 (b)) [34]. The 

varied colours of oxides are contributed to the different thickness of the oxide layer. 

 

Figure 2-33 (a) Orientation distribution mapping of a Ti surface from EBSD measurements. (b) Oxide 

colour mapping of the same Ti surface shown in (a) after polarisation at U = 15 V [34]. 

 

Several studies based on EBSD have shown that Ti (0001) grains show no [33] or 

largely retarded [35] growth of self-organized TiO2 nanotubes, while on other (xxx0) 

planes such as (01-10) and (11-20), nanotubes preferentially form [33, 35]. For 

example, as it is shown in Figure 2-34, no nanotubes are found on Ti (001) (Figure 2-34 
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(a)), while on Ti (111) is the preferred plane for amorphous, self-organized TiO2 

nanotube to grow (Figure 2-34 (b)) [33].  

The difference of nanotube formation is caused by the difference of atom density at 

planes with different orientation [35]. The atomic density of (0001) plane is 1.8 and 1.6 

times of that of (01-10) plane and (11-20) plane, separately (Table 2-9) [34]. The high 

atomic density of (0001) plane leads to oxygen evolution, resulting in the retarded 

formation of oxides.  

 

Figure 2-34 SEM micrographs of specific grains after anodization (in 1M (NH4)H2PO3 + 0.5 wt.% NH4F 

at 20 V for 3 h) : (a) oxide on  Ti (001) and (b) oxide on Ti (111) [33].  

 

2.4.4 Biomedical properties of TiO2 nanotubes  

Nano- and sub-micron topography can control cellular behaviours [211]. Nano-

topography and  tube-diameter of TNT layers can be modified positively to affect 

cellular behaviours, such as migration [15], proliferation [13, 20, 211] and 

differentiation [18, 212]. Except for pure titanium, nanotube formation also has been 

reported on different Ti alloys such as TiNb, TiZr, Ti-6Al-7Nb, Ti-29Nb-13Ta-4Zr and 

Ti-13Nb-13Zr [189, 213]. TiO2 nanotube diameter has a significant influence on cell 

a b 
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adhesion. Park et al. [20] found that the adhesion of mesenchymal stem cells was 

severely inhibited when the nanotube diameter is over 50 nm. 

Table 2-9 Atomic surface density of different planes of Ti [34]. 

 

 

As for SMCs, the number of proliferative cells had dropped on TiO2 nanotubes surface 

[13]. There were much fewer SMCs on nanotube surface than those on a flat surface 

with a different shape. And the number on TiO2 nanotubes surface were about half of 

those grown on a flat surface [13]. This result makes TiO2 very promising in reducing 

the proliferation of SMCs thus reducing the rate of in-stent restenosis. Moreover, TiO2 

tube surfaces also show decreased platelet adhesion [214], indicating its potential to 

decrease late stent thrombosis rate. Nanotubular TiO2 can also be used as an effective 

drug carrier coating in stents [175], avoiding the complications related to polymer drug 

carrier. 
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In a study carried by Peng [13] et al., bovine aortic ECs and Mouse aortic vascular 

SMCs were cultivated on the surface of TiO2 nanotubes and flat titanium foil. Confocal 

microscopy was used to observe the stained F-actin and nucleus. It was found that the 

shape of ECs is elongated at the surface of nanotubes (Figure 2-35 (a)) compared with 

those nearly round cells grown on flat titanium (Figure 2-35 (b)). Moreover, Figure 2-35 

(c) shows the ratio of endothelial cells grown on TiO2 nanotubes to those grown on flat 

titanium. The number of proliferative cells increased 40% at the first day and 5% at the 

third day on TiO2 nanotubes substrate than those on a flat surface. Another study found 

TiO2 nanotubes increase the mobility of ECs, and it has been proved that migration into 

wound site is a major mode of re-endothelialisation [15]. 

    

Figure 2-35 F-actin (green) and nuclear (blue) stains of ECs grown on (a) nanotubular TiO2 versus (b) flat 

surfaces for 24 h (c) Ratio of EdU positive ECs on flat or TiO2 nanotubes substrate normalized by the 

average proportion of positive cells on flat surfaces on day 1 and 3 [13].  

c 
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2.5 Summary 

Titanium and its alloys possess superior mechanical properties such as tensile and 

fatigue properties. Also, they show excellent corrosion resistance and biocompatibility 

for their natural oxide layer. Therefore, they are widely used for fabricating biomedical 

implants, such as cardiovascular and hard tissue replacement devices. 

However, the surface and bulk properties of Ti implants should be further improved to 

serve in the human body safely and reliably. There are various surface modification 

methods to process the surface of Ti implants, for example, mechanical methods, 

physical methods, chemical methods and electrochemical methods. The surface 

morphology, surface energy, surface potential, and the stability of the surface oxide 

layer will be influenced as a result of those surface modification approaches. Among 

those methods, an economical and simple way to modify titanium surface is an 

electrochemical method, anodic oxidation (anodization), which modifies the innate 

biocompatible oxide layer of titanium.  

In addition, the bulk properties of Ti will be further improved through SPD techniques. 

SPD are strengthening techniques through grain refinement without introducing 

hazardous alloying elements. The strength and hardness can be enhanced as a result of 

SPD processing. It has also been commercialized to produce dental implants. Typical 

SPD techniques are ECAP and HPT processing. The grain refinement mechanisms of 

ECAP and HPT have been presented. The electrochemical behaviour, such as corrosion 

properties, of UFG materials made by SPD techniques is also given. 

Therefore, the anodization of UFG titanium provides a possibility simultaneously to 

improve the surface and bulk properties of titanium biomedical implants. However, 
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UFG materials have been shown to demonstrate different electrochemical behaviours, 

such as different corrosion resistance. The anodization behaviour of UFG materials may 

also be different, which requires exploration. A self-aligned TiO2 nanotube layer is one 

possible result from anodization. The special ordered honey-comb like morphology of 

TNT layers can influence cellular behaviours, such as cell migration, proliferation, and 

differentiation. Numerous studies have demonstrated that TNT layers are very 

promising in improving surface properties and drug deliverability of Ti implants. 
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Chapter 3: Experimental Methods 

This chapter introduces the material, processing, microstructural analysis methods and 

experimental procedures involved in the current study. The experiments conducted 

involve the following main steps: first of all, it was decided to use grade two CP 

titanium throughout. Secondly, HPT processing and annealing were performed on the 

CP Ti to produce samples with a range of grain sizes. The microstructure of those UFG 

samples is analysed by OM, XRD and TEM. The mechanical properties of the UFG 

titanium were assessed using microhardness and tensile test. Thirdly, the titanium 

samples were anodized in one-step and two-step anodizations, and the morphology of 

those anodized TNT layers was observed by SEM. In addition, the microstructure of the 

titania in the TNT layer was characterized by XRD and differential scanning 

calorimetry (DSC). The surface wettability of the TNT layer was characterized by 

contact angle tests.  A flow diagram of the whole investigation is shown in Figure 3-1. 

 

Figure 3-1 Experimental steps of the entire investigation. 

(1) HPT and annealing

3GPa, 1‐10 turns

800  + 8 h

(2) Anodization

DC 30 V

One‐step

Two‐step

(3) Characterization

SEM,TEM,OM, XRD, 
DSC,contact angle, 
hardness,surface 

roughness,tensile test
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3.1 Sample processing 

3.1.1 Materials 

CP titanium (Grade 2) was used throughout, and its chemical composition is shown in 

Table 3-1. CP Ti is chosen because it contains only one phase thus shows homogeneous 

electrochemical properties, whilst it contains no potentially harmful alloying additions. 

This material has already been commercialised to fabricate biomedical implants.  

Table 3-1 Chemical composition of CP titanium used in this study. 

Chemical element H C O N Fe Ti 
Wt% 0.015 0.1 0.25 0.03 0.3  Balance 

 

3.1.2 HPT processing 

The as-received (AR) CP Ti extruded rods with a diameter of 10 mm cut and ground to 

produce discs with a thickness between 0.80 ~ 0.85 mm. HPT processing of these discs 

was carried out on an HPT machine (shown in Figure 2-19) at the SPD lab at the 

University of Southampton. This HPT machine has two anvils; each has a depression 

depth of 0.25 mm and diameter of 10 mm. The processing was performed under 3 GPa 

pressure with up to 10 revolutions at room temperature. In the literature, it has been 

shown that the hardness of HPT-processed CP Ti samples does not change much from 5 

turns to 10 turns [215, 216], indicating a saturation of hardness. Hence the HPT 

processing in the current study is limited to 10 turns.  

HPT processing was used to investigate the anodization behaviour of UFG Ti because 

the finest grain size can be achieved through HPT processing in an effective manner, 
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but they are not envisaged to be used to for real applications as the sample size is very 

small. However, other SPD techniques, such as ECAP, can be used to make raw UFG 

materials for biomedical application, and it is already commercialized [152] .  

3.1.3 Heat treatment 

While HPT processing can refine the grain size of titanium, heat treatments can lead to 

grain growth to produce samples with very large grain size (e.g. > 10 µm), which can be 

used to compare with the fine grained samples. Therefore, AR CP Ti samples were 

annealed at 800  in Ar for 8 h to enable substantial grain growth. A Lindberg/Blue M 

tube furnace (model TF55035C-1) was used for annealing with argon protective gas. 

Those annealed samples are labelled as CG samples. All the samples used in 

anodization experiments with their processing histories are summarised in Table 3-2. (In 

this thesis, all the samples called “the HPT sample” are the HPT-10T samples) 

Table 3-2 Samples in different states before anodization. 

Samples for 
anodization 

CG AR HPT-1 T HPT-4 T HPT-10 T 

Microstructures Large 
grains 

Medium 
size grains 

Fine 
grains  

Fine 
grains 

Fine grains 

Processing Annealed 
at 800  
for 8 h 

No 
processing 

HPT at 1 
turn 

HPT at 4 
turns 

HPT at 10 
turns 

 

3.1.4 Surface processing 

Prior to one-step anodization reported in Chapter 6, both CG and HPT samples were 

subjected to five types of mechanical pre-treatments: grinding with 120, 800, 1200 and 

4000 grit abrasive papers and polishing with 1 µm diamond paste. The grits are 

determined from European FEPA or P-Grading standard, and particle sizes for the five 
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treatments are 125, 22, 15, 5 and 1 µm, respectively. In this thesis, the 1 µm polished 

state will be referred to as the equivalent grit size, i.e. a 14000-grit state. After the 

surface processing, each sample was ultrasonicated in acetone for 15 minutes and in 

distilled water for 15 minutes, therefore it is expected that no particles are left on the 

sample surface before anodization. 

3.1.5 Anodization 

Anodization was carried on samples with different microstructure to fabricate TiO2 

nanotubes on the surface. Since a glycerol + NH4F-based electrolyte has been used to 

successfully fabricate TiO2 nanotubes [217], this solution is used in this work. A 

nonaqueous electrolyte was used containing ammonium fluoride (NH4F) (Riedel-de 

Haën) and glycerol (C3H8O3) (Alfa Aesar). In each anodization experiment, a fresh 

electrolyte is used. It is noted that electrolyte ageing, which leads to the change of 

composition and concentration of the electrolyte, may result in changes in the 

electrolyte conductivity, thereby inducing topography alterations of the final products 

[27]. But this will not be discussed in this thesis. The concentrations of the electrolytes 

are shown in Table 3-3. 

A two-electrode electrochemical cell was used for anodization (Figure 3-2). A glass 

tube serves as a vessel for the reaction. The glass tube is in the length of 8 cm and 

diameter of 0.5 cm, which is the container in Figure 3-2 . Therefore the volume is no 

more than 1.57 mL.  A stainless steel bar, connected to the negative terminal of the 

power supply, is the cathode, and the diameter of the cathode is ~ 2 mm; while the 

titanium samples are anodes of the cell. The dimension of those anode samples are all in 
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the same size as the HPT sample: disc in the diameter of ~ 10 mm and thickness of ~ 

0.6 mm. 

Table 3-3 Chemical composition of the electrolytes for anodization 

Component NH4F Glycerol (99+ %) H2O 
Percentage (wt%) 0. 25 98.75 1.00 
Percentage (wt%) 0.7 98.30 1.00 

 

 

Figure 3-2 Schematic of the electrochemical cell for anodization. 

 

A constant direct current voltage of 30 V was used for all the experiments, and electrode 

separation distance is 1 cm. One-step and two-step anodizations were carried out. For 

one-step anodization, samples were anodized from 2 to 16 h under 30 V. Based on one-

step anodization for 16 h; a two-step anodization was also carried out. After peeling off 

Titanium samples 



 

 80

the anodic layer formed in the first step, a second step 6 h anodization was conducted on 

the substrate. After anodization, samples were rinsed in deionized water for 1 minute to 

remove any residual electrolyte. All experiments were performed at room temperature. 

3.2 Characterization 

In the current study, two main aspects of the samples are characterized. One is the Ti 

substrate and the other is the TNT layers on top of them. For the Ti substrate, the grain 

structure is characterized using OM, SEM, TEM, and XRD. The surface properties of 

the substrate are characterized by Vickers hardness, surface roughness and wettability 

measurement. For the TNT layer, the morphology is observed mainly using SEM. The 

crystallinity and phase transformation behaviour of the TNT layer is measured by XRD 

and DSC. In addition, also photoluminescence of the samples was analysed. 

3.2.1 Optical microscopy  

An Olympus BX41M-LED optical microscope was used for OM surface observations 

and to measure the grain size of AR and CG samples. Samples were ground with SiC 

abrasive papers of 120, 800, 1200 and 4000 grit, and polished with 6 µm and 1 µm 

diamond paste. After grinding and polishing, etching with an acid solution containing 

HF, HNO3, H2O with a volume percentage of 2:3:10 was conducted. A linear intercept 

method was used for measuring grain size in OM images [188]. Grain size was obtained 

by randomly drawing a line and dividing the number of grains by the length of the line. 

Average grain size was obtained from the mean number of four lines. A U-AN360-3 

polarizer was used to make coloured metallographic images with polarized light. To 

measure the nanotube diameter, length and bottom diameter, the morphology of titania 

nanotubes was observed on a Jeol JSM 6500F field-emission SEM. Secondary electrons 
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under accelerating voltage of 10 kV were used for the observation. To measure the 

diameter of nanotubes, the thickness of the TNT is the average of the ten calculations of 

the thickness. 

3.2.2 Transmission electron microscopy  

Because the HPT-processed samples have a very fine grain size that cannot be assessed 

by optical microscopy, a JEM 3010 Transmission Electron Microscope was used for 

TEM observation with an accelerating voltage of 300 kV. TEM samples were prepared 

through twin-jet electropolishing with a solution containing 6% HClO4 + 4% H2O+ 

90% ethanol under 30 V at a temperature between -30 to -25 . SAED observation was 

carried out with a spot size of 360 nm. 

3.2.3 Vickers micro-hardness 

A Matsuzawa Seiki MHT-1 microhardness tester was used to measure the Vickers 

micro-hardness, Hv, of Ti samples. All the samples were ground with SiC abrasive 

papers from 120, 800, 1200 and to 4000 grit before hardness test. Afterwards, all the 

tests were carried out with a weight of 1000 g at a dwell time of 15 s. For the 

homogeneous CG and AR samples, hardness is the mean value of the measurement of 

five randomly chosen sites of the sample. 

3.2.4 Tensile test 

Small tensile specimens with a 1 mm gauge length and 1 mm width were machined 

from HPT discs using electro-discharge machining as shown in Figure 3-3. The tensile 

tests were performed on an Instron 3300 testing system with a load resolution of 0.1 N. 
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UTS was obtained from the tensile curve, and the percentage elongation was calculated 

by using the elongated length of the gauge after fracture.  

 

Figure 3-3 Schematic image of tensile samples cut from an HPT disc sample 

 

3.2.5 Wettability  

A DSA100 Contact Angle Measuring Instrument (KRÜSS) (Figure 3-4) was used to 

measure the contact angle of as-polished and as-anodized samples. For every 

measurement, 1 µL of deionized water was used, and the shape of the water droplet was 

captured by a camera after 5 s of its exposure to the air. A sessile drop method [218] 

was used to measure the contact angle. Instead of merely measuring the contact angle 

between the solid sample, air and the liquid, the contour of the water drop is also 

considered through fitting the contour to a circular segment function. 

No less than 2 mm 
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Figure 3-4 DSA100 contact angle measurement machine and the droplet on screen. 

 

3.2.6 Surface roughness 

For the 14000-grit sample, the surface roughness (Ra) before anodization were tested on 

a Taylor-Hobson facility. In this investigation, data for every measurement was 

collected from a length of 5 mm travelled by a stylus, which records the profile 

information and sends it to the computer. Ra was calculated on this 5 mm line and the 

average Ra was obtained from four measurements.  

For samples from 120 to 4000 grit, the processed surface profiles were recorded using 

infinite focus optical microscopy on an Alicona non-contact profilometer. A total of five 

measurements were made per sample to allow calculation of mean and standard 

deviation. The ASME B46.1-2002 standard was used to calculate the surface roughness 

of these ground samples. Each sample was tested four times, and the average Ra was 

obtained from these measurements.  
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3.2.7 Scanning Electron Microscopy 

The morphology of TNT layers was observed on a Jeol JSM 6500F field-emission SEM 

in secondary electron mode. For these SEM observations, the layers were detached from 

the substrate and split by mechanical force. Nano Measurer 1.2 software was used to 

measure the nanotube morphologies including top and bottom diameters, and TNT layer 

thickness. The diameters of 400 randomly chosen nanotubes (which have a nearly round 

shape) were measured to calculate and the average value and the standard deviation of 

the distribution and the accuracy of the measured average. The average thickness and 

the standard deviation of TNT layers were measured from three randomly chosen cross-

sections with 10 thicknesses on each cross-section measured.  

3.2.8 X-Ray Diffraction 

Both Ti substrates and TNT layers on the surface were examined by XRD. Before the 

examination, all the samples were last ground with a 4000 grit abrasive paper to get a 

flat surface and washed by ethanol. All the samples were measured by a Bruker D2 

Phaser Diffractometer, using Cu-Kα radiation at 30 kV and 10 mA, with a step size of 

0.02° (2θ) and step time of 0.25 s between 20° and 90° (2θ). To reduce the errors and 

improve the accuracy, the data were collected from 3 separate scans. DIFFRAC EVA 

software was used to identify peak intensity and locations. XRD profile broadening 

analysis was conducted using the Rietveld method, employing the ‘Materials Analysis 

using Diffraction’ (MAUD) software [219, 220]. In MAUD, appropriate parameters of 

incident radiation and dimensions were set: α1 = 1.5406 µm, α2=1.54439 µm, weight 

ratio = 0.5, goniometer radius = 141 µm. 
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After two-stage anodization, all the substrates covered with as-anodized and heated 

TNT layer were examined by XRD. In all XRD patterns only peaks of α Ti were found, 

which suggests no phase transformation occurred in these samples. The XRD pattern of 

the substrate was obtained from X-Ray diffraction analysis on Ti samples shown in 

Figure 3-5 (a). Due to the limit of the anodization equipment, only part of the surface of 

the substrate can be anodized into a TNT layer, as shown in Figure 3-5 (b). The white 

disc located at the centre of the sample is the anodized layer and the mirror-like circle 

outside of this white layer is the uncovered substrate. Because the TNT layers will be 

heated at 350  and Ti is a chemically active metal, the uncovered part of the substrate 

may also be oxidized thus affecting the comparison of TNT layer’s structure before and 

after heating. Therefore, the uncovered substrate was cut off after anodization to obtain 

a Ti sample fully covered by a TNT layer, indicated by Figure 3-5 (c). This cut anodized 

sample was also X-Ray tested (labelled “anodized sample”). After X-Ray tests, the cut 

anodized sample was immediately heated in air for 1 h at 350 , as shown in Figure 3-5 

(d). The white layer turned to light yellow after heating, and this sample are also XRD 

tested as ”anodized and heated” sample.  

3.2.9 Differential Scanning Calorimetry 

After two-stage anodization, the TNT layers were all removed from the substrate and 

they were tested by DSC. DSC measurement was carried out on a Perkin-Elmer Pyris-1 

calorimeter, with nitrogen gas as a protective atmosphere. TNT layers were peeled off 

by a knife and then sealed in an aluminium pan. An empty sealed aluminium pan was 

used as a reference. A heating rate of 30 ⋅min-1 was used. Because the weight of 

TNTs tested was too small (about 10 μg in one sample), a faster heating rate can yield a 
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comparatively more sensitive value. All DSC thermographs were corrected by 

subtracting a baseline obtained from a DSC run with an empty pan. 

 

Figure 3-5 Different samples used in XRD studies: (a) sample before anodization; (b) substrate partly 

covered by the TNT layer after anodization, (c) as-anodized sample fully covered by a TNT layer, (d) 

anodized and heated sample. 

 

3.2.9.1 DSC baseline calibration 

Because of some experimental factors involved in DSC, such as the flow rate of purge 

gases, the flow rate of coolant, contamination of DSC cell, and the observed heat flow 

will deviate from the actual value. A correction for these effects is needed. Firstly a 

correction for the heat effect due to heat capacity difference between sample and 

reference is required to obtain the real value of heat flow. In DSC, the heat capacity 

difference is: 

 , , 	  Eq.3-1 

where q is the heat flow in DSC,  is the heating rate, ,  and ,  are the heat 

capacities of a sample and a reference [221]. Derived from Eq.3-1, a three point 

correction has been developed to correct data for the above mentioned experimental 
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factors [222]. Baseline drifts usually show a parabolic trend with temperature, T, 

therefore a second order polynomial function fit through these points is used to 

determine the heat flow: 

  Eq.3-2 

3.2.10 Photoluminescence   

TNT layers are composed of TiO2, which is an N-type semiconductor. 

Photoluminescence measurements can be used to characterize the electronic structure 

and optical properties, though which information such as surface oxygen, vacancies and 

defects, as well as the efficiency of charge carrier trapping, immigration and transfer 

can be observed [223]. To measure the semiconductor properties of TiO2, room 

temperature photoluminescence measurements were carried out using a Perkin Elmer 

LS55 Luminescence instrument, using a wavelength of ~ 320 nm, and emission spectra 

from 300-650 nm were collected. Since the spectra contain several emission peaks, the 

emission spectra of each sample are deconvoluted into four peaks by Gaussian fitting 

using MagicPlot software.  
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Chapter 4: Grain refinement and enhanced strength 

of CP Ti through HPT processing  

In order to investigate the microstructure and properties of the UFG Ti substrate, a 

variety of characterizations have been carried out in this chapter. Section 4.1 presents 

the microstructure analysis as obtained from OM, TEM and XRD as well as the tests 

revealing the microhardness, tensile properties and wettability. In Section 4.2, the 

relationship between the UFG microstructure and bulk and surface properties of Ti 

substrate are discussed. 

4.1 Results and analysis 

4.1.1 Substrate characteristics before anodization 

4.1.1.1 Grain size of titanium substrates 

Figure 4-1 (a) shows the polarized light image of the CG sample with various colours 

due to different orientations of grains, revealing a mean grain size of 35 ± 3 µm and the 

AR sample has a grain size of 13 ± 2 µm (Figure 4-1 (b)). After 1 turn HPT processing, 

some directional flow patterns can be observed at the edge (Figure 4-1 (c)), while at the 

centre grains in the size of several microns are present (Figure 4-1 (d)). For the HPT-1T 

sample, the grain structure cannot be resolved by OM and, therefore, TEM was used to 

study the microstructures of the HPT-processed samples. Figure 4-1 (e) and (g) shows 

bright field TEM images of the HPT-10T sample in the edge and centre area, 
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respectively, and Figure 4-1 (f) and (h) are corresponding dark field images for Figure 

4-1 (e) and (g). The inset image in Figure 4-1 (e) is the SAED pattern with a spot size of 

360 nm.  

 

Figure 4-1 OM images of the titanium samples: (a) the CG sample, (b) the AR sample (c) the HPT-1T 

sample edge area and (d) centre area. TEM images of the HPT-10T sample, (e) bright-field image (SAED 

as an inset) and (f) the corresponding dark-field image of edge area. (g) bright-field image (SAED as an 

inset) and (h) the corresponding dark-field image of centre area.  

 

a b c 

e d 

g h 

f 
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It can be seen from these TEM images that after ten turns of HPT processing the 

microstructure is reasonably homogenous with the centre and edge areas possessing a 

similar grain size of 140 ± 10 nm, whilst the extinction contours seen in the grain 

interior suggest significant lattice distortions associated with high internal stresses. Even 

with an aperture size as small as 360 nm, the diffraction pattern still presents numerous 

spots arranged in circles, indicating several grains with high angle grain boundaries are 

present in this small area [10].  

Figure 4-2 shows the XRD patterns of all the substrates with different grain sizes, as 

well as, the patterns of standard Ti powder sample; all peaks are from α titanium. No 

peaks of Ω phase, which has been reported to appear in HPT-processed Ti samples 

under higher pressures (6 GPa) [224], were detected. In Figure 4-2, the 6 main peaks 

due to the Ti planes (1010), (0002 , (1011), (1012), (1120) and (1013) are marked. 

The variations in relative peak intensities reveal that the texture differs significantly 

between the CG and HPT samples and on progressing of HPT processing from 1 turn to 

10 turns, the texture changes. In particular, the (0002) α plane is almost invisible in the 

CG sample, however, at the early stage of HPT processing (1 turn), the (0002) α plane is 

already very obvious (Figure 4-2). The relative intensities of the five strongest peaks of 

the HPT samples are similar to the standard Ti powder sample [225].  

Compared to the XRD profile of the CG sample, peak broadening was observed in all 

the HPT samples in Figure 4-2, which is due to grain refinement and internal 

microstrains [226]. The microstrains and crystalline sizes were calculated using the 

Rietveld full peak refinement method [227] and are shown in Figure 4-3 which shows 

that with increasing deformation (from the CG sample to the HPT-10T sample), the 

microstrain increases while the crystallite size decreases. After one turn of HPT 
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processing, the crystallite size has been significantly refined to below 100 nm. On 

increasing the HPT deformation (from the HPT-1T to the HPT-10T samples), the grain 

size continues to decrease but at a much smaller rate. 

 

Figure 4-2 XRD patterns of the Ti substrates with the XRD Ti powder pattern (PDF # 44-1294 [225]). 

 

4.1.1.2 Wettability measurement 

Figure 4-4 shows the aqueous contact angle of polished AR and HPT samples. The 

contact angle of the HPT sample is 66.7° while that of the AR sample is much larger: 

76.2°. It means the surface of the HPT sample is more hydrophilic than the surface of 

the AR sample. The HPT sample has a much higher dislocation density, and thus a 

higher surface energy than AR sample.  
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Figure 4-3 Microstrain and crystallite size calculated from XRD patterns of all the Ti samples in different 

grain size. 

 

 

Figure 4-4 Wettability of samples before anodization (a) the AR sample and (b) HPT-10T sample. 
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4.1.1.3 Hardness and strength of titanium substrate 

Most SPD-processed materials demonstrate enhanced hardness and strength at room 

temperature [228]. Table 4-1 summarizes the mechanical properties of CP Ti obtained 

in this work and in the literature with different SPD processing (including ECAP) and 

grain sizes. It can be seen that after HPT processing, the grain sizes of CP titanium are 

all substantially refined and the UTS and Hv values are all improved whilst retaining a 

fair ductility. 

Table 4-1 Mechanical properties of CP Ti at room temperature 

Methods of SPD Average grain 
size 

UTS 
(MPa) 

Elongation 
(%) 

Hv 
(GPa) 

References 

CG 35 μm - - 1.6 Current study 
AR 13 μm 580 27.6 1.7 Current study 
HPT (3 GPa) ~ 140 nm 860 8 2.8 Current study 
ECAP + cold 
rolling  

~ 100 nm 1150 8 3.23 [229] 

HPT (5 GPa) ~ 120 nm 950 14 2.7 [10] 
Multipass cold 
rolling 

100–200 nm - - 3.1 [230] 

 

4.1.1.4 Surface roughness before anodization 

Figure 4-5 shows AR Ti sample surfaces after surface preparations with various 

mechanical preparations. The insets show the Alicona surface images with pseudo 

colours representing height. From the insets in Figure 4-5 it can be seen that, with the 

increase of grit numbers, the depth of maximum scratch grooves decreases from more 

than 2 µm in the 120 grit sample (Figure 4-5 (a)) to about 100 nm in the 14000 grit 

sample (Figure 4-5 (e)). Generally, with the increase of grit numbers, Ra decreases. 

Ground HPT samples show a surface topography similar to the AR samples, as shown 

in Figure 4-5. 
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Figure 4-6 shows Ra of AR and HPT samples after different mechanical preparations. 

Except for the coarsest surface, i.e. the 120 grit surface, they showed similar Ra and the 

same decreasing trend with the increase of grit numbers. The 120 grit abrasive paper is 

probably too coarse to reproduce surfaces with repeatable Ra, therefore the 120 grit 

surfaces of the HPT and the AR samples are different from each other. 

 

Figure 4-5 OM surface images and topographies of AR samples prior to anodization. The insets are the 

corresponding Alicona non-contact profilometer model with pseudo colours where each colour represents 

a different height. Surfaces ground by (a) 120; (b) 800; (c) 1200 and (d) 4000 grit abrasive paper and (e) 

surface polished by 14000 grit diamond paste. 
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In order to view effects of abrasion by various grades of mechanical preparation at a 

scale relevant to TNTs (which have a diameter of several tens of nm), the AR sample 

surfaces are studied by SEM, and results are shown in Figure 4-7. The 120, 800 and 

1200 grit samples show similar surfaces in SEM images, see Figure 4-7 (a)-(c). Taking 

Figure 4-7 (b) as an example, the lower left half of the image is part of a scratch with 

the linear feature near the diagonal of the image being the edge of the scratch. (Figure 

4-7 (b) the scratch is larger than the image illustrated.) Except for the rough scratch 

edge area, the surface within the scratch is comparatively smooth and many nanotubes 

would be able to grow within a locally “smooth” surface at the bottom of a scratch. In 

this image, the width of the crack edge is about 100 nm, so the percentage of the 

“rough” scratch area in the image is about 10.8%.  

 

Figure 4-6 Ra of AR and HPT samples after different mechanical preparation.  

 

Although the 4000 grit sample is smoother than the other samples (120, 800 and 1200 

grit) in terms of the Ra, the magnified SEM image shows that at a resolution achieved by 

high magnification FESEM it is actually much rougher (Figure 4-7 (d)), containing 



 

 96

much more irregularities at the scale of the nanotube diameters (30-80 nm). There is a 

rough scratch in the middle of the image, which has a width of about 400 nm. Many 

nanotubes may grow within such a rough scratch. The area within the scratch is rough 

and rippled while the surface outside of the scratch is smooth. Therefore in the 4000 grit 

sample, the area within a scratch can be regarded as the locally “rough” area. The 

percentage of the rough scratch area is about 28 % in Figure 4-7 (d). For the 14000-grit 

sample, the majority of the surface is smooth with only a very small scratch seen in 

Figure 4-7 (e). The width and length of the scratch are about 80 and 100 nm. The 

percentage of the scratch on the surface is about 0.2 % in this image. 

 

Figure 4-7 SEM images at 60,000 Χ of the AR sample substrates processed  by (a) 120, (b) 800 (c) 1200, 

(d) and 4000 SiC abrasive paper and (e)  14000-grit polishing before anodization. 

a b 

c 

e 

d 

120 800 

12000 4000 
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4.2 Discussion 

4.2.1 The influence of HPT on the grain structure and texture of CP Ti 

HPT processing significantly alters the grain size, dislocation density and 

crystallographic texture of CP Ti, and all these microstructure attributes may affect the 

anodization behaviour of Ti. In HPT processing, the imposed equivalent strain, , 

increases with increasing rotations, following Eq. 2-16. The CG sample had no strain 

imposed on it, i.e. 	= 0. After one HPT rotation,  at the centre area (r = 0.1 mm) is ~ 

0.4 while  at the edge area (r = 5 mm) is ~ 4.3. Due to this difference, the 

microstructure of the HPT-1T sample was inhomogeneous. However, after ten turns of 

HPT processing the centre areas have undergone a strain that is sufficient to cause 

substantial grain refinement and the microstructure is much more homogeneous with a 

grain size that is refined down to ~ 140 nm (Figure 4-1 (e)). CP Ti processed by HPT to 

	in excess of 3.7 has been shown to possess large grain boundary misorientation 

angles [231], which is confirmed by a large number of well-spaced spots in a circle 

arrangement in the SAED patterns of our HPT-10T sample (Figure 4-1 (e) inset,  ≈ 

6). Also, the grain boundaries in the TEM images are not well defined because there is 

no banded contrast at the boundaries. Instead, grain boundaries in the HPT-10T sample 

are curved and wavy, indicating the typical non-equilibrium feature of grain boundaries 

generated by SPD [232]. The heterogeneous contrasts shown in grain interiors in Figure 

4-1 (f) were caused by defects such as dislocations and clusters of dislocations [232].  

The XRD patterns of all the substrate Ti samples confirmed substantial grain refinement 

and the increase of microstrain during progressions of HPT processing. The dislocation 
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density  can be calculated from the lattice microstrain 〈 〉  and crystallite size  by 

[233]: 

 2√3〈 〉
 Eq. 4-1 

where b is the Burgers vector. With increasing HPT deformation, the crystallite 

size	decreases and microstrain increases (see Figure 4-3), and hence the dislocation 

density increases. In addition, the significant spreading of spots in the SAED image 

(Figure 4-1 (e) inset) confirms the existence of high microstrains [136]. According to 

Eq. 4-1 and Figure 4-3, in the HPT-10T sample a dislocation density of ~ 4.6ｘ1014 m-2 

is reached. The grain size revealed by TEM is larger than those measured by the XRD 

line broadening analysis because the latter represents the coherent diffraction domain 

size, which is related to the sub-grain or dislocation cell size [232, 234]. (It is also worth 

noting that the samples used for XRD peak profile analysis were significantly larger 

than the area observed in TEM, therefore providing more reliable volume averaged 

grain size [232].) 

Deformation twinning also plays a role in the refinement of CP Ti at the early stage of 

deformation; however, twining is found to reach a saturated state at an equivalent strain 

of 0.1-0.2 for CP Ti [230, 235]. No twinning boundaries can be observed in CP Ti at a 

high strain produced by various SPD processes, i.e. ECAP [235], ECAP plus cold 

rolling [232, 236], multi-pass hydrostatic extrusion [237] and SMAT [238]. Therefore, 

deformation twining was not taken into consideration in the present study. 

HPT processing not only changes the grain size of Ti samples but also results in 

changes in the crystallographic texture and residual stress [38] and in some cases can 

induce a phase transformation [239]. However, no phase transformation was detected in 
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this study. The XRD results (Figure 4-2) show that before HPT processing, the CG 

sample exhibited preferred textures, while after HPT processing, the texture approaches 

a random texture. Particularly, whilst prior to HPT processing the (0002) peak was 

virtually undetectable, it becomes the second most intense peak after 10 turns (Figure 

4-2), which is consistent with the powder pattern. Although the basal planes (0002) in 

Ti are not the most densely packed plane (the prism plane (1010) α is most densely 

packed), dislocation slip is initiated on basal plane, which is caused by the high 

pressure. HPT-4T and HPT-10T samples have almost identical textures, indicating the 

texture stabilizes after 4 turns.  

Figure 4-1 shows that the grain size of CP titanium has been substantially refined from 

~13 µm to ~ 140 nm after HPT processing. (It should be noted that grain sizes measured 

from dark field images can slightly underestimate the grain size due to distorted layers 

at the periphery of each grain [10].) The HPT-processed Ti has large grain boundary 

misorientations [240], confirmed by a large number of well-spaced spots in a circle 

arrangement in the SAED patterns (Figure 4-1 (e) inset). Those grains have wide 

disordered boundaries and thus are different from grain boundaries in most 

conventionally processed materials which have a thickness of 1-2 interatomic spacings 

[240].   

4.2.2 The influence of HPT on the strength and hardness of CP Ti 

The UTS of CP titanium increases with the refinement of grain size, being consistent 

with the Hall-Petch relationship. Although some materials have demonstrated a 

deviation from the Hall-Petch relationship, for example, some studies found materials 

softening with the decreasing grain size [241]. In general, most of the experimental 

results follow a Hall-Petch relationship up to a grain size of 10 nm [10]. The main 
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mechanism involved in grain boundary strengthening is the build-up of dislocations 

[228] at grain boundaries during deformation, and a detailed analysis of dislocation 

density and grains size data shows [30] that dislocation hardening is the main factor 

determining the improvements in strength in many SPD-processed pure and CP metals 

[242, 243], including Ti. Thus, the increased hardness and strength achieved in this 

work, whilst closely related to the UFG microstructure of the HPT-processed CP Ti, is 

predominantly due to dislocation strengthening.  

4.2.3 The influence of grain size on the surface wettability  

In biomedical applications, highly hydrophilic surfaces are generally more desirable 

than hydrophobic ones in view of their interactions with biological fluids, cells and 

tissues [67]. In this study, UFG titanium showed increased hydrophilicity compared to 

CG titanium with a contact angle decreasing from 76.2° to 66.7°. The tendency of 

surface wettability in this study (Figure 4-4) is in accordance with results reported in the 

literature (Table 4-2) that the surfaces of UFG metals were more hydrophilic than that 

of their coarse-grained counterparts [151, 244, 245]. A summary of the comparison of 

the aqueous contact angles between the surface of UFG sample and CG sample is given 

in Table 4-2. The increased hydrophobicity of HPT sample surface indicated a higher 

surface energy. The reason lies in the change of surface oxide layer on the surface of 

UFG samples. 
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Table 4-2 Comparison of the aqueous contact angle between the surface of UFG and CG samples in the 

literature and this study 

Metal SPD 
technique 
employed 

Aqueous 
contact angle 
of UFG 
sample 

Aqueous 
contact angle of 
CG sample 

Reference 

Ni50.2Ti49.8 
alloy 

HPT at RT 52.3° 60.3° [244] 

CP titanium Gr 2 ECAP at 350 
°C 

69.6° ± 1.1° 74.6° ± 0.3° [245] 

CP titanium HPT at RT 62.0° ± 3.9° 69.9° ± 5.4° [151] 
CP titanium Gr 2 HPT at RT 66.7° ± 1.5 ° 76.2° ± 3.0° This study 

 

According to Ref. [151] the natural oxide layer on HPT Ti samples was quite different 

from that on its coarse-grained counterparts in chemical bonding structures and 

crystalline structures. X-ray photoelectron spectroscopy (XPS) studies revealed the 

surface composition of the various Ti substrates [151]. In XPS analysis of TiO2, the O1s 

A peak at 530.4 eV was ascribed mainly to the oxide layer formed on the titanium 

surfaces [151, 246]. From literature, the binding energy of Ti2p3/2 from Ti4+
 is located 

at 458.7 ± 1.3 eV [246], corresponding to the Ti2p3 B state, which is the Ti in TiO2. As 

for other Ti bonding, the Ti2p3 A state is due to Ti bonding in Ti bulk metal, and Ti2p3 

C state is due to Ti in other intermediated oxides. The XPS results for the HPT-

processed substrates showed an increase in the intensity of the Ti and Ti-O signals at 

453.9 eV and 530.4 eV, compared to the untreated and CG titanium substrates [151]. 

Also, a decrease in the intensity of the signal of Ti2p3 B state was detected on the 

surface of those HPT substrates. This change indicates a difference in composition or 

structure of oxide layers formed on the surface of different titanium substrates, and this 

may also have influenced the present wettability tests.  
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The change of oxide layer on HPT samples has also been confirmed by GAXRD 

analysis [151]. On HPT-processed samples (grain size: 10-50 nm), the rutile structure 

was detected, reflected in the (101), (111), (211), and (311) diffraction peaks, whilst on 

the surface of the as-received titanium substrate (grain size: 9 μm), no rutile reflections 

were detected and on the surface of an annealed titanium (grain size: 50 μm), the (111) 

rutile peak was less intense than that on the HPT sample [151]. 

4.3 Summary 

After HPT processing up to 10 turns, the grain size of titanium samples decreased from 

10 µm to 140 nm and, after heat treatment the grain size increased from 10 to 35 µm. 

HPT processing also leads to a texture close the random one of titanium powder 

samples. Compared with the as-received sample, the microhardness of the HPT-10T 

sample increased from 1.7 to 2.8 GPa and the ultimate tensile strength improved from 

580 MPa to 860 MPa because of the significantly increased dislocation density and 

reduced grain size. The wettability test showed that the surface energy of titanium has 

also been increased after HPT processing.  
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Chapter 5: TNTs produced by one-step anodization 

I: the lack of influence of HPT processing 

In this chapter, the anodization behaviours of titanium samples with a variety of grain 

sizes are studied in one-step anodizations. In Section 5.1, the influence of the extrinsic 

factors (including fluoride concentration and time) and intrinsic factors (including grain 

size and sample preparation methods) on the growth of TNT layers are studied using j-t 

curves and SEM observation. In Section 5.2, firstly the influence of extrinsic factors is 

discussed. Further the factors determining whether the influence of HPT processing on 

TNT layer is discernible in one-step anodization, is discussed. 

5.1 Result and analysis 

5.1.1 Influence of extrinsic factors: electrochemical parameters 

5.1.1.1 Influence of fluoride ions 

TNT layers were produced on the CG and the HPT samples using the one-step 

anodization process. Figure 5-1 shows the cross-sectional views of TNT layers on the 

CG samples produced using electrolytes with different fluoride ion concentrations after 

2 h one-step anodization. In 0.25 wt% NH4F solution, TNTs with a length of about 600 

nm were formed (Figure 5-1 (a)), however, in 0.7 wt% NH4F solution, the length of 

TNTs is only 180 nm (Figure 5-1 (b)). Figure 5-2 shows SEM images of the cross-

sectional views of TNT layers on the CG sample in different fluoride ion concentration 
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after 16 h one-step anodization. TNTs in the 0.25 wt% NH4F solution are much longer 

than those in the 0.7 wt% NH4F solution, with the lengths of about 2400 nm and 1300 

nm, respectively. It can be seen that in both the 2 and 16 h anodization experiments, the 

thickness of TNT layers is smaller in the 0.7 wt% NH4F electrolyte than the thickness of 

those in the 0.25 wt% NH4F one. 

 

Figure 5-1 SEM images of the cross-sectional views of TNT layers on the CG samples after anodization 

at 30 V for 2 h in: (a) 0.25 wt% NH4F electrolyte, (b) 0.7 wt% NH4F electrolyte. 

 

 

Figure 5-2 SEM images of the cross-sectional views of TNT layers on the CG samples after anodization 

at 30 V for 16 h in (a) 0.25 wt% NH4F electrolyte, (b) 0.7 wt% NH4F electrolyte. 

~ 600 nm 

a 

~ 180 nm 

b 

~ 1300 nm 

b 

~ 2400 nm 
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5.1.1.2 Influence of anodization time 

Figure 5-3 displays SEM images of TNT layers anodized at 30 V for 4, 8, 16 and 64 h 

on AR samples. It is clear that anodization on all the samples at different anodization 

times leads to the formation of self-organized TNT layers, but the resulting lengths are 

significantly different. After 4 h (Figure 5-3 (a)), TNTs are already formed, and all the 

nanotubes arrange in a parallel manner. The length of the TNTs is about 806 nm. 

Between 4 and 8 h, the length increases from 806 nm to 1467 nm (Figure 5-3 (b)). The 

inset in Figure 5-3 (b) shows the bottom of this layer has a hexagonal arrangement, as 

shown in the white-dotted hexagon. With 16 h anodization, the length has further 

increased up to 2550 nm (Figure 5-3 (c)).  

 

Figure 5-3 The tube length of TNTs on the AR samples at different anodization time: (a) 4 h, (b) 8 h, (c) 

16 h and (d) 64  h, at 30 V  in 0.25 wt% NH4F. 
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For the extended anodization in the glycerol-based electrolyte, the nanotube length grew 

almost linearly during the first 16 h up to 2.6 µm. However, for 64 h sample in Figure 

5-3 (d), the growth rate had slowed down with the length reaching 5160 nm. The change 

of TNT length over time is shown in Figure 5-4, the length first increased linearly with 

anodization time and then the growth rate slowed down. A dotted line of the trend is 

drawn for visual aid. 

 

Figure 5-4 The change of TNT length over time. The dotted line is created for visual aid. (It does not 

imply a real measured curve representing the change of length.) 

 

5.1.2 Influence of HPT processing 

Figure 5-5 shows the cross-sectional views of TNT layers on the HPT sample in 

different fluoride ion concentrations after 2 h anodization. In 0.25 wt% NH4F solution, 

TNTs are already formed with a length of about 500 nm. However, in the 0.7 wt% 

NH4F solution, no TNTs but only a compact oxide have formed; Figure 5-5 (b) shows 
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debris from that oxide layer after mechanical scratching. No nanotube arrays are found 

and on the top there is no nanopores  

 

Figure 5-5 SEM images of the cross-sectional views of TNT layers on HPT samples after anodization at 

30 V for 2 h: (a) in 0.25 wt% NH4F solution; (b) in 0.7 wt% NH4F solution. 

 

Figure 5-6 shows SEM images of the cross-sectional views of TNT layers on the HPT 

sample in different fluoride ion concentration after 16 h anodization. TNTs in the 0.25 

wt% NH4F solution are much longer than those in the 0.7 wt% NH4F solution, with the 

length of the former in about 2000 nm and the latter in about 800 nm.  

 

Figure 5-6 SEM images of the cross-sectional views of TNT layers on HPT sample after anodization at 30 

V for 16 h: (a) in 0.25 wt% NH4F solution; (b) in 0.7 wt% NH4F solution 
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Similar to TNT layers on the CG sample, on the HPT sample, the length of TNTs are 

shorter after anodizing in the 0.7 wt% NH4F electrolyte than in the 0.25 wt% one in all 

the experiments. However, TNTs on the HPT sample show different behaviours in the 

0.7 wt% and 0.25 wt% NH4F electrolytes, respectively.  

In the 0.7 wt% NH4F electrolyte, TNT layers are much shorter on the HPT sample 

compared to those on the CG sample. TNTs are not formed on the HPT sample (Figure 

5-5 (b)) but already formed on the CG sample (Figure 5-1 (b)) in 2 h and, TNTs on the 

HPT sample (Figure 5-6 (b)) is much shorter than that on the CG sample in 16 h 

anodization (Figure 5-2 (b)). 

Figure 5-7 shows bottom views of TNT layers on CG and HPT samples in a 0.7 wt% 

NH4F electrolyte. The bottom of TNTs on the CG sample (Figure 5-7 (a)) is circular and 

convex with a diameter of about 60 nm. By contrast, Figure 5-7 (b) shows the bottom 

views of TNTs on the HPT sample which were polygons, and the majority of them were 

hexagons with a diameter of about 40 nm. Under different conditions, the bottoms of 

TNTs on the HPT sample are always more compact than bottoms of TNTs on samples 

with a larger grain size. The reason will be further discussed in Section 6.2.3.  

 

Figure 5-7 SEM bottom view images of TNT layers under anodization at 30 V for 16 h in a 0.7 wt% 

NH4F electrolyte on: (a) CG sample (b) HPT sample. 
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With a 0.25 wt% NH4F electrolyte, TNTs on the HPT sample show similar, albeit a 

little bit shorter, length compared to those on the CG sample. TNT layers on the CG 

sample (Figure 5-1 (a)) and the HPT sample (Figure 5-5 (a)), which have a similar 

length of ~ 600 nm to each other in 2 h anodization, are close to ~ 2400 nm on both 

samples (Figure 5-2 (a) and Figure 5-6 (a))  in 16 h anodization.  

The difference between TNTs on the HPT and the CG samples in different fluoride 

concentrations is probably due to different sample surfaces after grinding and polishing. 

All the samples in one-step anodization were processed by a 4000 grit abrasive paper 

which leaves scratches as well as a deformation layer under the scratches [247]. The 0.7 

wt% NH4F electrolyte has a much stronger dissolution effect on the TNT layers (which 

will be discussed in Section 5.2.1), so the influence of substrate microstructure is 

revealed. However, the 0.25 wt% NH4F electrolyte is probably not strong enough to 

reveal any influence of substrate microstructure and the surface condition as determined 

by sample preparation determines the dimensions and arrangement of nanotubes at a 

given anodization time. To reveal the influence of substrate microstructures on the TNT 

layers anodized in a 0.25 wt% NH4F electrolyte, the influence of sample preparation has 

to be reduced. Therefore, a set of samples with different grain sizes are processed with 

the final polishing carried out with 1 μm diamond particles, and the results are shown 

from Figure 5-8 to Figure 5-10. 

Figure 5-8 shows the j-t curves of the CG, AR, HPT-1T, HPT-4T and HPT-10T samples 

in one-step anodization. They all show similar monotonically dropping j-t curves, which 

differ from the typical 3-stage j-t curves described in Section 2.4.2.2. All the curves are 

similar to each other, and thus no influence of substrate grain size on the growth of 

TNTs can be found from these curves.  
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Figure 5-8 The j-t curve for the CG and HPT samples with different grain sizes in one-step anodization 

under 30 V for 2 h in a 0.25 wt.% NH4F electrolyte. 

 

SEM observation results (Figure 5-9 and Figure 5-10), which show no influence of 

substrate grain size on TNTs, are consistent with the j-t curves. Figure 5-9 shows the 

length of these five samples with different grain sizes. All the lengths are around 4000 

nm with no clear influence of processing/microstructure (Figure 5-9)  
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Figure 5-9 SEM images of the side views of TNT layers on Ti samples in one-step anodization under 30 

V for 16 h in a 0.25 wt.% NH4F electrolyte: (a) CG sample, (b) AR sample, (c) HPT-1T, (d) HPT-4T and 

(e) HPT-10T. (f) TNT lengths for these five samples. 
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Figure 5-10 SEM images of the bottom views of TNT layers on Ti samples in one-step anodization under 

30 V for 16 h in a 0.25 wt.% NH4F electrolyte: (a) CG sample, (b) AR sample, (c) HPT-1T, (d) HPT-4T 

and (e) HPT-10T. (f) TNT bottom diameters for these five samples. 
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5.2 Discussion  

5.2.1 Influence of fluoride ions 

As presented in Section 2.4.2.2, the role that fluoride ions play during the steady growth 

of TNT layers is to maintain a thinner bottom oxide layer (barrier layer) through 

chemical etching of the oxide layer and immediate complexation of Ti4+
 species arriving 

at the oxide-electrolyte interface [198]. This barrier layer is used in the flow mechanism 

model developed for the case of self-organized anodized aluminium oxide (AAO) to 

explain the formation of anodized porous/tubular structures [248, 249]. It is now 

generally accepted that the formation of pores in AAO occurs through a field-assisted 

dissolution process: after the initiation of the pores, the development of the porous 

anodic layer is realised by the balance between the formation of this barrier layer oxide 

at both the metal-oxide and oxide electrolyte interfaces and field-enhanced dissolution 

at the base of the pores, where there is a high electric field [199]. In fact, the much 

longer TNT length achieved in a buffered neutral fluoride-salt-based electrolyte than 

that in an HF-based electrolyte is obtained by optimizing the high electric field thus 

oxide dissolution at the nanotube bottom while minimizing the etching effect at the top 

of the layer [24, 199]. Early attempts to use HF containing water media were only able 

to achieve TNT layer thickness up to 0.5 µm due to the high chemical dissolution of 

TiO2 in the acidic electrolyte [250, 251].  

On top of the etching effect at the nanotube bottom, fluoride ions also etch TiO2 at the 

upper part of the TNT layer. One example is the capping oxide layer. When the 

formation of nanotubes is initiated, irregular nanoscale pores are initially formed that 

penetrate the initial compact oxide. The penetrated compact oxide often remains as 

remnants that are frequently found after anodization on the tube tops [251, 252]. 
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Capping oxide layers are also found in this study, which will be presented in Chapter 6. 

When the fluoride ion content is high enough, no TNT layers are formed because all the 

formed oxide is etched. In this study, all the TNT layers formed in a 0.7 wt% NH4F 

electrolyte were much shorter than those formed in a 0.25 wt% NH4F electrolyte. This 

indicates that the ratio between oxide dissolution and formation was much higher in the 

0.7 wt% NH4F electrolyte. Also, as Roy et al. [27] indicated, a fluoride weight 

percentage lower than 0.05 wt% causes the formation of only compact oxides; and when 

the percentage is higher than 1 wt%, no oxide formation can be observed. Thus at these 

low fluoride contents, the TNT layer formation range is very narrow, between about 0.1 

- 1 wt% [27]. Thus a slight change of fluoride percentage within this range can be 

expected to lead to a large morphological change to the TNT layer. Since 0.25 wt% is 

close to the compact oxide formation percentage and 0.7 wt% is close to the oxide 

dissolution percentage in the narrow range, so in a 0.7 wt% NH4F electrolyte, the 

etching effect at the top is much stronger and leads to much thinner TNT layers in a 0.7 

wt% NH4F electrolyte,. 

5.2.2 Influence of anodization time 

The growth of TNT is a result of the combined reaction of TiO2 forming at the 

oxide/metal interface and TiO2 dissolution at the electrolyte/oxide interface (Figure 

5-11). The barrier thickness δ in Figure 5-11 determines the dissolution rate of the 

oxide. The titanium substrate is dissolved at a high rate near the bottom of the tubes, 

allowing continuous growth of the tube length over time (Figure 5-4).  

Anodization time also influences the morphology of TNT layers. When anodized for 4, 

8 and 16 h, the nanotubes formed were all smooth from top to bottom. But when the 

anodization time was extended to 64 h, the bottom part of those TNTs was covered by 
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numerous ripples, although the top and middle part of the TNT layer are still smooth 

(Figure 5-3 (d)). As mentioned before, the formation of TNTs is a result of the substrate 

being etched from the surface to the deep, so in the TNT layer, the oxide forms from top 

to bottom. The bottom part, the last part of the TNT layer to form, shows ripples, which 

is obviously different from the smooth nanotube at the top and is probably caused by 

electrolyte aging [27], however there is a linear growth of the TNT layer thickness with 

16 h in anodization (Figure 5-4). All the anodization time chosen from Chapter 6 to 

Chapter 8 are within 16 h, therefore the influence of electrolyte aging on the 

morphology can be excluded. 

 

Figure 5-11 Schematic diagram of the formation and dissolution of the oxide. 
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5.2.3 TNT layers on HPT samples in one-step anodization 

Table 5-1 shows that TNT formation on HPT samples show different trends as 

compared to samples with larger grain size in one-step anodization with different F- 

concentrations. The results show two features of UFG Ti in one-step anodization: 

1. In a 0.7 wt% NH4F electrolyte, the initiation and growth of TNT layers on the 

HPT sample are slower than that on the CG sample. 

2. In a 0.25 wt% NH4F electrolyte, TNT layers on samples with various grain sizes 

show similar anodization behaviours and TNT morphologies without a clear 

trend. 

Table 5-1 Length of TNTs in one-step anodization (processed by 4000 grit grinding) 

 HPT (10 turns) CG 
0.7 wt% 
 

2 h 16 h 2 h 16 h 
No TNT ~ 800 nm ~ 180 nm ~ 1300 nm 

0.25 wt% 2 h 16 h 2 h 16 h 
~ 600 nm ~ 2200 nm ~ 600 nm ~2400nm 

 

For one-step anodization in a 0.7 wt% NH4F electrolyte, the initiation and growth of 

TNT layers on HPT samples are slowed down as compared to those on the CG sample. 

Similar to the corrosion behaviour of UFG materials, anodization behaviour of UFG 

materials is also a complicated electrochemical process. To further understand the 

mechanisms behind this, the characteristics of HPT Ti have to be taken into 

consideration. One point to consider is that HPT processing not only changes the grain 

size of the sample but also results in changes in the crystallographic texture and residual 

stress [38] and in some cases can induce a phase transformation [239]. The anodization 

behaviour may be influenced by these changes which are also present at the sample 

surface. On top of those intrinsic features of the substrate, the sample preparation 
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processes, which influence the surface roughness, original oxide layer and surface 

strain, also significantly influence the morphological features of TNT layers [31]. 

Therefore, the anodization response to the increased surface reactivity is influenced by a 

combination of environmental, processing and materials parameters [146].  

The XRD (Figure 4-2) and TEM results (Figure 4-1 (e)) showed that the grain size had 

been refined drastically after HPT processing for 10 turns, but the TNT layer grown on 

HPT samples was thinner than those grown on samples with larger grain size in one-

step anodization with 0.7 wt% NH4F electrolyte (Table 5-1). This is different from 

trends shown in the literature. In particular, Zhang et al. [37] who processed CP Ti with 

surface mechanical attrition treatment  to refine the grain size to the nanocrystalline 

range, showed that the anodization in an NH4F containing glycol produced TNT layers 

on nanocrystalline Ti that are thicker than those on the coarse-grained Ti. Clearly, other 

factors apart from the substrate grain size contributed to the final morphology of those 

TNT layers. 

Textures may also influence TNT growth. Konig et al. [34] studied the electrochemical 

behaviour of polycrystalline materials with different grain orientations, and they found 

that on (hkl0) planes, the formation of oxide layer were preferred than those on (0001) 

planes. This is due to the (0001) plane having a high atomic surface density which leads 

to an oxide layer with a high donor concentration. Therefore the O2 evolution governed 

the current density and resulted in a thin oxide layer. On the other hand, the formation 

of oxide layer predominated over other reactions [34]. As for TNT layers, a similar 

trend was found.  Leonardi et al. [33] studied the correlation between the growth 

characteristics of anodic, self-organized TNT layers. They found the crystallographic 

orientation of the underlying Ti substrate grains plays an essential role, with the 
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preferred formation sites for the TNT layer being Ti grains with a (111) plane 

orientation, while on Ti (001) grains no nanotube growth was observed. Crawford et al. 

[35] also confirmed the influence of substrate orientations, concluding that nanotube 

growth is retarded on the (0001) plane, and indicating that this is related to the high 

atomic density.  

In addition to grain size and grain orientation, the surface state of the sample before 

anodization, including surface roughness, pre-existing surface oxide and surface strain, 

should also be taken into consideration. Lu et al. [35] anodized four samples which only 

differed in surface conditions: as-received, chemically polished, mechanically polished 

and electropolished samples. However, the morphologies of TNT layers on these four 

samples are quite different from each other: TNTs on the electropolished sample were 

much more loosely packed than those on samples with other surface conditions 

especially the mechanically polished sample [35]. In those four samples, only the 

electropolished sample has a strain-free surface while the other three samples have a 

strained or deformed layer at the surface. It seems surface strain plays an important role 

in determining the morphology of TNT layers. In this study, in anodization with the 

0.25 wt% NH4F, there is little difference in the TNT length between the CG and HPT 

samples, and this is probably due to the significant influence of sample preparation 

because the influence of oxide dissolution due to the fluoride ions is much weaker in 

this electrolyte compared with the 0.7 wt% one. Even after a final polishing with 1 μm 

diamond particles, no clear trend could be found in the j-t curves (Figure 5-8) and SEM 

images (Figure 5-9 and Figure 5-10), indicating the influence of sample preparation is 

again much stronger than any changes induced by the SPD processing. In Chapter 6, 

further experiments to reveal the influence of sample preparation on TNT layers are 
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presented. In Chapter 7, a two-step anodization is utilized, which anodized the same 

titanium substrate with TNT layers formed in one-step anodization removed. It will be 

shown that following this procedure, the HPT processing does have a significant 

influence on the TNT layers. 

5.3 Summary 

It was found that in one-step anodization in 0.7 wt% NH4F electrolyte, TNT layers on 

CG and HPT samples are all shorter than those produced in a 0.25 wt% NH4F 

electrolyte because of the stronger dissolution rate of formed oxides. In one-step 

anodization the length of  TNTs grows as the time increases with a linear relationship at 

the first 16 h. Compared to those on the CG sample, TNTs are shorter on the HPT 

sample anodized in a 0.7 wt% NH4F electrolyte but with a length similar to TNTs 

produced in a 0.25 wt% electrolyte. This is thought to be due to the dissolution effect in 

the latter case not being strong enough to overcome the influence of the surface layers 

produced by sample preparation and thus not revealing any effect of substrate grain size 

or other HPT induced microstructural changes. Therefore, it is necessary to investigate 

the influence of sample preparation methods on TNT layers and to find out a sample 

preparation procedure after which the influence of HPT processing can be revealed. 
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Chapter 6: TNTs produced by one-step anodization 

II: influence of surface roughness on the 

morphologies of TNT layers  

In Chapter 5, the influence of HPT processing on the TNT layers is discernible in 0.25 

wt% electrolyte due to the significant influence of sample surface preparation before 

anodization. In this chapter, the effect of different sample surface preparation methods 

and HPT processing on the morphology of TNT layers in one-step anodization is 

investigated. In one-step anodization at 30 V in 0.25 wt% NH4F for 2 h to form TNT 

films on sample surfaces prepared with different mechanical preparation methods, the 

influence of macroscopic surface roughness and the local roughness of the titanium 

surface on a microscopic level are investigated by j-t curves and SEM observations. 

Another aim is to determine the proper sample preparation to reveal the influence of 

substrate microstructure on the growth of TNT layers.  

6.1 Results and analysis  

6.1.1 The capping oxide layer 

TNT layers were produced by anodization in glycerol/0.25 wt% NH4F electrolyte at 30 

V for 16 h. Figure 6-1 shows the typical TNT morphologies of the layer of TNTs 

produced through this one-step anodization. Figure 6-1 (a) is the top view of the TNT 

layer after one-step anodization. Instead of the typical hexagonal honeycomb structure, 

a randomly dispersed nonporous structure is observed. This is because there is a capping 
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oxide layer (about few nm thick) covering the top of nanotubes beneath. The formation 

of this capping oxide layer has been discussed in Section 5.2.1. As shown in Figure 6-1 

(b), the arrayed tubes can be seen under the capping oxide layer in the cross section 

image. The capping layer is composed of titanium dioxide too [251, 252]. This layer is 

formed as a result of the etching effect of fluoride ions on the top oxides. After 

removing the top capping oxide layer, the hexagonally arrayed nanotube openings are 

revealed, as shown in Figure 6-1 (c). From the top, TNT arrays are just like close 

packed circles with an inner diameter, outer diameter, wall thickness and inter-opening 

distance.  

 

Figure 6-1 SEM images of TNT structures prepared in glycerol/0.25 wt% NH4F at 30 V for 16 h: (a) the 

top view of the layer, (b) the section of the tubular layer with the openings (at top) of the nanotubes 

obstructed by the presence of a porous layer, (c) the openings at the top of TNT layer. 
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Figure 6-1 (c) also shows the substrate after peeling off the TNT layer on the top. 

Round shallow pits are hexagonally arrayed on the substrate, which connects to the 

bottoms of the nanotube layer, which are made of hexagonally arrayed round 

protuberance. After the one-step anodization, the anodic layer was peeled off from the 

substrate. Afterwards, a second anodization was carried out directly on the substrate. 

Figure 6-2 shows well-ordered dimples were left on the substrate after peeling off the 

layer. From the formation of TNTs on the substrate (shown in Section 2.4.2.2), it can be 

observed that the anodic layer is closely connected to the substrate. Since the bottom of 

nanotubes is circular and convex, resulting in lots of well-ordered protuberances at the 

bottom of the anodic layer, it is believed that the substrate contains well-ordered 

dimples to be well connected to the anodic layer. From the boundary between nanotube 

bottom and the substrate, this protuberance-dimple connection can also be seen (Figure 

6-2).  

  

Figure 6-2 Substrate after peeling off of the anodic layer of the first-stage anodization (AR-30 V/ 16 h). 
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Below the capping oxide layer are the TNT arrays. A schematic of the ideal nanotube 

opening arrangement is shown in Figure 6-3. Different symbols in Figure 6-3 stand for 

different dimensions of the openings: Tw is wall thickness, din, inner diameter, dex outer 

diameter, and id inter-mouth distance. In an ideal regular arrangement, only two 

dimensions need to be measured: din and dex, and then the other two factors can be 

calculated as id = dex and Tw = 	 dex – din). However, in practice, the size of nanotube 

mouth may vary within a range and the nanotubes are not perfectly close-packed, and to 

fully characterise the structure these four dimensions need to be measured. The actual 

shape of a single TNT is more like a half sphere connected to a hollow tube, as shown 

in Figure 6-4. Generally, dex and din are several tens of nanometres, with Tw several 

nanometres. The tube length can grow up to hundreds of nanometres. 

 

Figure 6-3 The ideal hexagonal arrangement of TNT openings (top view) with important dimensions 

specified. 
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Figure 6-4 Schematic image of a single nanotube (cross-sectional view). 
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sizes 

In one-step anodization, a capping oxide layer exists on all the TNT layers produced, 
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(1) samples processed by 120, 800 and 1200 grit abrasive papers (dark blue, red and 

green curves in Figure 6-5), which all demonstrate typical three stage [189] j-t curves 

with intermediate j;  

(2) samples pre-treated by 4000 grit abrasive paper (purple curves in Figure 6-5), which 

demonstrate a delayed Stage III and the lowest j amongst the samples investigated; and  

(3) samples pre-treated by 14000 abrasive paper (aqua curves in Figure 6-5), which 

display the highest j. 

The main features of these 3 types of j-t curves can be further analysed as follows.  

 

Figure 6-5 The j-t curve for AR samples at 30 V (solid lines) and 15 V (round dot line) and for HPT 

samples at 30 V (dash-dot line) in 0.25 NH4F/glycerol electrolyte.  
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(i) Typical j-t curves: 120, 800 and 1200 grit samples 

The 120, 800 and 1200 grit samples in Figure 6-5 show typical features of j-t curves 

with three stages (I, II and III) [34] during the formation of TNT layers [35, 36], as 

described in Section 2.4.2.2 

For AR samples anodized at 15 V, the 120, 800 and 1200 grit, the samples showed 

similar three-stage behaviour as those anodized at 30 V but at about half the magnitude 

of j. The transition points between stages are quite similar for AR samples anodized at 

30 V and 15 V.   

HPT samples anodized at 30 V show similar trends as AR samples under the same 

anodization conditions. For surfaces pre-treated by 120, 800 and 1200 grit abrasive 

papers, little difference is found between TNT layers on AR and HPT samples.  

(ii) The lowest current density: 4000 grit samples 

The j-t curve of the AR30-4000 sample also shows the three-stage behaviour, but with a 

much lower j than that of all the other samples. Moreover, the AR30-4000 sample 

shows an extended time period in Stage I and II compared to the AR30-800 sample, 

which indicates that the nucleation rate of TNTs on the AR30-4000 sample is much 

slower than that of the AR30-800 sample. Moreover, the HPT30-4000 sample showed a 

higher j and comparatively short time period in Stage I and II compared to the AR30-

4000 sample and the former shows a Stage III while the latter does not. Since the 

HPT30-4000 sample showed the same oxidation rate as the AR30-4000 sample in Stage 

I, the difference between them in Stage II and III can be explained by a quicker oxide 

dissolution rate on the HPT sample. 

(iii) The highest current density: 14000 grit samples 
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The AR30-14000 and the AR15-14000 sample show the typical three-stage trend but at 

a much higher j compared to the four samples with rougher surface conditions in the 

same anodization condition. For the HPT30-14000 sample, although it shows a similar j 

to the AR30-14000 sample, it is difficult to distinguish Stage I, II and III on the j-t 

curve. A monotonic decrease of j along the whole anodization period on the HPT 

sample was observed. 

6.1.3 TNT morphologies 

6.1.3.1 Top TNT morphologies 

Figure 6-6 (a) to (e) shows the top surface morphologies of TNT films on the AR Ti 

samples anodized at 30 V. On the surface of all the TNT films a layer of capping oxides 

is found (Figure 6-6). This layer is a remnant of the penetration of the compact oxide 

formed in Stage I and this capping oxide layer is frequently found on the nanotube tops 

after anodization [27]. After the initiation of nanotube growth and a transition from 

irregular to regular pores, the growth of self-organized nanotubes occurs beneath this 

layer of capping oxides. In order to observe the organized TNT layers underneath, the 

capping oxide layer has to be removed and this was achieved by breaking up of the TNT 

layer. The dimensions of the TNT films underneath the capping oxide can be seen at the 

edge of a broken piece, which are shown as the insets in Figure 6-6 (a)-(e). Thus, single 

nanotubes can be imaged in the SEM, revealing the walls of the nanotubes with the 

internal diameter, din, and the external diameter, dex, the definitions of which are 

illustrated in Figure 6-6 (f). 



  

 128 

The 120, 800 and 1200 grit samples (Figure 6-6) show similar SEM morphologies of 

the TNT layers at the top. The capping oxide layers all show rough surfaces with some 

holes arranged either randomly or in parallel lines.  

 

Figure 6-6 SEM top views of the TNT layers on AR samples after 2 h of anodization under 30 V in 0.25 

NH4F/glycerol electrolyte: (a) 120, (b) 800, (c) 1200, (d) 4000 and (e) 14000 grit sample. The insets show 

the corresponding top views of TNTs after removing the capping oxide. (f) The schematic image of the 

morphology of TNTs in the insets. 
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But on the 1200 grit sample, there are some black networks, which are marked by an 

arrow in Figure 6-6 (c). They may be caused by cracks in the TNT layer underneath; 

those networks are not shown in the other two samples. The insets in Figure 6-6 show 

that those three samples also display similar TNT dimensions with din of 22-26 nm and 

dex of 61-65 nm. 

On smoother surfaces, the morphologies are different. On the 4000 grit sample in Figure 

6-6 (d), the surface contains cracks and areas free of cracks. Under the cracks, nanotube 

openings can be clearly found and big random holes can be seen near the crack. It is 

clear that the size of nanotubes on the 4000 grit sample (Figure 6-6 (d)) is larger than 

that on the 800 grit sample (Figure 6-6 (b)) with the former having din of ~16 nm, dex of 

~77 nm and nanotube wall thickness of ~31 nm.  

The 14000 grit sample (Figure 6-6 (e)) shows morphologies distinctively different from 

other samples in both the top capping oxide layer and the dimension of nanotubes 

beneath. The capping layer contains an area with cracks and areas free of cracks just 

like the 4000 grit sample. However, cracks on the 14000 grit sample are connected in a 

network while cracks on the 4000 grit sample are all away from each other like isolated 

islands on the surface. Measured from the inset, din is ~17 nm, dex is ~26 nm, and the 

nanotube wall thickness is ~ 4 nm. 

It is also worth noting that with the decrease of Ra, the resultant TNT films are 

increasingly prone to cracking. Whilst no visible cracks can be seen on the 120 grit and 

800 grit samples, black networks on the 1200 grit sample are probably related with 

underlying cracks in the TNT layer, whilst the capping oxide layer on the top was intact. 

On the AR30-4000 sample, visible but discrete cracks can be found, whilst on the 

AR30-4000 sample continuous cracks are present (Figure 6-6). 
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6.1.3.2 Bottom TNT morphologies 

To further investigate the influence of Ra on the TNT growth, the layers of anodized 

nanotubes are peeled off from the Ti substrate on the AR 800, 4000 and 14000 grit 

samples to reveal the bottom morphologies of TNTs (Figure 6-7). Because the AR 120, 

800 and 1200 samples show similar j-t curves (Figure 6-5) and SEM images (Figure 6-6 

(a)-(c)), one sample (AR30-800) is selected as the representative of these three samples 

shown in Figure 6-7 (a). The insets in Figure 6-7 are the TNT bottom morphologies of 

the HPT samples with the same surface condition. Whilst at the top the TNT layer is 

covered by a capping oxide layer, which makes the observation of nanotube spacing 

very difficult, at the bottom a regular arrangement of nanotubes can clearly be seen. The 

hexagonal alignment of TNTs are marked by red hollow hexagons in Figure 6-7 (a)-(c). 

The schematic image of the ideal arrangement of TNTs at the bottom with the 

illustration of bottom diameter (dbt) and the inter-tube distance (id) is shown in Figure 

6-7 (d). Figure 6-7 (a) shows that the bottom of nanotubes on the AR 800 grit sample is 

comparatively homogeneous with a dbt of ~ 70 nm. At the bottom, nanotubes are 

squeezed together so they are in a shape of polygons with hexagons dominating. 

Therefore, id of the AR 800 grit sample is a little bit smaller than the size of its dbt. The 

HPT 800 grit sample showed very similar bottom dimensions (Table 6-1). The AR 4000 

grit sample, however, shows a different morphology. The size is much more 

inhomogeneous with the smallest diameter of ~40 nm and the largest up to ~100 nm. 

The average dbt is ~75 nm (Table 6-1). In addition, the arrangement of nanotubes in this 

sample is not very regular. Also, compared with the AR 800 grit sample, the AR 4000 

grit sample shows a larger spacing between single nanotubes with an id of ~89 nm, 
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which is larger than its dbt of 75 nm. As a result, single nanotubes have gaps between 

each other resulting in a round shape of nanotube bottoms (Figure 6-7 (b)). 

 

Figure 6-7 SEM images of the bottom of TNT layers on different surface condition on AR samples 

anodized at 30 V: (a) 800 grit, (b) 4000 grit and (c) 14000 grit samples. The insets show the bottom of 

TNT layers on HPT sample with the same surface condition. 

 

HPT 4000 grit sample showed an even larger dbt of 90 nm, but with a similar id of 88 

nm (Table 6-1). The AR 14000 grit sample shows the smallest dbt of 40 nm (Figure 6-7 

(c)) compared with other AR samples. In this sample the TNT diameters are all nearly 

identical, and TNTs are close to each other with id of 40 nm. The HPT 14000 grit 

sample also showed the smallest dbt compared with other HPT samples, with a size even 

smaller than that of AR 14000 grit sample of 37 and id is 37 nm (Table 6-1).  

 

d 
d

bt
 

i
d
 

a

800  

b

4000 

c 

14000 



  

 132 

Table 6-1 TNT bottom dimensions at different surface condition on samples with different grain size 

Sample TNT dimension 800 grit 4000 grit 14000 grit 

AR dbt 70 nm 75 nm 40 nm 
id 68 nm 89 nm 40 nm 

HPT-10T dbt 70 nm 90 nm 37 nm 
id 69 nm 88 nm 37 nm 

 

Figure 6-8 shows the characteristic dimensions of the nanotubes, including dex, din and 

dbt, on AR samples processed by different mechanical preparation after anodization at 

30 V. The values of dex and dbt show similar trends. AR 4000 grit sample shows the 

largest and AR 14000 grit sample shows the smallest dex and dbt. The 120, 800 and 1200 

grit samples show diameters that are intermediate between these extremes. The 

relationship between Ra and nanotube diameter is complex: with the surface getting 

smoother, dex and dbt first increase (4000 grit) and then decrease (14000 grit). For TNT 

layers on HPT samples, the same trends were found. 

 

Figure 6-8 The size of dbt, dex, and din of AR samples on different surface conditions. 
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6.1.3.3 Thickness of TNT layers 

Figure 6-9 shows the thickness of TNT layers on the AR 800, 4000 and 14000 grit 

samples. The insets in Figure 6-9 are the magnified cross-sectional images of the 

capping oxide layer at the top. The thickness of the capping oxide layer (tc) is included 

in the calculation of TNT layer thickness. The thickness of TNT layers on the AR 800, 

4000 and 14000 grit samples are 797, 611 and 648 nm, respectively, and their tc are 

about 49, 115 and 42 nm. For the AR 800 and 14000 grit samples, nanotubes touches 

adjacent ones in the cross-sectional view, whilst for the AR 4000 sample some 

neighbouring nanotubes appear separated but connected by “hair-like” structures 

(marked by a black arrow in Figure 6-9 (b)). This is consistent with the bottom SEM 

images, in which nanotubes in the AR 800 and 14000 grit samples are closely connected 

to each other whilst there are some spaces between nanotubes on the AR 4000 grit 

sample.  

 

Figure 6-9 SEM images of the cross-sectional views of TNT layers on AR samples anodized at 30 V with 

different surface conditions: (a) 800 grit sample, (B) 4000 grit sample and (c) 14000 grit samples. The 

insets show the magnified images of the cross-section views of the capping oxide layer. 
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6.2 Discussion 

6.2.1 Influence of mechanical preparation on the morphologies of TNTs 

The reasons for the complex relationship between TNT size and Ra (shown in Figure 

6-8) can be elucidated by careful examination of the j-t curves, as the size of TNTs is a 

result of the competition between oxide formation and dissolution, which is reflected in 

those curves. The present results show that both dex and dbt decrease with increasing j. 

For example, the AR30-14000 grit sample shows the highest j in Figure 6-5, and in 

Figure 6-7 (b) it shows the smallest dbt, whilst for the AR30-4000 sample the inverse is 

the case. In work on anodized CP Ti samples prepared by different polishing methods 

[31], a similar trend was reported (i.e. samples displaying higher j during anodization 

showed smaller TNT diameters). However, when different j values were achieved by 

changing the electrochemical settings such as the applied potential U, the diameter of 

TNTs was controlled by U, showing an opposite trend: the diameter increases with the 

increasing j (and the relation between j and U is approximately linear) [199, 253]. The 

applied potential U is widely accepted to control the nanotube size [20, 21, 199, 253]. In 

the current study, compared with the trend of dex and dbt, the change of din on different 

surfaces is small (Figure 6-8). This suggests that U determines din of TNTs in 

anodization, because all the samples with different Ra were anodized at the same U and 

they show similar din, therefore Ra has little influence on din. However, the finding in 

this work indicates Ra of titanium samples influences dex and dbt of TNTs. 

The difference in the dbt and dex (Figure 6-8) is attributed to the different j during 

anodization (Figure 6-5). In particular, at the end of Stage I, when a compact oxide layer 
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is formed (illustrated in Figure 6-10 as the middle layer), j is related to the thickness of 

the compact oxide layer δ as [32]:  

 αe  Eq.6-1 

where α and β are electrolyte and material dependent constants. From Eq.6-1, it can be 

seen that a thick TiO2 barrier layer δ will cause a low j. In Figure 6-5, the value of j 

from the lowest to the highest are in the sequence of samples AR30-4000, AR30-800 

and AR30-14000 samples, respectively. Therefore their δ after Stage I will decrease in 

that order, which is also supported by the value of tc at the top of TNT layers after the 

anodization process (Figure 6-9), because this capping oxide layer seen at this stage is 

the penetrated compact oxide layer formed in Stage I [28]. Therefore the value of tc 

reflects the value of δ when TNTs started initiation. From Figure 6-9, tc for the AR30-

4000, AR30-800 and AR30-14000 samples are about 115, 49 and 42 nm, respectively. 

In Stage I, δ is determined by field-aided transport of mobile ions (Ti4+, OH- and O2-) 

through the oxide layer under a constant U (Figure 6-10). The efficient electric field Fo 

across δ constantly drops with increasing δ [27], following Eq.2-18. Similar to the case 

of oxide formation, the oxide dissolution is also determined by field-aided F- migration, 

therefore the electric field for oxide dissolution 	also decreases with increasing δ 

according to Eq. 6-2.  

 Fd = U/δ Eq. 6-2 

From Eq.6-1 it can be obtained: 

 

	
In α
β

 

Eq.6-3 
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Since the AR30-14000 sample demonstrated the highest j (Figure 6-5), oxide 

dissolution on this sample is the strongest (highest Fd), leading to more breakdown sites 

which are the nuclei for TNT initiation and causing a faster initiation rate of TNTs. 

Therefore, on the AR30-14000 sample, TNT nucleation occurs at the fastest rate, 

resulting in the shortest nucleation time in which TNTs contact each other, leading to 

the smallest dex and dbt. In contrast, on the AR30-4000 sample, which shows the lowest j 

at the end of Stage I and thus the weakest Fd, TNT nucleation occurs at the slowest rate, 

leading to the largest dex and dbt and a prolonged nucleation time. At the bottom, 

nanotubes on this sample do not touch each other (Figure 6-7 (b)).  Therefore, in this 

study, a high j at the end of Stage I results in small dex and dbt.  

 

Figure 6-10 Schematic drawing showing field-aided transport of mobile ions going through the oxide 

layer in the presence of fluoride ions at the end of Stage I and the beginning of Stage II. 
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The above rationalises the relation between j and dex and dbt. The difference in the j of 

the different samples is thought to be caused by the surface morphology of those 

samples and particularly the comparative dimension between a single nanotube and a 

single scratch appears to affect j. Although Ra of titanium samples decreases with the 

increase of grit numbers, from Figure 4-7 it can be seen that the sequence of local 

roughness from the highest to the lowest is actually AR30-4000 > AR30-800 ≈ 

AR30120 ≈ AR30-1200 > AR30-14000 samples. The locally rough areas may act as 

nucleation points for the oxidation process. The larger the percentage of rough areas, the 

higher the oxidation rate on the surface, leading to a lower j and a higher δ at the end of 

Stage I. This is confirmed by their j at the end of Stage I (Figure 6-5).  

6.2.2 The surface preparation to reveal the influence of substrate grain size 

Mechanical preparation of metallic samples can remove all the original surface oxides, 

but this will unavoidably introduce a plastically deformed layer at the surface of metals, 

because even the finest scratch will create a deformed layer underneath [209]. Based on 

the work by Samuels [209], a schematic diagram of the surface deformation layer on 

titanium samples used in this study is provided in Figure 6-11. The layer at the bottom 

is the fragmented layer at the surface which contains scratches. Beneath the scratches is 

the deformation layer, which contains a thinner significant deformation layer beneath 

the root of a scratch. The grit number is inversely proportional to the width of the 

largest scratch, and thus the larger the grit numbers the thinner the deformation zone 

and the smaller the surface strain.  

The fragmented layer consists of severely plastically deformed material. For the 120, 

800 and 1200 grit samples, the surfaces are fully covered by scratches, and hence the 
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oxides on those samples formed during anodization should all originate from severely 

deformed titanium in the fragmented layer. Therefore in terms of surface condition there 

is little difference between the AR samples and the HPT samples: they all have this 

fragmented layer after mechanical preparation. But HPT and AR samples differ in terms 

of the characteristics of the material below the fragmented layer and the deformation 

layer. In particular, the difference between TNT layers on the AR and the HPT sample 

appeared when the grit number increases to 4000 (Figure 6-5 and Figure 6-6). This is 

probably due to the surface containing a thinner deformation layer, therefore the largely 

undisturbed material (the topmost layer in Figure 6-11) can be turned into oxides.  

 

Figure 6-11 Schematic of titanium surfaces after mechanical preparation with the fragmented layer and 

deformation layer depicted [209] . 

 

The majority of TNT layers produced in this study is no thicker than 0.6 μm, whilst the 

oxide expansion factor (the ratio of the volume of the oxide layer to the volume of the 
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Ti metal consumed) is about 3 for TNT layers [254], and, hence, the TNT layers are 

produced from a titanium layer that is less than 0.2 μm thick. Whilst the severe 

plastically deformed layers on the AR and the HPT samples are similar; these samples 

differ substantially in terms of the material beneath the significantly deformed layer 

(Figure 6-11). This can explain why the grain refinement starts to have an impact on the 

growth mechanism and morphology of TNT layers when grinding papers of 4000 grit 

and finer are used.  

6.2.3 The influence of substrate grain size on the TNT morphologies in one-step 

anodization 

For an ideal hexagonal arrangement of nanotubes (Figure 6-12 (a)), dbt is equal to id. 

However, for the AR 4000 grit sample, id is larger than dbt by 18.4% (Table 6-1) and so 

at the bottom the TNTs do not contact each other (Figure 6-7 (b), Figure 6-12 (b)). This 

suggests that those TNTs are still in the initiation stage, because when initiation 

finishes, TNTs will contact each other. If id is smaller than dbt, TNTs are squeezed to 

each other as shown in Figure 6-12 (c)), and TNTs on the AR 800 grit sample are 

arranged in such a way (Figure 6-7 (a)). 

The influence of grain size on TNT layer growth is reflected in the j-t curves, and the 

SEM bottom images reveal how the grain size has influenced the morphologies of the 

TNTs. The j-t curve of the HPT30-4000 sample (Figure 6-5) shows that at about 6000 s 

the TNT initiation Stage II gives way to the steady growth Stage III, whilst the AR30-

4000 sample has not even finished Stage II by the end of the 7200 s experiment. This 

indicates that the initiation of TNTs on the HPT sample is quicker than on the AR 

sample. As a result, HPT30-4000 shows a morphology in which TNTs contact each 

other because the HPT sample had already reached Stage III when the experiment is 
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concluded. AR30-4000 sample did not finish Stage II during the experiment, i.e. the 

growth of TNT layers on it did not reach a stable state, and hence TNTs had not grown 

to contact each other. Therefore, TNTs on HPT30-4000 contact each other (Figure 6-7 

(b) inset), which is similar to Figure 6-12 (a), while the bottom morphologies of the 

AR30-4000 sample (Figure 6-7 (b)) are similar to the morphologies in Figure 6-12 (b). 

The faster initiation rate of TNTs on the HPT sample is thought to be due to a faster 

oxide dissolution rate on the HPT sample. This consideration can also be applied to 

14000 grit processed samples, i.e. for the AR30-14000 sample the j-t curve still shows 

the typical three stages, but with a much weaker “valley” when compared with other AR 

samples (Figure 6-5). This suggests that the nucleation rate of TNTs on the AR30-

14000 sample is much quicker than the other AR samples. Since oxide dissolution 

proceeds faster on the HPT sample, the j-t curve monotonously dropped and the 

“valley” almost disappeared for the HPT sample. This suggests that the TNT nucleation 

rate on HPT sample is quicker than that on AR sample, leading to an even smaller dbt. 

 

Figure 6-12 Geometrical parameters of TNT bottom layer, dbt is the external bottom diameter and id is the 

inter-nanotube distance. (a) is the case when id = dbt, (b) is the case when id > dbt and (c) is the case when 

id < dbt. 
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To further analyse this, the characteristics of HPT Ti substrate have to be taken into 

consideration. The TEM result shows that the grain size had been refined significantly 

after HPT processing for 10 turns (Figure 4-1). HPT processing can change the surface 

oxide on pure titanium in both composition and structure. According to Ref. [151] the 

natural oxide layer on HPT Ti samples was quite different from that on their AR 

counterparts in chemical bonding structures. XPS studies revealed the surface 

composition of the different Ti substrates [151]. The XPS results for the HPT-processed 

substrates showed a weakening of the Ti bonding in the TiO2 on HPT sample, which 

may lead to the faster dissolution rate of the oxide during the formation of TNT layers.  

6.3 Summary 

After anodization on sample surfaces that were mechanically ground using different 

procedures, the diameter of TNTs has a complex relationship with the surface 

roughness. TNTs on 14000 grit diamond paste polished samples possessed the smallest 

TNT diameters, while samples ground by 4000 grit abrasive papers had the largest TNT 

diameter. All the samples ground by 1200, 800 and 120 grit abrasive papers showed 

similar TNT morphologies with intermediate diameters. Analysis using recorded j-t 

curves, SEM and roughness measurements, suggests the titanium surface at nanoscale 

affects the oxidation rate and thus affects TNT morphologies, whilst roughness on a 

larger scale (beyond ~100 nm) has little effect. Mechanical preparation significantly 

affects the morphology of TNTs. HPT processing influences TNT layers only for 

surface preparations with grit size of 4000 or finer. The oxide dissolution rate was faster 

for TNT layers on titanium with an UFG microstructure fabricated by HPT processing. 
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Chapter 7: TNTs produced by two-step anodization: 

achieving homogeneous anodic TNT layers  

In one-step anodization, the sample preparation method has a significant influence on 

the morphology of TNT layers [31], rendering it difficult to observe the influence of 

grain size. In two-step anodization, which is applied in this chapter, the oxide layer 

formed by a one-step anodization is removed, leading to a titanium surface covered by 

ordered dimples, which serve as a template for TNT growth during the second 

anodization cycle. It will be shown in this Chapter that the HPT microstructure, 

presented in Chapter 4, has a significant influence on the TNT layer grown in this two-

step anodization. The work also investigates how removing the TNT layer produced in 

the “precursor” one-step anodization, can be used to minimize the influence on TNT 

morphology due to sample processing and surface preparation. SEM observation and 

wettability test are used to characterize the influence of HPT processing on TNT 

growth. 

7.1 Results and analysis 

7.1.1 TNT layers in two-step anodization 

In one-step anodization, it was not possible to obtain well-aligned and uniform 

nanotubes. In this Chapter two step anodization was conducted as follows. After the 

one-step anodization, the TNT layer was removed and subsequent ultrasonication. After 

this procedure, the substrate has a surface texture as shown in Figure 7-1. The texture is 
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made up of orderly arranged dimples, mainly in an approximately hexagonal order, 

which corresponds to that of the bottom of TNT layers. On this textured substrate, the 

two-step anodization is carried out. 

 

Figure 7-1 Titanium substrate after the removal of TNT produced in one-step anodization, showing an 

irregular hexagonal patterned surface.  

 

Figure 7-2 shows the cross-sectional view of the TNT layers formed in two-step 

anodization. Like the one-step TNT layer, two-step TNT layer is also made up by 

parallelly arranged array of nanotubes, but with fewer defects. 

 

Figure 7-2 Cross-sectional view of two-step TNT layer of AR sample after a 6 h anodization on top of the 

substrate after the first-stage 16-h anodization in 0.25 wt.% NH4F solution at 30 V. 

100 nm 
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Therefore, the difference between first-stage and second-stage anodization is attributed 

to different substrate surface textures for the reaction. First-stage anodization uses a 

smooth substrate with a surface roughness of around 10 nm while second-stage 

anodization starts with a substrate of ordered pores left by the initial anodic layer. 

After anodization, there is a thin film at the surface of the Ti sample. Nanotubes are 

perpendicularly arrayed to the substrate. If the film on the sample is intact, only the top 

view can be seen using SEM. To see the cross-sectional and bottom views of the film, it 

has to be broken. After the film has been repeatedly scribbled to be damaged, cracks 

appear in the layer, as those on the remnant TNT debris shown in Figure 7-3 (a). Some 

debris fall off from the surface but still cluster together with different angles facing the 

observation direction, as shown in Figure 7-3 (b). Some of the debris turn 90° from its 

original position, and thus can be measured to obtain the TNT thickness. Some of the 

debris turned 180° over so that the bottom view of the layer can be obtained.  

  

Figure 7-3 SEM images of the breaking down of TNT layer: (a) the substrate with TNT layer on the top 

peeled off and remnant TNT layer debris as well; (b) shows TNT layer fragments 

 

When the TNT layer is removed, the Ti substrate is exposed. Figure 7-4 shows the 

energy dispersive spectrum (EDS) analysis of the substrate obtained from the area 
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marked by the pink hollow square. The dimples are a result of the protuberances of TNT 

bottoms. The area in rectangle can be regarded as nearly bare titanium substrate because 

the EDS composition is 94 at% Ti (with only 6 at% O). The small amount of oxygen 

can be due to oxidation in the air after the removal of the TNT layer or some oxide 

remaining after their mechanical removal.  

By contrast, the percentage of oxygen in the TNT layer is much larger (Figure 7-5). 

There is 42 at% O and 58 at% Ti. According to the literature, the main component of 

the TNT layer is TiO2 [22] and thus the ideal atomic percentage of Ti and O is about 

33.3% and 66.6%. The difference is thought to be due to the limited thickness of the 

TNT layer in this measurement, which is about 500 nm, which allows the EDS X-rays 

to partially penetrate the layer to reach the pure Ti. 
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Figure 7-4 EDS analysis of the substrate after TNT layer on the top is removed. 
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Figure 7-5 EDS analysis of the TNT layer on the top 

 

7.1.2 TNT growth mechanisms for substrates in different grain sizes 

To monitor the initiation and growth of TNT layers in two-step anodization (all the two-

step anodizations in this thesis are in the same condition: step one 30 V/0.25 wt% NH4F 

+ 16 h; step two: 30 V/0.25 wt% NH4F + 6 h), Figure 7-6 shows the current-time, j-t, 

transient curves of samples in different grain size in step two anodization: the CG, HPT-

a 

b 
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1T, HPT-4T and HPT-10T samples. These curves show a three-stage behaviour [189], 

which is a typical feature of j-t curves during the formation of TNT layers [27, 49]. The 

inset image in Figure 7-6 shows the j-t curves in the first 2000 s of anodization with the 

three stages (Stage I, II and III) marked. In Stage I, the increasing thickness of oxide δ 

leads to a drop of current to a minimum (jmin) at about 550 s (Figure 7-6). With the 

increase of δ (from HPT-10T to the CG sample), jmin in Stage I increases (inset in Figure 

7-6), suggesting a decreasing oxidation rate. In Stage II a transition from irregular to 

regular pores, i.e. self-organization, occurs. At Stage III, j approaches a steady-state. 

The current density results show that in stage III (Figure 7-6), j increases with 

decreasing grain size, implying an increasing growth rate due to the grain refinement 

produced by HPT.    

 

Figure 7-6 The j-t curve for the CG and HPT samples with different grain sizes in step two anodization. 
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7.1.3 TNT morphologies and wettability 

After the one-step anodization for 16 h and the subsequent removal of the TNT layer, 

the titanium substrates were anodized again in the same electrochemical setting for a 6 h 

second-step anodization. Figure 7-7 shows the top view of TNT layers on samples with 

different grain sizes. All the samples show hexagonally ordered imprints that are 

arranged in a hexagon (marked by red hexagons) left by TNTs in one-step anodization 

and in each imprint single or multi nanopores are contained (Figure 7-7 (a)). The 

nanopores seen in the SEM image top view (Figure 7-7 (a)) are openings of nanotubes. 

There are mainly two types of imprint patterns: Type I and Type II. In the Type I pattern 

each imprint contains several small nanopores (mostly three in a triangle arrangement) 

like lotus roots. In the Type II pattern, illustrated in Figure 7-7 (c), each imprint 

contains only one comparatively large nanopore. For the CG, HPT-1T, HPT-4T and 

HPT-10T samples, the percentage of Type I pattern imprints are 57%, 33%, 29% and 

10% respectively, which means that with the decrease of grain size induced by HPT 

processing, the TNT top morphologies gradually changed from Type I pattern 

dominating to Type II pattern dominating. 

At the bottom of the TNT layers, TNTs are also in hexagonal arrangements as shown in 

Figure 7-8 (marked by red hexagons). The average bottom diameters of TNTs as 

determined from 400 analysed TNTs per sample are 56.9 ± 0.5, 48.4 ± 0.4, 52.7 ± 0.3 

and 54.5 ± 0.3 nm for the CG, HPT-1T, HPT4T and HPT-10T samples, respectively. 

The standard deviations in the diameter distributions are 10, 8, 6 and 5 nm respectively, 

suggesting the homogeneity of TNT size increased with the decrease of grain size.  
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Figure 7-7 SEM images of the top views of TNTs on Ti samples after Two-stage anodization: (a) CG 

sample, (b) HPT-1T, (c) HPT-4T, (d) HPT-10T. Red hexagons illustrate the hexagonal arrangements of 

TNTs. 

 

The improved homogeneity can also be seen in the SEM images (Figure 7-8). In the 

TNT layers on the CG sample (Figure 7-8 (a)), the black arrow points at a large 

nanotube with diameter of ~80 nm and the white arrow points at a small nanotube with 

diameter of ~40 nm; in the TNT layers on the HPT-1T sample (Figure 7-8 (b)), the 

black and white arrow point at a large and a small nanotube of ~70 nm and ~40 nm, 

respectively. However, the variation of nanotube size is much smaller in TNT layers on 

the HPT-4T sample (Figure 7-8 (c)) and HPT-10T sample (Figure 7-8 (d)), thus 

providing a visual confirmation of the measured trend in the standard deviations of the 

diameter distribution.  
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Figure 7-8 SEM images of the bottom views of TNTs on Ti samples: (a) CG sample, (b) HPT-1T, (c) 

HPT-4T, (d) HPT-10T. 

 

The SEM images in Figure 7-9 display cross-sectional views of TNT layers on samples 

with different grain sizes. From these cross-sectional views the TNT layer thickness was 

measured as 1.72, 1.90, 1.98 and 2.00 µm, respectively, for the CG, HPT-1T, HPT-4T 

and HPT-10T samples, i.e. the thickness of TNT layer increased with the decrease of 

grain size of the substrate. This corresponds with the ranking of j in Stage III (Figure 

7-6), which correlates with TNT formation rate [197, 253]. 

Figure 7-10 shows the measured aqueous contact angle, θ, of the four samples, with 

water droplets on the TNT layers in the measurement apparatus for selected samples 

shown below. These results show that the CG sample is hydrophilic (θ < 90°) while 

HPT samples are all hydrophobic (θ > 90°). The contact angle θ increased after one turn 

of HPT processing, and θ increases slightly with further HPT processing from the HPT-

c d 
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1T sample to the HPT-10T sample. This is thought to be related to the strong grain 

refinement from the CG sample to the HPT-1T sample (from 35 µm to below 100 nm), 

while the decrease in grain size from the HPT-1T sample to the HPT-10T sample is 

much weaker (Figure 4-3). 

 

Figure 7-9 SEM images of the side views of TNT layers on Ti samples: (a) CG sample, (b) HPT-1T, (c) 

HPT-4T, (d) HPT-10T.  

 

7.2 Discussion 

7.2.1 The difference between one-step and two-step anodizations 

The capping oxide layer (Figure 6-1 (b)) hinders a careful observation of the 

morphology of TNT layers under SEM. Even on the sample processed by 

electropolishing, the capping nanopore oxide layer still exists [31], making the 
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observation of the nanotube structure difficult. In the literature, a lot of effort was made 

to remove the capping oxide layer and a two-step anodization is one solution, as shown 

in the work by Li et al. [59]. In the current work, after removing the TNT layer 

produced from one-step anodization, a two-step anodization is carried out. The top 

morphology of two-step TNT layer (Figure 7-7 (a)) is much more ordered and 

organized than that of one-step TNT layer (Figure 6-6 (a)).  

 

Figure 7-10 The aqueous contact angle for the TNT layers on the CG, HPT-1T, HPT-4T and HPT-10T 

samples after two-step anodization under 30V for 6h. 

 

The difference between one-step and two-step anodization may lie in the starting 

surface state. Before one-stage anodization, the sample is mechanically polished as 

shown in (Figure 7-11 (a)), and an oxide layer forms immediately when the titanium 

sample is exposed to the air (Figure 7-11 (b)). The pre-existing oxide layer as well as 

the deformation layer could affect the initiation of nanotube formation (Figure 7-11 (c)). 

CG HPT-10T 
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After one-step anodization, the TNT layer was removed and subsequently a second 

anodization step was carried out on the same sample. The surface on which this second 

anodization was carried out was strain-free and textured (Figure 7-11 (d)). This textured 

surface is probably more suitable for an ordered TNT layer to form (Figure 7-11 (e)). 

The longer TNTs (Figure 7-11 (f)) as well as the more ordered top views all showed that 

initiation of the growth of TNT layers was enhanced.  

 

Figure 7-11 Schematic of one-step and two-step anodization.  

 

7.2.2 The influence of HPT microstructure on the formation and growth of TNT 

layers 

After two-step anodization of the samples, the influence of substrate microstructure on 

the formed TNT layers is revealed. Figure 7-9 shows that with decreasing grain size 

imparted by HPT processing, the thickness of TNT layers increased, indicating HPT 

Polished Ti Start of one-step anodization End of one-step anodization 

TNT layer peeled off Start of two-step anodization End of two-step anodization 

Random oxide capping layer 

a b c 
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processing enhances TNT growth. Zhang et al. [37] carried out anodization on Ti 

samples with a nanocrystalline surface layer produced by surface mechanical attrition 

treatment and also found the formed TNT layers are much thicker than those grown on 

its CG counterpart surface. It is thought that the mechanisms for the enhanced growth in 

the present work and the work by Zhang et al. [37] relate to both HPT and surface 

mechanical attrition treatment substantially increasing the number of defects in the 

substrates which increases the free energy of the Ti. This favours the nucleation and 

growth of oxides due to the increased energy available. In support of this interpretation, 

the j-t curves in Figure 7-6 show that at the end of Stage I the HPT-10T sample has the 

thickest oxide layer while the CG sample has the thinnest oxide layer. The current 

density j is related to the thickness of the compact oxide layer δ as Eq.6-1 shows. It can 

be seen that a low j will cause a thick TiO2 barrier layer δ. At the end of Stage I (Figure 

7-6),  jmin decreases in the sequence of CG, HPT-1T, HPT-4T and HPT-10T samples, 

and thus the thickness of the compact oxide layer is thought to increase in this order.  

The work in this chapter indicates that HPT processing leads to a narrower distribution 

of TNT sizes, and it is thought that the elimination of crystallographic texture plays an 

important role with the following effects. It is known that grain orientations 

significantly influences nanotube growth, for instance, on (hkl0) planes the formation of 

oxide layer progresses much faster than those on (0001) planes [33-35]. As (0001) 

planes have the highest atomic surface density (1.6 times greater than that for the 

(1010) plane), which leads to an oxide layer with a high donor concentration, the O2 

evolution governs the current density and results in a thin oxide layer [34]. HPT 

processing refines one large grain (~35 µm for the CG sample) into ~250 (intercept 

method) small grains (~140 nm for the HPT-10T sample) with close to the random 
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distribution of orientations; therefore, the influence of grain orientation on the growth of 

TNT layers is much reduced. In support of this proposed mechanism, it is noted that 

Ferreira et al. [36] found that the extremely large grains in heat treated pure Ti resulted 

in less regular and less homogeneous TNT layers because the large grains were 

nonequiaxed [36]. 

HPT was found also to change the top morphologies of TNT layers by increasing the 

percentage of Type II patterns (Figure 7-7). It is thought that this change leads to the 

increase in the contact angle from the CG to the HPT-10T sample in Figure 7-10, 

because the more complex Type I pattern will possess a higher surface energy than the 

Type II pattern. Therefore, with the increasing percentage of Type II patterns, the 

surface energy of TNT layers decreases, resulting in an increasing contact angle, 

because surface with a lower energy has a higher contact angle. The different top 

morphology of TNTs is probably due to the HPT processing changing the dissolution 

rate of the oxides. Support for this suggestion can be found in Ref. [151] in which it is 

reported that the natural oxide layer on HPT processed Ti samples was quite different 

from that on their CG counterparts in terms of chemical bonding structures: the XPS 

results for the HPT-processed substrates showed a weakening of the Ti bonding in the 

TiO2 on the HPT sample [151], which may lead to an increased dissolution rate of the 

oxide during the formation of TNT layers. Since oxides on the HPT samples are prone 

to dissolution compared to those on their CG counterpart, the three triangular nanopores 

in the Type I pattern that is dominating for the CG samples may further develop into 

one big hole, making Type II patterns.  
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7.3 Summary 

In order to more accurately control the morphologies of anodic TNT layers in Ti 

substrates, the influence of substrate grain size is investigated by two-step anodization 

of HPT-processed Ti substrates. After up to 10 turns of HPT processing under a 3 GPa 

load, the grains were gradually refined from ~35 µm to ~140 nm. The increase of 

dislocation density and grain boundaries due to HPT processing leads to TNT layers 

that are 14% thicker as compared to those on the CG counterparts. HPT processing also 

results in a more homogeneous distribution of TNT sizes because grain refinement 

reduces the influence of texture on the growth of TNT layers. Moreover, HPT 

processing also leads to a change in the oxide in the TNT layers, which are more prone 

to dissolution, so in the two-step anodization employed in the current study, HPT 

processing leads to modified TNT top surface patterns that are more hydrophobic.  
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Chapter 8: Tailoring the titania in TNT layers 

during anodization by HPT processing 

In Chapter 7, HPT processing is used to tailor the morphology of TNT layers. In the 

present Chapter 8, it will be shown that HPT processing can also be used to tailor titania 

in TNT layers. In Section 8.1, the influence of HPT processing on the crystallinity and 

texture of TNT layers are investigated using XRD, DSC and photoluminescence 

measurements. In Section 8.2, the influence of substrate grain size on the amorphous-

anatase phase transformation and the photoluminescence behaviours of TNT layers are 

discussed. 

8.1 Results and analysis 

8.1.1 XRD analysis 

XRD analysis in this study showed the difference in the surface oxide after two-step 

anodization. Figure 8-1 gathers all the XRD patterns obtained from different samples, 

including the CG and HPT samples, the CG and HPT samples after anodization, and 

CG and HPT samples after anodization and heating. A comparison between the coarse 

grain (CG sample) and the UFG samples (HPT sample) after anodization and heating 

will be given in the following paragraphs in this section. Because a TNT layer is very 

thin, usually below 5 μm, X-rays can penetrate the TNT layer, resulting in titanium 

substrate peaks shown in all the anodized samples. Ti (100), (002), (101) and (102) 

planes were the main peaks of Ti detected. These all are peaks from α titanium, 
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indicating no phase transformation of the titanium substrate occurred during anodization 

and subsequent heating. 

 

Figure 8-1 XRD patterns of CG and HPT sample before anodization, after two-step anodization for 16 h 

at 30 V in 0.25 wt% NH4F electrolyte and heated in air at 350 °C for 1 h after anodization. 

 

Anodization causes several changes. Figure 8-2 shows a section of the XRD patterns of 

the CG sample and the CG as-anodized sample, which contain a broadened peak at 25 ° 

- 35° and shows the decreased intensity of Ti peaks after anodization. For the CG 

sample (blue pattern), only α titanium peaks are found. After anodization, in addition to 
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peaks attributed to α titanium, a broadened peak located at 25° - 35° was also visible, 

but no other peaks for TiO2 were found, indicating the as–anodized layer is amorphous 

(red pattern).  

To further investigate the TNT layers and their stability, the samples were heated. 

Figure 8-3	 shows	 that	 after heating the anodized layers on the CG sample showed XRD 

diffraction peaks of the anatase phase, including (101), (004), (200) (weak) and (105) 

(weak) (green line in Figure 8-3), suggesting that some amorphous titania in the layer 

had crystallised. The intensity of all the anatase peaks ranging from high to low were 

(101), (004), (105) and (200) (Figure 8-3). Also, there was no obvious broadened peak 

located at 25° - 35°, further supporting the interpretation of heating induced 

crystallization, because the amorphous peak no longer exist and crystalline phase peaks 

are present.  

After anodization of the HPT sample (Figure 8-4, aqua line), a broadened peak located 

at 25° - 35° also appeared (blue line), indicating this TNT layer was also amorphous. 

But the broadened peak in the anodized HPT sample was not as obvious as the 

broadened peak in the as-anodized TNT layer on the CG sample (Figure 8-3, red line).  

After heating of the anodized HPT sample, the XRD pattern differs in two aspects from 

that of the heated anodized CG sample. The first difference lies in the change of the 

broadened peak. Although both the CG sample and HPT sample showed a broadened 

peak located at 25° - 35° after anodization, these broadened peaks changed in different 

ways upon heating. For the HPT sample, the broadened peak intensified (Figure 8-4), 

while that on the CG sample almost completely disappeared (Figure 8-3). The second 

difference lies in the anatase peaks after heating. Although both the TNT layers on CG 

and HPT sample did not show any other peaks except for Ti peaks, and both of them 
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show peaks for anatase phase of TiO2 after heating in air, the relative intensities of the 

peaks was different, indicating different textures. The sequence of intensity of anatase 

planes in as-anodized CG and HPT substrates after heating are shown in Table 8-1. For 

the CG sample, the strongest anatase peak after heating was from (101) plane, while in 

the HPT sample the (004) plane gave the most intensive peak, as shown in Figure 8-4. 

 

Figure 8-2 Section of the XRD pattern of CG sample and CG as-anodized sample to show the broadened 

peak at 25° - 35° and the decreased intensity of Ti peaks after anodization. 

 

Table 8-1 The sequence of intensity of anatase planes from high to low in as-anodized CG and HPT 

substrates after heating 

Sample 1st 2nd 3rd 4th 
CG (101) (004) (105) (200) 
HPT (004) (101) (105) (200) 
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Figure 8-3 Section of the XRD pattern of as-anodized CG sample and as-anodized and heated CG sample 

to show the phase transformation from a broadened peak into anatase peaks. 

 

 

Figure 8-4 Section of the XRD pattern of an as-anodized HPT sample and an anodized and heated HPT 

sample.  
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8.1.2 DSC analysis 

The XRD study of TNT layers shows the difference in the final products between the 

CG and HPT-10T samples after crystallization. To further clarify the phase 

transformation of as-anodized amorphous TNT, and the influence of ultrafine grain size 

on the crystalline structure of TNT, DSC experiments were conducted on TNT layers 

grown on the HPT and CG samples. The results are shown in Figure 8-5. 

 

Figure 8-5 DSC tests of TNT layers grown on the HPT and the CG sample. 

 

The heat treatment of the amorphous TNT layers was conducted at 350  and phase 

transformation occurred as shown by the XRD work (Figure 8-1). DSC results (Figure 

8-5) show heat effects due to phase transformations. The first peak in Figure 8-5 is an 

exothermic peak at 378  for the HPT sample and a peak at 364  for the CG sample. 

These two peaks are attributed to the phase transformation from the amorphous to 

anatase phase for two reasons. Firstly, the amorphous TNT layers did transform into 
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crystalline phases upon heating, confirmed by XRD study (Figure 8-1). Secondly, 

during heating, anatase is the first crystalline phase formed [154]. In a variety of studies 

[255-257], the amorphous-anatase transformation temperature is mainly between 330 

and 450 . Ohtani et al. [255] conducted a DSC test on amorphous TiO2 powders at a 

heating rate of 20 ⋅s-1 in air. An exothermic peak at 450  (723 K) was attributed to 

the crystallization of amorphous phase to anatase. Xie et al. [256] heated nanosized 

TiO2 powders of amorphous phase at a rate of 10 ⋅s-1 in N2, and these powders 

changed into anatase crystalline phase at 436 . Oh et al. [257] conducted a DSC test 

on amorphous nanotube samples after anodization. On heating at rates of 2 ⋅s-1 to 16 

⋅s-1, the peak temperature for amorphous-anatase phase transformation ranged from 

330.3 to 357.6 . So the 378  peak for the present HPT sample and a 364  peak for 

the present CG sample are very likely to be due to the transformation from amorphous 

Ti to anatase phase.  

8.1.3 Photoluminescence measurements 

Figure 8-6 shows the room temperature photoluminescence spectra for TNT layers 

grown on different substrates. Overall, there was a broad peak for each sample and the 

peak intensity increased with increasing HPT processing. The photoluminescence 

emission mainly results from the recombination of excited electrons and holes, and 

hence a higher photoluminescence intensity indicates the increase in the recombination 

rate. The broad peak was a result of several overlapping peaks, which can be separated 

through a Gauss multi peak fitting method as shown in Section 8.2.2.  
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Figure 8-6 Photoluminescence spectra of TNT arrays anodized on different substrates excited at 325 nm. 

 

8.2 Discussion 

8.2.1 The influence of substrate grain size on the phase transformation of TiO2  

As discussed in Section 4.2.3, grain refinement leads to a change of the natural surface 

oxide of titanium. XRD and DSC analysis in this study showed the electrochemically 

formed oxide on titanium also changed.  

After anodization, amorphous TNT layers were produced on the surface of titanium 

samples. After the heating of the as-anodized amorphous TNT layer, the only crystalline 

phase present in the layer was anatase. Because these films were very thin, X-ray beam 

penetrated the surface oxide layer and hence both the substrate and oxide peaks 

appeared in the XRD patterns. For anatase phase, normally, the most intense peak is the 
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one corresponding to the (101) plane [258, 259], at ~25.3°, as the case in the CG sample 

in this study. The (101) facet is thermodynamically stable due to its low surface energy 

(0.44 J⋅m-2) [46, 260]. However, both experimental and theoretical studies have shown 

that the (001) facet of anatase titanium dioxide is much more reactive than the (101) 

facet [261]. This means that the thermodynamically more stable (101) facet may be the 

dominant source of active sites for various applications, including photovoltaic cells, the 

photodegradation of organic molecules and photocatalytic water splitting [261]. 

Recently, several papers reported the possibility to control the orientation of anatase 

crystal in TNT layers in the [001] direction, as a function of H2O concentration in the 

ethylene glycol based electrolytes, which improved the photoelectrochemical 

performance of the film [259, 262, 263]. In the present study, the sample with the finer 

grain size (HPT sample) showed a more intense (004) plane (at ~ 38°), compared to the 

(101) plane, which indicates that depending on the grain size of the titanium substrate, 

anodized TiO2 nanotubes may be preferentially oriented along a certain crystallographic 

orientation i.e., they may exhibit a texture. Although both samples formed the anatase 

phase upon heating, DSC analysis showed that the crystallization temperature for 

amorphous TNT layers on the HPT sample was higher than that on CG sample. This 

suggests that the crystallization of amorphous TNT layer requires more energy, which 

corresponds with the XRD study showing TNT layers on HPT sample containing more 

thermodynamically unstable facets (004) (Figure 8-1). It is known that the 

transformation from nanocrystalline anatase to rutile is governed by interface nucleation 

or surface nucleation. The phase transformation of TiO2 from amorphous state to 

crystalline state is in the same mechanism [264]. For TNTs on the HPT sample, the 

phase transformation for the amorphous phase was delayed compared to those on the 

CG sample, indicating that on the HPT sample the phase transformation requires more 
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energy. This corresponds to the anatase phase with a preferred (001) facet having a 

higher energy compared with the stable (101) facet. The crystallization of the 

amorphous titania is activated by the fluctuations of structurally related precursor 

phases within an amorphous phase [55, 264, 265]. Since the HPT sample contains many 

more defects (e.g. dislocations, grain boundaries and vacancies), which causes a higher 

free energy compared with the CG counterpart, there is a possibility that the amorphous 

oxide grown on the HPT sample is also higher in free energy, which would transform 

into an anatase phase with a dominating minor orientation upon heating. Therefore, it 

appears that in this study, another possible way to make TiO2 nanotube arrays with a 

preferential orientation of (001), has been found. However, more experiments are 

needed to verify this.  

8.2.2 The influence of grain size of the substrate on the photoluminescence 

behaviours of TNT 

In the photoluminescence spectra obtained in this study (Figure 8-6), two sources are 

contributing to the TiO2 peaks. One is excitation emission, released from the transitions 

of electrons from the conduction band to the valence band of anatase and rutile phases, 

with the wavelength of 387 nm and 413 nm, respectively [266, 267]. The other source is 

the defects inside the materials, particularly the transition of electrons from the defect 

energy level to the valence band. The electrochemical anodization process may 

introduce oxygen vacancies [266], and  they are regarded as the most common defects 

in luminescence processes [268]. There are two kinds of oxygen vacancies: F centres 

and F+ centres [269]. The F centre represents the neutral oxygen vacancy with two 

electrons whereas F+ centre represents oxygen vacancy with one electron. The 

wavelengths related transitions caused by those two kinds of oxygen vacancies are at 
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465 nm and 525 nm in the photoluminescence spectrum, respectively [266-268]. The 

energy bandgap diagram of these types of emissions is illustrated in Figure 8-7.  

 
Discussion 

 

Figure 8-7 The energy bandgap diagram of photoluminescence characteristic of TiO2. The excitation-

emission represents the electron transitions from the conduction band to the valence band possessing the 

wavelength of 387 nm for anatase phase and 413 nm for rutile phase. The transition at 465 nm and 525 

nm represent the defect-level transitions from oxygen vacancies of F centre and F+ centre to the valence 

band. 

 

The broad photoluminescence peak in Figure 8-6 is composed of several peaks. 

According to Figure 8-7, after a deconvolution, the original photoluminescence spectra 

of the TNTs on HPT 10-turn sample with the four deconvoluted Gaussian fitting 

photoluminescence peaks, appears to originate from different sources mentioned in the 

last paragraph, as illustrated in Figure 8-8. The orange peak located at 387 nm 

corresponds to the excitation-emission from the conduction band to the valence band of 
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TiO2 anatase phase. The green peak located at 413 nm is due to the excitation-emission 

from conduction band to valence band of TiO2 rutile phase. The purple peaks are 

attributed to the electronic transition from F centre oxygen vacancy to the valence band 

of TiO2, located at 465 nm; and the blue peak represents the electronic transition from 

F+ centre oxygen vacancy with a wavelength of 525 nm. The position of the shallow 

trap levels, i.e. oxygen vacancies, has been proven to be the same in the rutile phase as 

well as in the anatase phase [270]. Figure 8-8 (b) and (c) are similar Gaussian fitting 

curves for the HPT 1 turn and CG samples. Their photoluminescence peak can also be 

fitted with the same 4 peaks but with different intensities and width.  
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Figure 8-8 photoluminescence spectra and Gaussian fit bands for TNT on (a) the CG, (b) HPT-1T and (c) 

HPT-10T sample.  

a 

b 

c 
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8.3 Summary 

After anodization, the titania in the TNT layers on all the titanium substrates was 

amorphous. Subsequent heating caused crystallisation to form the anatase phase. The 

anatase phase in TNT layers on the CG sample showed a common preferential 

orientation of the (101) facet, while those on the HPT sample showed an unusual 

preferred (001) orientation, which is higher in free energy. Also, the phase 

transformation temperature is higher on the HPT sample than this on the CG sample 

because the process on the former requires more energy.  
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Chapter 9: General discussion 

In this chapter, the overall influence of HPT processing on TNT layers as well as the 

problems in biomedical applications that this research can address will be discussed. 

9.1 HPT-processed titanium for biomedical application 

In the current work, after HPT processing at ten turns under 3 GPa, the grain size of CP 

Ti substrate has been refined from ~13 μm to ~ 140 nm with microhardness increased 

from 1.7 to 2.8 GPa and UTS increased from 580 to 860 MPa. To explain the influence 

of HPT processing on CP titanium, a physically based model [228] will be used to 

evaluate the results produced in the current study. The model was developed to predict 

the strengthening and grain refinement of pure metals due to HPT, and is based on 

volume-averaged dislocation generation and annihilation as well as volume-averaged 

grain boundary creation. Dislocation hardening and grain boundary strengthening 

mechanisms are taken into consideration [228]. This model predicts the grain size, 

microhardness and dislocation density for the present Ti samples processed by HPT are 

220 nm, 2.5 GPa and 2.79ｘ1015 m-2. Compared to the model, the microhardness 

measured in the current study is 0.2 GPa (8%) higher than the predicted value and the 

grain size is 80 nm smaller, which taken together indicates stronger grain boundary 

strengthening. The dislocation density is smaller than the value in the model. Taking 

into consideration that Zhu et al. [232] measured the dislocation density of ECAP-

processed Ti to be (3.0 ± 0.6) ｘ1015 m-2 through X-ray analysis, and the reported 

microhardness of SPD-processed Ti is 2.7 - 3.23 GPa (Table 4-1), the result obtained in 



Chapter 9:  General discussion 

 173  

this thesis is broadly consistent with the reported results in the literature. It is also worth 

noticing that different methods to measure the grain size and dislocation density 

generally lead to varied results in experiments, and the reported dislocation densities 

can sometimes differ by a factor of 2 [228], therefore the grain size, microhardness and 

dislocation density measured in the current study show a good correlation with reported 

models and results.  

The present HPT-processed CP Ti has a very similar strength (~900 MPa) and 

elongation (~10%) as a conventionally processed Ti-6Al-4V alloy (Table 2-4) and 

therefore is a promising candidate to replace the Ti-6Al-4V alloy for load bearing 

applications. According to Ref. [271], vanadium-free titanium alloys are one of the 

biomaterials for the future. Moreover, Ti-6Al-4V alloys are composed by two phases 

therefore are not suitable for having homogeneous and continuous TNT layers [36, 

272]. The anodic TNT layers can only be applied to implants made by pure or CP 

titanium or single-phase titanium alloys.   

In the perspective of rapid integration of biomedical implants with bone cells, a key 

factor is fast kinetics of hydroxyapatite (HAp) formation on the implant surface and 

TNT layers have been shown to strongly accelerate the formation of HAp [273-276], 

compared with bare titanium surface. The patterned structure also facilitates embedding 

precursors for HAp formation [274]. UFG titanium makes it possible to produce hard 

tissue replacement implants with homogeneous TNT layers on the surface to enhance 

osseointegration. Due to the self-organized nature of TNT layers, complicated shaped 

surfaces, such as dental screws and hip implants, TNT layers can be easily coated [277]. 

Recently there have been several reports of fracture in cardiovascular stents [5, 6] and it 

has been found that using stents with thinner struts led to a decrease in the intimal 
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pressure concentration [278]. Moreover, thin-strut stents are related with lower 

restenosis rate [279]. The thickness of stent struts are typically in the range of 50-150 

μm [280], and at this microscopic level, bulk mechanical properties cease to be 

applicable, as the grain is of the same order as that of the strut (the AR sample has a 

grain size of 13 μm in the current study). Smaller samples have higher strength with 

lower ductility compared to the standard tensile samples of the same material [281, 282]. 

This is attributed to the limited number of grains present in the strut restricting 

dislocation sources and the number of dislocation motion paths, as well as the increased 

likelihood of intergranular deformation to occur [283]. Hence it is thought that the 

problem can be avoided by using UFG titanium or its alloys, and stents with thinner 

struts can be safely used.   

9.2 Influence of HPT on TNT layers 

HPT processing could also control the surface properties of biomedical implants. The 

morphology of anodic TNT layers is determined by two main factors: the oxide 

formation and dissolution rate [27]. HPT processing influences the TNT morphology by 

affecting both factors. On the one hand, dislocations and grain boundaries serve as 

oxide formation sites and thus the their significantly increased density increases the 

oxide formation rate, whilst the UFG substrate results in an oxide layer with altered 

microstructure, which may be more prone to dissolution. 

As shown in Chapter 4, after HPT processing of ten turns, the dislocation density has 

reached a very high value of 4.6ｘ1014 m-2 and the grain size has decreased to 140 nm, 

therefore, those defects serve as nucleation sites for the oxide and increase the energy 

available for oxide growth, resulting in longer nanotubes. This influence is especially 
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obvious in two-step anodization (Figure 7-9). Figure 7-6 suggests that at the early stage 

in anodization (Stage I), the initial oxide layer formed on the titanium substrate has an 

increasing thickness with decreasing substrate grain size. The activation energies 

required for diffusion along those defects are much smaller than that for diffusion in the 

matrix lattice [284]. Also, as shown in Eq.2-2-Eq.2-5, the oxide formation is controlled 

by field-aided transportation of ions such as Ti4+ and O2- and electrons. A study on the 

work function (energy required to attract an electron from the inside to the outside of 

the metal) at grain boundaries demonstrated that the work function at the grain 

boundary is lower than that within a grain [285]. This means at the grain boundary 

electrons are more active. It is also found that the energy distribution of HPT-processed 

tungsten samples is different from coarse-grained metals [286]. In the perspective of 

field-emitted electrons, surface areas containing grain boundaries show an extra peak in 

the low energy region and an inflection in the high energy region, while surface areas 

without grain boundaries do not show these features. This is because, after HPT  

processing, paths of currents with low work function at grain boundaries occur in the 

metal [287]. Khisamov et al. [148] suggested that the decrease in the average value of 

the electron work function of a nanocrystalline metal is due to a lower value of the work 

functions for grain boundaries. Therefore, in the present UFG materials, the 

significantly increased grain boundary density may have facilitated the movement of 

ions and electrons thereby facilitating oxide formation. Therefore the thicker initial 

oxide layer limits the nucleation of nanotubes and prevents the dissolution of the formed 

nanotubes during the later stages.  This rationalises the present finding that the final 

thickness of TNT layers increases with decreasing grain size of the HPT samples. Work 

by Y. W. Choi on anodic TNT layers showed that the same combination of j-t transient 

trends with TNT morphologies [288] (samples showed lower j in Stage I and higher j in 
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Stage III showed longer TNTs at the end of anodization). In contrast with the two-step 

anodization the influence of HPT processing on the TNT thickness in one-step 

anodization is very limited (Figure 6-9).  

HPT processing has also affected the material in the TNT layers by producing 

amorphous titania, which crystalized into an anatase phase with a changed preferential 

orientation (Figure 8-1) compared to normal anatase phase in subsequent heat treatment. 

Further, HPT processing also slowed down the kinetics of crystallisation of the TNT 

layer material during heating after anodization (Figure 8-5). It is worth noticing that 

titania produced in both one-step and two-step anodizations are amorphous. And the 

microstructure changes in the amorphous titania caused by prior HPT processing (see 

section 8.1) can be the reason why the oxide dissolution rate has increased in the HPT 

sample. Particularly, in this work it was found that after one-step anodization and 

mechanical polishing with at least 4000 grit (i.e. when the influence of sample 

preparation is minimized) the oxide dissolution rate was higher in the TNT layers on the 

HPT sample (Figure 6-5). And in two-step anodization, in which the influence of 

sample preparation is almost eliminated, the acceleration of oxide dissolution rate due to 

prior HPT processing is even more obvious (Figure 7-7).  

In general, if the deformation layer and initial oxide layer caused by sample preparation 

are removed, HPT processing accelerates both the oxide formation and dissolution rate. 

This finding is extremely useful for biomedical implants because in this application a 

very accurate control of the TNT size is required. For instance, one work on size-

dependent cell interaction found that mesenchymal stem cells react in a very sensitive 

way to the diameter of TNTs [20], with TNTs with a diameter of 15 nm strongly 

enhancing cell adhesion, proliferation and differentiation, while TNTs with a diameter 
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of 100 nm were found to be detrimental to the growth of cells. Other research work 

[211, 289-291] confirmed this size effect. The reason for this size effect lies in that 

integrin (proteins that attach the cell cytoskeleton to the extracellular matrix) clustering 

in the cell membrane lead to a focal adhesion complex with a size of about 10 nm in 

diameter leading to an excellent geometrical fit onto/into the nanotube opening of about 

15 nm [20]. Therefore, by refining substrate grain size through SPD techniques, 

homogeneity of TNT diameters can be enhanced and a more accurate diameter control 

can be achieved, which is likely to enhance the biocompatibility of TNT layers.  

9.3 Biomedical applications of the current research  

One finding of this study can particularly be used to address problems caused by 

restenosis in cardiovascular stents. Although the mechanism for in-stent restenosis is 

very complicated, it has been proven that neo-intima formation is the primary 

contributor to in-stent restenosis [292-294]. Since intimal hyperplasia is caused by 

injury of endothelial cells, ECs, and neointima is mainly made up of smooth muscle 

cell, SMCs, intimal hyperplasia can be minimised through fast endothelialisation-

growth of ECs, or preventing SMCs from migration and proliferation. ECs and SMCs 

are two kinds of cells which are important for maintaining healthy vascular function and 

are closely related to the occurrence of in-stent restenosis. To reduce in-stent restenosis 

rate, the speeding up of re-endothelization (the growth of ECs after injury in surgeons), 

and the prohibition to the growth of SMCs are fundamental.  It has been indicated that 

suitably modified TiO2 surfaces can increase the proliferation and function of ECs while 

decreasing proliferation of SMCs [13-15]. Another study found that the proliferation of 

ECs also increased on the similar hexagonal honey-comb patterned surface [295], even 

though it has a much larger size. Therefore, in these types of biomedical applications it 
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is essential to accurately control the size of TNTs at the scale of nanometres and to 

achieve TNT layers with a high level of homogeneity.  

The present work has also indicated that crystallographic texture of polycrystalline 

titanium, which is difficult to control and predict, influences TNTs layers in ways that 

are both difficult to predict and will depend on the orientation of the surface. Hence 

using HPT to reduce the textures, as was shown in Section 7.2.1, should increase 

predictability of the TNT production process and improve the homogeneity of TNTs 

formed.   
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Chapter 10: Conclusions and future work 

10.1 Conclusions 

In this work, HPT and anodization have been used to modify the bulk mechanical and 

surface properties of commercially pure titanium with the aim of providing improved 

materials for biomedical applications. A range of materials analysis methods were used 

with the aim to understand the relevant mechanisms responsible for the modifications. 

HPT processing up to 10 turns under 3 GPa has been carried out. The grain sizes have 

been drastically refined from the early stage of HPT processing (1 turn) and after 10 

turns, the grains were refined from ~13 µm to ~140 nm and the microhardness increased 

from 1.7 to 2.8 GPa. Therefore HPT processed Ti can be used as an alternative to the 

potentially hazardous Ti-6Al-4V alloy for hard tissue replacement applications. Also, 

HPT processing leads to a gradual increase of occurrence of the Ti (0002) plane and a 

gradual decrease of Ti (10-10) plane on the broad surface of the HPT disc, stabilizing at 

4 turns up to 10 turns. 

Self-organized TNT layers have been grown on titanium substrates with a variety of 

grain sizes and microstructures by anodization. By using a range of anodization times, 

as well as varying the anodization voltage and fluoride content, the thickness of the 

TNT layer was varied in the range of 150 nm up to ~ 5 μm. Within 16 h, the tube length 

of TNT layers was proportional to time. A high fluoride concentration led to shorter 

TNTs for an enhanced effect of oxide dissolution. 
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One-step anodization was carried out on sample surfaces that were mechanically ground 

using different procedures. TNTs on 14000 grit diamond paste polished samples 

possessed the smallest TNT diameters, while samples ground by 4000 grit abrasive 

papers had the largest TNT diameter and the samples ground by 1200, 800 and 120 grit 

abrasive papers showed intermediate TNT diameters. Analysis using j-t curves, SEM 

and roughness measurements, suggests the titanium surface roughness at the nanoscale 

affects the oxidation rate and thus affects TNT morphologies, whilst surface roughness 

on a larger scale (beyond ~100 nm) has little effect. Mechanical preparation 

significantly affects the morphology of TNTs. HPT processing influences TNT layers 

only for surface preparations with a grit size of 4000 or finer. The oxide dissolution rate 

was faster for TNT layers on titanium with a UFG microstructure produced by HPT 

processing. 

In two-step anodization, the increase of dislocation density and grain boundaries due to 

HPT processing leads to TNT layers that are 14% thicker as compared to those of the 

CG counterparts. HPT processing also results in a more homogeneous distribution of 

TNT sizes because grain refinement reduces the influence of texture on the growth of 

TNT layers. Moreover, HPT processing also leads to a change in the oxide in the TNT 

layers, which are more prone to dissolution, and in the two-step anodization employed 

in the current study, HPT processing leads to different TNT top surface patterns that are 

more hydrophobic. The increased homogeneity of diameters of the TNT layers might 

enhance the biocompatibility of biomedical implants.  

The influence of grain refinement on the crystalline structure and electronic properties 

of the TiO2 nanotube layer is also analysed. Grain refinement of the substrate affected 

the phase transformation of TNT layers upon heating. The as-anodized TNT layer was 
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amorphous and upon heating at 350 , it transformed into the crystalline anatase phase. 

For the HPT sample, both the texture of resultant anatase phase and the phase 

transformation temperature were different from those on the CG sample. Crystalline 

TNTs on HPT-processed samples showed a preferential orientation of (001) plane, 

which is more active than the thermodynamically stable (101) facet. 

Compared to those on AR samples, TiO2 nanotubes grown on HPT samples are more 

hydrophilic, indicating increased surface energy, which has a significant influence on 

cellular behaviour. 

10.2 Future work 

In Chapter 4 it was shown that the hardness and strength of pure titanium have 

significantly increased through HPT processing with drastic grain refinement, compared 

with the as-received sample with coarse grain size. At present, Ti-6Al-4V alloy is the 

most frequently used Ti alloy in biomedical implant applications. The addition of 

alloying elements to pure titanium enables it to have a binary-phase microstructure. The 

alpha phase promotes good weldability, excellent strength characteristics and oxidation 

resistance and the beta phase can precipitate by an ageing heat treatment. Applying SPD 

processings to Ti-6Al-4V alloys will lead to two main changes. Firstly, SPD processing 

will lead to grain refinement and strength enhancement of the alpha phase matrix, which 

has been extensively reported in the literature and proved by the current work. 

Secondly, SPD processing will increase the homogeneity of the binary-phase 

microstructure by refining both phases to the submicron scale. Therefore, it is very 

interesting to study the anodization behaviours of SPD-processed Ti-6Al-4V alloys. 
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In Chapter 6, the influence of mechanical sample preparation of titanium samples on the 

anodized TNT layers was investigated. It is found that the micro surface roughness, 

which is in the scale similar to the diameter of TNTs, affects the morphologies of TNTs 

more than the macro surface roughness determined by sample preparation. To 

quantitatively investigate the influence of micro surface roughness, the residual stress at 

the sample surface should be measured by XRD and the elemental composition of the 

titanium surfaces before anodization need to be clarified by X-ray photoelectron 

spectroscopy. A relationship between the original oxide layer and residual stress of 

titanium samples with the anodized TNT layers can thus be established. In addition, 

beyond the mechanical surface preparation used in the present work, electrochemical 

polishing and chemical polishing can be carried out to investigate their influence on the 

residual stress and original oxide layer on TNT layers. 

The results from Chapter 7 further validated the hypothesis of using UFG titanium 

coated with TNT layers to improve both the bulk and surface properties of biomedical 

implants, therefore further research is desirable. Firstly, it is necessary to carry out in 

vitro experiments with living cells to monitor the biocompatibility of the coatings. Also, 

it is necessary to carry out fatigue tests in a similar loading to that of human bone. 

Secondly, since HPT processing has been proven to increase the homogeneity of TNTs, 

which are crucial to the vitality of cells, in vivo experiments are important to prove the 

increased biocompatibility suggested in the current study. 

The results from Chapter 8 are also very promising. XRD, DSC and photoluminescence 

characterizations have shown that HPT processing affected the phase transformation 

from the amorphous phase to crystalline anatase phase in terms of both the phase 

transformation temperature and the texture of the final product after the transformation. 
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The anatase phase in TNTs on HPT samples showed a preferential orientation of the 

(001) plane, which is more active than the thermodynamically stable (101) facet, 

therefore is preferred to enhance conversion efficiency of solar cells. Also, TiO2 showed 

increasing photoluminescence intensity with decreasing grain size, indicating the 

charges in the TNT layer were getting less and less mobile. Therefore it is necessary to 

further study the phase transformation of TNT layers. Firstly, X-ray photoelectron 

measurements should be applied to study the chemical bonding structures of as-

anodized TNT layers and those after heat treatments. In addition, a more detailed DSC 

test would allow characterization of the amorphous to anatase phase transformation. The 

relationship between grain refinement and the phase transformation thermodynamics 

should be investigated. Further research on solar cells using TNTs produced on HPT 

samples should also be conducted. 
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a  b  s  t  r  a  c  t

Anodic  titanium  dioxide  nanotube  (TNT)  arrays  have  wide  applications  in  photocatalytic,  catalysis,
electronics,  solar  cells  and  biomedical  implants.  When  TNT  coatings  are combined  with  severe  plas-
tic  deformation  (SPD),  metal  processing  techniques  which  efficiently  improve  the strength  of  metals,  a
new generation  of  biomedical  implant  is  made  possible  with  both  improved  bulk  and  surface  properties.
This  work  investigated  the  effect  of processing  by  high  pressure  torsion  (HPT)  and  different  mechanical
preparations  on  the substrate  and  subsequently  on  the  morphology  of  TNT  layers.  HPT  processing  was
applied  to refine  the  grain  size  of  commercially  pure  titanium  samples  and  substantially  improved  their
strength  and  hardness.  Subsequent  anodization  at 30 V in  0.25  wt.%  NH4F  for 2 h to  form  TNT  layers  on
sample  surfaces  prepared  with  different  mechanical  preparation  methods  was  carried  out.  It  appeared
that  the  local  roughness  of  the  titanium  surface  on  a microscopic  level  affected  the  TNT  morphology
more  than  the  macroscopic  surface  roughness.  For  HPT-processed  sample,  the  substrate  has  to  be  pre-
treated  by  a  mechanical  preparation  finer  than  4000  grit  for  HPT  to  have  a significant  influence  on  TNTs.
During  the  formation  of  TNT layers  the  oxide  dissolution  rate  was  increased  for  the ultrafine-grained
microstructure  formed  due  to HPT  processing.

Crown  Copyright  © 2016  Published  by Elsevier  B.V.  All  rights  reserved.

1. Introduction

Titanium and its alloys are widely used in biomedical implants
[1,2], because of their good mechanical and surface properties.
Although the success rate of titanium implants is very high [3],
failures do happen due to various factors. Overloading and insuffi-
cient osseointergration are complications related with the implant
material that demand solutions from materials science. To address
overloading, processing titanium through severe plastic deforma-
tion (SPD), such as high pressure torsion (HPT) [4], can increase
hardness and strength whilst maintaining good ductility with-
out introducing harmful or costly additional elements [5]. In
addition, modifying the natural oxide layer of titanium, which pro-
vides remarkable surface properties, can address issues related
to insufficient osseointegration [6] and undesired cell growth
[7–9]. Titanium dioxide nanotubes (TNT) made by electrochemi-
cal anodization can modify the oxide layer, which can be utilized to
positively affect cellular behaviours, such as migration [9], adhesion
[10], proliferation [7,10,11] and differentiation [12,13]. By modify-
ing the surfaces of SPD processed titanium with TNT layers, there is

∗ Corresponding author.
E-mail address: N.Gao@soton.ac.uk (N. Gao).

a possibility to simultaneously increase the bulk and surface prop-
erties, therefore further increasing the success rate of titanium
implants. The present work is the first time that the anodization
behaviour of SPD processed titanium is being investigated.

A typical characteristic of ultra-fine-grained (UFG) materials
made by SPD processing is their high density of lattice defects,
including vacancies, dislocations, grain boundaries as well as other
types of defects [4]. Grain boundaries are usually associated with
an increased electrical resistivity and enhanced atom diffusivity,
which may  lead to a different electrochemical behaviour, such as
anodization and corrosion. However, although they have shown
some unusual corrosion behaviours [14–17] compared to titanium
in normal grain size, the anodization behaviours of UFG titanium
made by SPD processing have rarely been investigated. To further
understand the influence of grain refinement on anodization, a
study on the anodization mechanisms of UFG titanium produced
by SPD is needed.

In addition, most researches aiming to control the morphology
and properties of TNT layers mainly focused on tailoring the extrin-
sic parameters, i.e. electrochemical parameters such as potential
[18], electrolyte types [19–22], water content [23] and sweep rates
[24]. However, the influence of intrinsic factors, such as surface
roughness, surface conditions and grain size and orientation of
the titanium substrate are rarely studied [25–28] and the signif-
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Fig. 1. Schematic illustration of the HPT facility [33].

icant influence of sample preparation methods on TNT growth
makes it difficult to study the effects of grain size separately
[27,28]. Lu et al. [27] anodized samples with various surface con-
ditions: as-received, chemical polished, mechanical polished and
electropolished states and found that the morphologies of TNT lay-
ers on these four kinds of samples are quite different from each
other. But another study using the same set of samples showed very
different nanotube growth and morphologies [28]. In this work,
one aim is to find out the proper sample preparation to reveal the
influence of substrate microstructure on the growth of TNT lay-
ers. Therefore titanium surfaces with different surface roughness
prepared only by mechanical grinding or polishing were used in
anodization, so they only differ in surface roughness with similar
surface chemical composition and surface oxide layer. Another aim
of this study is to explore the influence of HPT processing on the
TNT layers for the new generation of biomedical materials. Tita-
nium samples in two different grain sizes: UFG titanium prepared
by HPT and coarse-grained titanium were used. Since TNTs also
have wide applications in other areas such as photocatalytic devices
[29], electronics [30], solar cells [31] and sensors [32], a study of the
anodization behaviour of UFG titanium may  also provide insights
relevant for these applications.

2. Experimental

In this study, commercially pure (CP) titanium (Grade 2) was
used. Before HPT processing, CP Ti extruded bars with a diameter
of 10 mm were cut and ground into slices with thickness between
0.80–0.85 mm.  The slices annealed at 750 ◦C for 30 min  were des-
ignated as coarse-grained (CG) samples. The mechanism for HPT
processing is illustrated in Fig. 1 [33]. The experiment was  carried
out under a quasi-constrained condition, using two  anvils under an
imposed pressure, P. Torsional straining was applied through rota-
tion of the lower anvil. HPT processing was carried out under 3 GPa
pressure with 10 turns at room temperature.

A Matsuzawa Seiki MHT-1 microhardness tester was  used to
measure the Vickers micro-hardness, Hv, of the samples. All the

samples were ground with SiC abrasive papers from 120, 800, 1200
and to 4000 grit successively before the hardness test. All the tests
were carried out under a weight of 1000 g at a dwell time of 15 s.
The tensile tests were performed on an Instron 3300 testing system
with a load resolution of 0.1 N. Small tensile specimens with a 1 mm
gauge length and 1 mm width were machined from HPT disks using
electro-discharge machining. The ultimate tensile strength (UTS)
was obtained from the tensile curve and the percentage elongation
was calculated by using the elongated length of the gauge after
fracture.

An Olympus BX41M-LED microscope was  used for optical
microscopy (OM) observation to measure the grain size of the CG
sample. Samples were ground with SiC abrasive papers of 120, 800,
1200 and 4000 grit, and then polished with 6 �m and 1 �m dia-
mond paste (Struers). After grinding and polishing, etching with an
acid solution containing HF, HNO3 and H2O with a volume percent-
age of 2:3:10 was  conducted. A linear intercept method was used
for measuring grain size in OM images. A U-AN360-3 polarizer was
used to make coloured metallographic images with polarized light.

A JEM 3010 Transmission Electron Microscope (TEM) was  used
for TEM observation with an accelerating potential of 300 kV. TEM
samples were prepared through twin-jet electropolishing with a
solution containing 6% HClO4 + 4% H2O+ 90% ethanol under 30 V
at a temperature between −30 to −25 ◦C. Selected area electron
diffraction (SAED) was carried out with a spot size of 360 nm.  X-ray
diffraction (XRD) analysis was  conducted using a Bruker D2 PHASER
diffractometer equipped with a graphite monochromator using Cu
K  ̨ radiation.

Prior to anodization, both CG and HPT samples were subjected
to five types of mechanical pre-treatments: grinding with 120,
800, 1200 and 4000 grit abrasive papers and polishing with 1 �m
diamond paste. The grits are determined from European FEPA or P-
Grading standard, and particle sizes for the five treatments are 125,
22, 15, 5 and 1 �m,  respectively. In this paper, the 1 �m polished
state will be referred to as the equivalent grit size, i.e. a 14000-grit
state. After grinding and polishing, each sample was  ultrasonicated
in acetone for 15 min  and in distilled water for 15 min, respectively,
therefore it is expected that no particles are left on the sample
surface before anodization.

After each mechanical preparation, the processed surface pro-
files were recorded using infinite focus optical microscopy (IFM) on
an Alicona non-contact profilometer. A total of five measurements
were made per sample to allow calculation of mean and standard
deviation. The ASME B46.1-2002 standard was  used to calculate
the surface roughness of these ground samples. For the 14000-grit
sample, the surface roughness (Ra) was tested on a Taylor-Hobson
facility. In this investigation, data for every measurement was  col-
lected from a length of 5 mm  travelled by a stylus, which records
the profile information. Each sample was tested four times and the
average Ra was  obtained from these measurements.

Anodization was carried out on a two-electrode cell to fabri-
cate TiO2 nanotubes on the surface of titanium samples. In this
work, an organic based electrolyte containing 0.25 wt.% ammonium
fluoride (Riedel-de Haën), 1 wt.% deionized water and 98.75 wt.%
glycerol (Alfa Aesar) was  used. Ti samples were anodes of the cell
with a round area of diameter of 0.6 mm exposed to the elec-
trolyte. The dimensions of those anode samples are identical to
the HPT sample: disk with a diameter of ∼10 mm  and thickness
of ∼0.6 mm.  Constant direct currents of 30 V or 15 V were used.
The distance between electrodes was 1 cm,  and all the anodization
experiments lasted for 2 h. The current density vs. time transient
curves (j-t curves) were recorded. CG samples anodized under 30 V
are labelled as CG30 followed by grit numbers and those anodized
under 15 V are labelled as CG15 followed by grit numbers. HPT sam-
ples anodized under 30 V are labelled as HPT30 followed by grit
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Table 1
Labels of samples in different grain size and surface roughness anodized at different potentials.

120 grit 800 grit 1200 grit 4000 grit 14000 grit

CG at 30 V CG30-120 CG30-800 CG30-1200 CG30-4000 CG30-14000
CG  at 15 V CG15-120 CG15-800 CG15-1200 CG15-4000 CG15-14000
HPT  at 30 V HPT30-120 HPT30-800 HPT30-1200 HPT30-4000 HPT30-14000

numbers. Thus anodization was performed on 15 different samples
and the labels of those samples are presented in Table 1.

The morphology of the titania nanotubes was observed on a Jeol
JSM 6500F field-emission SEM. Secondary electrons under accel-
erating potential of 10 kV were used for the observation. Nano
Measurer 1.2 software was  used to measure the nanotube mor-
phologies including top and bottom diameters, and TNT layer
thickness.

3. Results and analysis

3.1. Substrate characteristics before anodization

3.1.1. The microstructure and properties of titanium substrates
Fig. 2(a) shows the polarized light image of the CG sample, the

different colours are due to different orientations of the grains. The
mean grain size for the CG sample is 13 ± 2 �m.  Fig. 2(b) shows the
microstructure of samples subjected to 10 turns of HPT process-
ing. No clear grain boundaries can be seen indicating grain sizes
are smaller than the resolution. Therefore, it is necessary to use
TEM with much better resolutions to study the microstructures of
HPT-processed samples. Fig. 2(c) shows a bright field TEM image of
the HPT-processed sample, and (d) is the corresponding dark field
image. The in-set image is the SAED pattern of the blue circled area
in Fig. 2(c) with a spot size of 360 nm.  It can be seen from these
TEM images that the microstructure is reasonably homogenous
and grain size had been refined to nano-scale after HPT processing.
Even with a small aperture size of 360 nm,  the diffraction pattern
still presents lots of spots arranged in circles, indicating several
grains with high angle grain boundaries exist in this small area [5].
In addition, the significant spreading of spots confirms the exis-
tence of high microstrains [34]. The existence of high microstrains
is also confirmed by XRD peak broadening presented in the Supple-
mentary data (Fig. 1S), from which we have derived a microstrain
of ∼0.19% and a dislocation density of ∼4.6 × 1014 m−2. The non-
uniform contrast in bright-field and dark-field images also indicates
significant distortions. From the dark field image, the average grain
size of the HPT processed sample was estimated as 140 ± 10 nm.
The results of microhardness and tensile tests show that the Hv and
UTS have been significantly increased from 1.7 GPa and 580 MPa  in
the CG sample to 2.8 GPa and 860 MPa  in the HPT sample.

3.1.2. Surface roughness before anodization
Fig. 3 shows CG Ti sample surfaces after surface preparations

with various mechanical preparations. The insets show the IFM
data with pseudo colours representing height. Generally, with the
increase of grit numbers, Ra decreases. The depth of maximum
scratch grooves decreases from more than 2 �m in the 120 grit sam-
ple (Fig. 3(a)) to about 100 nm in the 14000 grit sample (Fig. 3(e)).
Ground HPT-processed samples show a surface topography similar
to the CG samples.

In order to view effects of different mechanical preparations at
a scale relevant to TNTs (which have a diameter of several tens of
nm), analysis of the CG sample surfaces are conducted in SEM, illus-
trated in Fig. 4. The 120, 800 and 1200 grit samples show similar
surfaces in SEM images (Fig. 4(a–c)). Taking the 800 grit sample
as an example, the lower left half of the image in Fig. 4(b) is part
of a scratch with the linear feature near the diagonal of the image

being the edge of the scratch. Except for the rough scratch edge
area, the surface within the scratch is comparatively smooth and
many nanotubes can form within a locally “smooth” surface at the
bottom of a scratch. In this image, the width of the crack edge is
about 100 nm,  so the percentage of the “rough” scratch area in the
image is about 10.8%. Although the 4000 grit sample is smoother in
terms of the macroscopic Ra, the magnified SEM image shows that
it is actually much rougher (Fig. 4(d)), containing more irregulari-
ties at the scale of the nanotube diameters (∼30–80 nm). The area
within the scratch is rough and rippled therefore can be regarded
as a locally “rough” area while the surface outside of the scratch
is smooth. So in the 4000 grit sample, the percentage of the rough
scratch area is about 28% in Fig. 4(d). For the 14000grit sample, the
majority of the surface is smooth with only a very small scratch
seen in Fig. 4(e). The width and length of the scratch is about 80
and 100 nm.  The percentage of the scratch on the surface is about
0.2% in this image.

3.2. TNT growth mechanisms for substrates in different roughness
and grain sizes

The current density vs. anodization time, j-t, transient curves for
samples subjected to different mechanical preparations are shown
in Fig. 5, which demonstrates that mechanical preparations lead to
three types of curves:

3.2.1. Typical j-t curves: 120, 800 and 1200 grit samples
The 120, 800 and 1200 grit samples in Fig. 5 show typical fea-

tures of j-t curves with three stages (I–III) [35] during the formation
of TNT layers [36,37].

For CG samples anodized at 15 V, the 120, 800 and 1200 grit
samples showed similar three-stage behaviour as those anodized
at 30 V but at about half the magnitude of j. The transition points
between stages are quite similar for CG samples anodized at 30 V
and 15 V.

HPT samples anodized at 30 V show similar trends as CG samples
in the same anodization conditions. For surfaces pre-treated by 120,
800 and 1200 grit abrasive papers, little difference is found between
TNT layers on CG and HPT samples.

3.2.2. The lowest current density: 4000 grit samples
Samples with smoother surfaces (4000 and 14000 grit sam-

ples) show trends that are distinctively different from the typical
ones discussed above. The j-t curve of the CG30-4000 sample also
shows the three-stage behaviour, but with a much lower j than
that of all the other samples. Moreover, the CG30-4000 sample
shows an extended time period in Stage I and II compared to the
CG30-800 sample, which indicates that the nucleation rate of TNTs
on the CG30-4000 sample is much slower than that of the CG30-
800 sample. Moreover, the HPT30-4000 sample showed a higher
j and comparatively short time period in Stage I and II compared
to the CG30-4000 sample and the former shows a Stage III while
the latter does not. Since HPT30-4000 sample showed the same
oxidation rate as the CG30-4000 sample in Stage I, the difference
between them in Stage II and III can be explained by a quicker oxide
dissolution rate on the HPT sample.
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Fig. 2. OM images of titanium substrates: (a) the CG sample, (b) the HPT sample. TEM images of the HPT sample: (c) bright-field (SAED as an inset) and (d) the corresponding
dark-field image.

3.2.3. The highest current density: 14000 grit samples
The CG30-14000 and the CG15-14000 sample show the typi-

cal three-stage trend but at a much higher j compared to the four
samples with rougher surface conditions in the same anodization
condition. For the HPT30-14000 sample, although it shows a simi-
lar j to the CG30-14000 sample, it is difficult to distinguish Stage I, II
and III on the j-t curve. One simply observes a monotonic decrease
of j along the whole anodization period on the HPT sample.

3.3. TNT morphologies

Fig. 6(a)–(e) shows the top surface morphologies of TNT layers
on the CG Ti samples anodized at 30 V. On the surface of all the
TNT layers a layer of capping oxides is found, which is a remnant
of the penetration of the compact oxide formed in Stage I, and this
capping oxide layer is frequently found on the nanotube tops after
anodization [36]. The dimensions of the TNT layers underneath the
capping oxide are shown as the insets in Fig. 6(a)–(e), and the inter-
nal diameter (din) and external diameter (dex) of the nanotubes are
illustrated in Fig. 6(f). The 120, 800 and 1200 grit samples display
similar TNT dimensions with din of 22–26 nm and dex of 61–65 nm.
The size of nanotubes on the 4000 grit sample (Fig. 6(d)) is larger
than that on the 800 grit sample (Fig. 6(b)) with the former hav-

ing din of ∼16 nm,  dex of ∼77 nm.  On the 14000 grit sample din is
∼17 nm and dex is ∼26 nm.

To further investigate the influence of Ra on the TNT growth, the
layers of anodized nanotubes were peeled off from the Ti substrate
on the CG 800, 4000 and 14000 grit samples to reveal the bottom
morphologies of TNTs (Fig. 7). The CG 120, 800 and 1200 samples
show similar j-t curves (Fig. 5) and SEM images (Fig. 6 (a)-(c)), there-
fore one sample (CG30-800) is selected as the representative of
these three samples shown in Fig. 7(a). The insets in Fig. 7 are the
TNT bottom morphologies on HPT samples with the same surface
condition. Whilst at the top the TNT layer is covered by a capping
oxide layer, which makes the observation of nanotube spacing very
difficult, at the bottom a fairly regular arrangement of nanotubes
can clearly be seen. The approximately hexagonal type of alignment
of TNTs are marked by red hollow hexagons in Fig. 7(a)–(c). The
schematic image of the ideal arrangement of TNTs at the bottom
with the illustration of bottom diameter (dbt) and the inter-tube
distance (id) is shown in Fig. 7(d).

Fig. 7(a) shows that the bottom of nanotubes on the CG 800 grit
sample is comparatively homogeneous with a dbt of ∼70 nm. And
the HPT 800 grit sample showed very similar bottom dimensions.
The CG 4000 grit sample, however, shows a different morphology:
the size is much more inhomogeneous with the smallest diameter
of ∼40 nm and the largest up to ∼100 nm and the average dbt is
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Fig. 3. OM surface images and topographies prior to anodization. The insets are the corresponding Alicona IFM images where each colour represents a different height.
Surfaces respectively ground by (a) 120, (b) 800, (c) 1200, and (d) 4000 grit abrasive paper. (e) Surface polished by 14000 grit diamond paste.

Table 2
TNT bottom dimensions at different surface condition on samples with different grain size.

sample TNT dimension 800 grit 4000 grit 14000 grit

CG dbt 70 nm 75 nm 40 nm
id 68 nm 89 nm 40 nm

HPT  dbt 70 nm 90 nm 37 nm
id 69 nm 88 nm 37 nm

∼75 nm with a larger spacing between single nanotubes. The HPT
4000 grit sample showed an even larger dbt of 90 nm and the CG
14000 grit sample shows the smallest dbt of 40 nm as compared
to other CG samples. The diameter is homogeneous and TNTs are
close to each other with id of 40 nm.  The HPT 14000 grit sample
also showed the smallest dbt compared with other HPT samples,
with a size even smaller than that of the CG 14000 grit sample of
37 and id is 37 nm.  The measurements of TNT bottom dimensions
at different surface condition on samples with different grain sizes
is given in Table 2.

Fig. 8 shows the characteristic dimensions of the nanotubes,
including dex, din and dbt, on CG samples processed by different
mechanical preparation after anodization at 30 V. The CG 4000 grit
sample shows the largest and the CG 14000 grit sample shows the
smallest dex and dbt. The 120, 800 and 1200 grit samples show

diameters which lie in the middle. The relationship between Ra and
nanotube diameter is complex: with the surface getting smoother,
dex and dbt firstly increases (4000 grit) and then decreases (14000
grit). For HPT samples, the same trend was  found.

Fig. 9 shows the thickness of TNT layers on the CG 800, 4000
and 14000 grit samples, in which the insets are the magnified
cross-sectional images of the capping oxide layer at the top. The
thickness of TNT layers on the CG 800, 4000 and 14000 grit sam-
ples are 797, 611 and 648 nm,  respectively, and thicknesses of their
capping oxide layers (tc) are about 49, 115 and 42 nm. For the CG
800 and the 14000 grit samples, each nanotube touches adjacent
ones in the cross-sectional view, whilst for the CG 4000 sample
some neighbouring nanotubes appear separated but connected by
“hair-like” structures (marked by a black arrow in Fig. 9(b)). This is
consistent with the bottom SEM images, in which nanotubes in the
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Fig. 4. SEM images of CG sample substrates processed by (a) 120, (b) 800, (c) 1200 and (d) 4000 grit abrasive paper. (e) Surface polished by 14000 grit diamond paste before
anodization.
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Fig. 6. SEM top views of the TNT layers on CG samples after 2 h of anodization under 30 V: (a) 120, (b) 800, (c) 1200, (d) 4000 and (e) 14000 grit samples, and (f) is a schematic
depiction of the morphology of TNTs in the insets. The insets in (a–e) show the corresponding top views of TNTs after removing the capping oxide.

CG 800 and 14000 grit samples are closely connected to each other
whilst there are some spaces between nanotubes on the CG 4000
grit sample.

4. Discussion

4.1. The influence of HPT processing on the mechanical properties
of CP titanium

Fig. 2 shows that the grain size of CP titanium has been substan-
tially refined from ∼13 �m to ∼140 nm after HPT processing. (It
should be noted that grain sizes measured from dark field images
can slightly underestimate the grain size due to distorted layers
at the periphery of each grain [5].) The HPT processed Ti has large
grain boundary misorientations [38], confirmed by a large number
of well-spaced spots in a circle arrangement in the SAED patterns
(Fig. 2(c) inset).

Most SPD-processed materials demonstrate enhanced hardness
and strength at room temperature [39]. For conventional polycrys-
talline metals, the relationship between the strength as well as

the hardness and the mean grain size can often be described by
a Hall-Petch relationship [40]:

�y = �0 + kd− 1
2 (1)

Where �y is the yield stress or the hardness, d is the average
grain size, �0, andk are material constants. Table 3 summarizes
the mechanical properties and grain sizes of CP Ti obtained in this
work and in the literature with different SPD processing (including
equal-channel angular pressing (ECAP)). It can be seen that after
HPT processing, the grain size of CP titanium are all substantially
refined and the UTS and Hv values are all improved with fair ductil-
ity. The main mechanism involved in grain boundary strengthening
is the build-up of dislocations [39,42,43] at grain boundaries dur-
ing deformation, and a detailed analysis of dislocation density and
grains size data shows [39] that dislocation hardening is the main
factor determining the improvements in strength in many SPD-
processed pure and CP metals [42,43], including Ti.

4.2. The influence of mechanical preparation on the morphologies
of TNTs

The reasons for the complex relationship between TNT size and
sample preparation methods (shown in Fig. 8) can be illucidated
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Fig. 7. SEM images of the bottom of TNT layers on different surface conditions on CG samples anodized at 30 V: (a) 800, (b) 4000 and (c) 14000 grit samples, and (f) is a
schematic depiction of the bottom of TNT layers. The insets show the bottom of TNT layers on HPT sample with the same surface condition.

Table 3
Mechanical properties of CP Ti (grade 2) at room temperature after various processing methods.

Methods of SPD Average grain size UTS (MPa) Elongation (%) Hv (GPa) References

CG 13 �m 580 27.6 1.7 Current study
HPT  (3 GPa) ∼140 nm 860 8.0 2.8 Current study
ECAP  + cold rolling ∼100 nm 1150 8.0 3.2 [41]
HPT (5 GPa) ∼120 nm 950 14.0 2.7 [5]
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by careful examinion of the j-t curves, as the size of TNTs is a
result of the competition between oxide formation and dissolu-
tion, which is reflected in those curves. The present results show
that both dex and dbt decrease with increasing j. For example, the
CG30-14000 grit sample shows the highest j in Fig. 5, and in Fig. 7(c)
it shows the smallest dbt. For the CG30-4000 sample the inverse is
the case. In work on anodized CP Ti samples prepared by differ-
ent polishing methods [27], a similar trend was reported (samples

displaying higher j during anodization showed smaller TNT diame-
ters). However when different j values were achieved by changing
the electrochemical settings such as the applied potential U, the
diameter of TNTs was  controlled by U, showing an opposite trend:
the diameter increases with the increasing j and increases linearly
with U [44,45]. The applied potential U is widely accepted to con-
trol the nanotube size [10,18,44,45]. In the current study, compared
with the trend of dex and dbt, the change of din on different surfaces
is small (Fig. 8) suggesting that U determines din of TNTs in anodiza-
tion, because all the samples with different Ra were anodized at the
same U and they show similar din, therefore Ra has little influence
on din. However, the findings in this work indicate the macroscopic
and microscopic surface roughness of titanium samples influences
dex and dbt of TNTs.

The difference in the dbt and dex is atributed to their different j
during anodization. In Stage I, a high resistance compact oxide layer
is formed following the reaction [37]:

Ti + 2H2O → TiO2 + 4H+ + 4e− (2)

As the potential U is constant, the electric field F = U/ıb decreases
continuously with increasing thickness of oxide ıb, leading to a drop
of current (Fig. 5) and j is related to the thickness of the compact
oxide layer ıb as [28]:

j = ˛eˇ U
ıb (3)

where � and � are electrolyte and material dependent constants.
From Eq. (3), it can be seen that a thick TiO2 barrier layer ıb will
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Fig. 9. SEM images of the cross-sectional views of TNT layers on CG samples anodized at 30 V with different surface condition: (a) 800, (B) 4000 and (c) 14000 grit samples.
The  insets show the magnified images of the cross-section views of the capping oxide layer.

Fig. 10. Schematic of titanium surfaces after different mechanical preparation with
the fragmented layer and deformation layer depicted [46].

cause a low j. In Fig. 5, the value of j from the lowest to the highest
are on the CG30-4000, CG30-800 and CG30-14000 samples, respec-
tively, therefore their ıb after Stage I will decrease in that order. The
value of tc at the top of TNT layers after the anodization process, also
supports this relation (Fig. 9), because this capping oxide layer seen
at this stage is the penetrated compact oxide layer formed in Stage
I [24], therefore the value of tc shows the value of ıb when TNTs
started nucleation. From Fig. 9, tc for the CG30-4000, CG30-800 and
CG30-14000 samples are about 115, 49 and 42 nm,  respectively.

In Stage I, ıb is determined by field-aided transport of mobile
ions (Ti4+, OH− and O2−) through the oxide layer under a constant U.
The efficient electric field across ıb: Fo = U/ıb drops constantly with
increasing ıb [37]. After Stage I, in order to maintain the oxidation
process, ions (i.e. O2−, OH−, Ti4+, F−) must move quickly through
the oxide layer and porosity is induced due to the presence of F−

[37]:

TiO2 + 6F− + 4H+ → [TiF6]2− + 2H2O (4)

Similar to the case of oxide formation, the oxide dissolution is
also determined by field-aided F− migration, therefore the elec-

tric field for oxide dissolution also decreases with increasing ıb:
Fd = U/ıb. From Eq. (3) we obtain:

Fd =
ln

(
j
˛

)

ˇ
(5)

Since the CG30-14000 sample demonstrated the highest j, oxide
dissolution on this sample is the strongest (highest Fd), leading to
more breakdown sites which are the nuclei for TNT initiation and
causing a faster initiation rate of TNTs. Therefore, on the CG30-
14000 sample, TNT nucleation occurs at the fastest rate, leading
to the smallest dex and dbt. In contrast, on the CG30-4000 sample,
which shows the lowest j at the end of Stage I and thus the weak-
est Fd, TNT nucleation occurs at the slowest rate, leading to the
largest dex and dbt and a prolonged nucleation time. Therefore, in
this study, a high j at the end of Stage I results in small dex and dbt.

The above rationalises the relation between j and dex and dbt. The
difference in the j of the different samples is thought to be caused
by the surface morphology of those samples and particularly the
microscopic surface roughness. Although the macroscopic surface
roughness of titanium samples decreases with the increase of grit
numbers (Fig. 3), from Fig. 4 it can be seen that the CG30-4000 sam-
ple is locally the roughest, followed by the CG30-800 sample and
the locally smoothest CG30-14000 sample. The locally rough areas
may  act as nucleation sites for the oxidation process. The larger the
percentage of rough areas, the higher the oxidation rate on the sur-
face, leading to a lower j and a higher ıb at the end of Stage I. This
interpretation is supported by their measured j at the end of Stage
I (Fig. 5).

4.3. The influence of substrate grain size on the TNT layers

4.3.1. Surface preparation required to reveal the influence of
substrate grain size

Mechanical preparation of metallic samples can remove all the
original surface oxides. But this will unavoidably introduce a plas-
tically deformed layer at the surface of metals, because even the
finest scratch will create a deformed layer underneath [46]. Based
on the work by Samuels [46], a schematic diagram of the surface
deformation layer on titanium samples used in this study is pro-
vided in Fig. 10. The layer at the bottom is the fragmented layer at
the surface which contains scratches. A thinner significant defor-
mation layer exists beneath the root of a scratch. The grit number is
inversely proportional to the width of the largest scratch, and thus
the larger the grit numbers the thinner the deformation zone and
the smaller the surface strain.

The fragmented layer consists of severely plastically deformed
material. For the 120, 800 and 1200 grit samples, the surfaces are
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Fig. 11. Geometrical parameters of TNT bottom layer, dbt is the external bottom diameter and id is the inter-nanotube distance. (a) is the case when id = dbt, (b) is the case
when  id > dbt and (c) is the case when id < dbt.

fully covered by scratches, and hence the oxides on those sam-
ples formed during anodization should all originate from severely
deformed titanium in the fragmented layer. So there is little differ-
ence between the CG sample and the HPT sample, because they all
have this fragmented layer after mechanical preparation. However
HPT and CG samples differ in terms of the characteristics of the
material below the fragmented layer and the deformation layer.
The difference between TNT layers on the CG and the HPT sample
appeared when the grit number increases to 4000 (Figs. 6 and 7).
This is probably due to the surface containing a thinner deforma-
tion layer, so the largely undisturbed materials (the topmost layer
in Fig. 10) can be turned into oxides. Whilst the severe plastically
deformed layers on CG and HPT samples are similar, these samples
differ substantially in terms of the material beneath the signifi-
cantly deformed layer (Fig. 2). This can explain why  the influence
of grain refinement on the growth mechanism and morphology of
TNT layers appears for grinding papers of 4000 grit and finer.

4.3.2. The influence of substrate grain size on the TNT
morphologies

For an ideal hexagonal arrangement of nanotubes [37]
(Fig. 11(a)), dbt is equal to id. However, for the CG 4000 grit sam-
ple, id is larger than dbt by 18.4% (Table 2) and so at the bottom the
TNTs do not contact each other (Figs. 7 (b), 11 (b)). This suggests
that those TNTs are still in the initiation stage, because when initi-
ation finishes, TNTs will contact each other. If id is smaller than dbt,
TNTs are squeezed to each other as shown in Fig. 11(c)), and TNTs
on the CG800 grit sample shows such a condition (Fig. 7(a)).

The influences of grain size on TNT layers are shown in the j-
t curves and the corresponding SEM bottom images. At Stage II
there is a competition between Ti oxidation at the Ti/oxide inter-
face and TiO2 dissolution at the oxide/electrolyte interface. Pores
further develop and the effective surface area increases, so j sub-
sequently increases until reaching a maximum as a result of the
initiation of nanotube growth. A transition from irregular to regu-
lar pores, i.e. self-organization, also happens in this stage. Different
pores compete for the total available current and only a pore with a
sufficiently high current can “survive” [24]. After this natural selec-
tion process, a self-organized growth of nanotubes is established.
At Stage III, j finally achieves a near steady state, the TNT length can
increase further by consuming the metallic substrate with fluoride
ions partially dissolving the oxide. The j-t curve of the HPT30-4000
sample (Fig. 5) shows that at about 6000 s the TNT initiation Stage
II gives way to the steady growth Stage III, whilst the CG30-4000
sample has not even finished Stage II by the end of the 7200 s exper-
iment. It means the initiation of TNTs on the HPT sample is quicker
than on the CG sample. As a result, HPT30-4000 shows a morphol-
ogy in which TNTs are in contact with each other (Fig. 7(b)) because
the HPT sample had already reached Stage III when the experiment
stops. On the other hand, the CG30-4000 sample did not finish Stage

II during the experiment, i.e. the growth of TNT layers on it did not
reach a stable state, so TNTs had not grown to contact each other.
Therefore TNTs on HPT30-4000 contact each other (Fig. 7(b) inset),
which is similar to Fig. 11(a)), while the bottom morphologies of
the CG30-4000 sample (Fig. 7(b)) are similar to the morphologies
in Fig. 11(b). The faster initiation rate of TNTs on the HPT sample is
probably due to a faster oxide dissolution rate on the HPT sample.
This consideration can also be applied to 14000 grit processed sam-
ples, i.e. on the CG30-14000 sample, the typical three stages in the
j-t curve are still shown, but with a much weaker “valley” when
compared with other CG samples (Fig. 5). This suggests that the
nucleation rate of TNTs on the CG30-14000 sample is much quicker
than the other CG samples. Since oxide dissolution happens quicker
on the HPT sample, so its j-t curve monotonously dropped and the
“valley” almost disappeared. It suggests that the TNT nucleation
rate on HPT sample is quicker than that on CG sample, leading to
an even smaller dbt.

HPT processing can change the surface oxide in both compo-
sition and structure on pure titanium. According to Ref. [47], the
natural oxide layer on HPT Ti samples was  quite different from
that on their CG counterparts in chemical bonding structures. XPS
studies revealed that the HPT-processed substrates showed a weak-
ening of the Ti bonding in the TiO2 on HPT sample, which may  lead
to the faster dissolution rate of the oxide during the formation of
TNT layers.

5. Conclusions

HPT and anodization have been used to modify the bulk and
surface properties of titanium for biomedical applications. After
10 turns of HPT under a 3 GPa load, the grains were refined from
10 �m to 140 nm,  and the microhardness and the tensile strength
were both increased substantially. After anodization on sample sur-
faces that were mechanically ground using different procedures,
the diameter of TNTs has a complex relationship with the surface
roughness. TNTs on 14000 grit diamond paste polished samples
possessed the smallest TNT diameters, while samples ground by
4000 grit abrasive papers had the largest TNT diameter. All the
samples ground by 1200, 800 and 120 grit abrasive papers showed
similar TNT morphologies with intermediate diameters. Analysis
using recorded j-t curves, SEM and roughness measurements, sug-
gests the titanium surface at nanoscale affects the oxidation rate
and thus affect TNT morphologies, whilst roughness on a larger
scale (beyond ∼100 nm)  has little effect. Mechanical preparation
significantly affects the morphology of TNTs. HPT processing influ-
ences TNT layers only for surface preparations with grit size of 4000
or finer. The oxide dissolution rate was faster for TNT layers on
titanium with an UFG microstructure fabricated by HPT processing.
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• HPT has refined the grain size of pure Ti
from ~35 μm to ~140 nm.

• Titanium dioxide nanotubes (TNTs)
were fabricated on UFG Ti processed
by HPT.

• The length of TNT layers increased by
14% with the decreasing substrate grain
size.

• HPT led to more homogeneous TNT
morphologies by decreasing the stan-
dard deviation of TNT diameter from
10 to 5 nm.

• Oxide dissolution was accelerated when
TNTs formed on the HPT sample.
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In this work we used two-step electrochemical anodization to produce self-assembled layers of titanium dioxide
nanotubes (TNT) on commercially pure titanium substrates with various grain sizes between 140 nm to 35 μm.
The refined grain sizes were obtained using high pressure torsion (HPT). Optical microscopy, transmission elec-
tron microscopy, scanning electron microscopy and wettability testing showed that the homogeneity, morphol-
ogy, thickness and wettability of TNT layers are critically dependent on the substrate grain size. With HPT
processing up to ten turns, significant grain refinementwas achievedwith increasing dislocation density, leading
to gradually thicker TNT layers up to 2 μm and improved homogeneity with decreasing standard deviation from
10 to 5 nm. HPT processing also changed the dissolution rate of oxide during anodization, which resulted in a dif-
ferent top morphology as well as an increased aqueous contact angle of TNT layers.

Crown Copyright © 2016 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Anodic titanium dioxide nanotubes (TNTs) have promising applica-
tions for biomedical implants because they can positively affect cellular
behaviours, such as migration [1], adhesion [2], proliferation [2–4] and
differentiation [5,6]. The diameter of TNTs is crucial to the vitality of

cells [2] and themost widely usedmethods to control the diameter dur-
ing formation involve changing the extrinsic electrochemical parame-
ters, such as the applied potential [2,7–9], while the influence of
intrinsic factors in the titanium substrate are rarely studied. However,
the polycrystalline titanium substrate used in anodization usually has
various crystallographic orientations in the anodized surface which
have a substantial influence on the growth of titania and TNT layers
[10–14]. Furthermore, the grain size of the titanium substrate has
been shown to affect its corrosion behaviour [15–18], and it may be
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expected to also affect the anodization behaviour of titanium. Since
TNTs have wide applications in other areas such as photocatalytic [19],
electronic [20], solar cells [21] and sensors [22], a study of the influence
of substrate microstructure with different grain sizes on the growth of
TNT layersmay also provide insights for awide range of applications be-
yond biomedical applications.

In order to precisely control the morphology of TNTs, elucidation of
the influence of grain size and texture of the substrate is required. In this
work, severe plastic deformation (SPD) is employed to fabricate titani-
um substrates with varying grain sizes and crystallographic textures.
SPD methods generally improve the mechanical properties of metallic
materials, and they are thus very promisingprocessingmethods for pro-
ducing a new generation of Ti implants with TNT coatings. Ultra-fine-
grained (UFG) materials made by SPD processing will contain a high
density of lattice defects, including vacancies, dislocations, grain bound-
aries as well as other types of defects [23]. Those lattice defects are usu-
ally associated with an increased electrical resistivity and enhanced
atom diffusivity, which may alter electrochemical behaviour, such as
corrosion and anodization. In this study, commercially pure titanium
samples with a range of grain sizes are produced by annealing and
high pressure torsion (HPT) processing which is one of the most effi-
cient SPD methods for grain refinement [24].

In conventional one-step anodization, the sample preparationmeth-
od has a significant influence on themorphology of TNT layers [25], ren-
dering it difficult to observe the influence of grain size. In two-step
anodization, which is applied in this work, the oxide layer formed by a
first-step anodization is removed, leading to a titanium surface covered
by ordered dimples, which serve as a template for TNT growth during
the second anodization cycle. In addition, by removing the TNT layer
produced in the “precursor” one-step anodization, the influence on
TNT morphology due to sample processing and surface preparation
can be minimized, which leads to more uniform and ordered TNTs
[26,27].

2. Experimental methods

Commercially pure (CP) titanium (Grade 2) extruded rodswith a di-
ameter of 10 mm were cut and ground into disks with a thickness be-
tween 0.80–0.85 mm and subsequently annealed at 800 °C for 8 h.
These disks were processed by HPT which is schematically illustrated
in Fig. 1 [28]. The HPT processing was carried out under a quasi-
constrained condition, using two anvils under an imposed pressure, P,
and torsional straining is applied through rotation of the lower anvil.
HPT processing was carried out under 3 GPa pressure with 1, 4 and 10

turns at room temperature and the samples are labelled as HPT-1T,
HPT-4T and HPT-10T. These 3 samples as well as an annealed coarse-
grained (CG) sample were used for TNT growth experiments, and
their processing histories are summarised in Table 1.

For X-ray diffraction (XRD) analysis, samples were ground and
polished to 1 μmdiamondpaste, andXRDwas conducted using a Bruker
D2 PHASER diffractometer equipped with a graphite monochromator
using CuKα radiation. For each sample 3 runswere carried out to reduce
errors and improve accuracy. XRD profile broadening analysis was con-
ducted using the Rietveld method, employing the ‘Materials Analysis
using Diffraction’ (MAUD) software [29,30]. In MAUD, appropriate
parameters of incident radiation and dimensions were set: α1 =
1.5406 μm, α2 = 1.54439 μm, weight ratio = 0.5, goniometer radius =
141 μm.

For optical microscopy (OM), samples were ground with SiC abra-
sive papers of 120, 800, 1200 and 4000 grit, and polished with 6 μm
and 1 μmdiamond paste (Struers). After grinding and polishing, etching
with an acid solution containing HF, HNO3, and H2O in a volume ratio of
2:3:10 was conducted. The samples were observed in a BX41M-LED op-
tical microscope equipped with a U-AN360–3 polarizer. A linear inter-
cept method was used for measuring the average grain size and the
standard deviation in OM images.

A JEM 3010 Transmission Electron Microscope (TEM) was used for
TEM observation with an accelerating potential of 300 kV. TEM samples
were cut from the HPT disk in the location 3 mm from the disk centre,
and subsequently the TEM samples were prepared through twin-jet
electropolishing with a solution containing 6% HClO4 + 4% H2O + 90%
ethanol under 30 V at a temperature between −30 to −25 °C. The av-
erage grain size and the standard deviation are calculated from 100
grains in 15 random selected areas in TEM. Selected area electron dif-
fraction (SAED) was carried out with a spot size of 360 nm.

To produce TiO2 nanotubes on the surface of the samples, anodiza-
tion was carried out using a two-electrode cell. In this work, a nonaque-
ous electrolyte containing 0.25 wt.% ammonium fluoride (Riedel-de
Haën), 1 wt.% deionized water and 98.75 wt.% glycerol (Alfa Aesar)
was used. Ti samples were anodes of the cell with a round area of a di-
ameter of 0.6 mm exposed to the electrolyte. The dimension of those
anode samples are all in the same size as theHPT sample: diskwith a di-
ameter of ~10 mm and thickness of ~0.6 mm. A constant direct current
voltage of 30 V was used, with a distance of 1 cm between electrodes.
For one-step anodization, samples were anodized for 16 h under 30 V.
After peeling off the anodic layer formed from the first stage, a second
stage 6 h anodization was carried out under 30 V on the substrate.
After anodization, samples were rinsed in deionized water for 1 min
to remove the residual electrolyte. All experiments were performed at
room temperature.

The morphology of TNT layers was observed on a Jeol JSM 6500F
field-emission SEM in secondary electronmode. For these SEMobserva-
tions, the layers were detached from the substrate and split bymechan-
ical force. With the aid of Nano measurer 1.2 software, the diameters of
400 randomly chosen nanotubes (which have a nearly round shape)
weremeasured, and the average, the standard deviation in the distribu-
tion and the accuracy of the measured average were determined. The
average thickness and the standard deviation of TNT layers are mea-
sured from three randomly chosen cross-sections with 10 thicknesses
on each cross-section measured. Aqueous contact angle measurements
were performed in equilibrium conditions on a DSA100 Contact Angle
Measuring Instrument (KRÜSS) (1 μL droplet volume of deionized
water) based on the sessile drop method [31] and each measurementFig. 1. Schematic illustration of the HPT facility [28].

Table 1
Sample labels and the corresponding processing history.

Samples CG HPT-1T HPT-4T HPT-10T

Processing Annealed at
800 °C for 8 h

HPT at 3 GPa
for 1 turn

HPT at 3 GPa
for 4 turns

HPT at 3 GPa
for 10 turns
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was repeated for five times to calculate the mean value as well as the
standard deviation.

3. Results and analysis

3.1. Substrate characteristics before anodization

Fig. 2 (a) shows the polarized light image of the CG samplewith var-
ious colours due to different orientations of grains, revealing a mean
grain size of 35 ± 3 μm. After 1 turn HPT processing, some directional
flow patterns can be observed at the edge (Fig. 2 (b)), while at the cen-
tre grains in the size of several microns are present (Fig. 2 (c)). For the
HPT-1 T sample, the grain structure cannot be resolved by OM and,
therefore, TEM is used to study the microstructures of the HPT-proc-
essed samples. Fig. 2 (d) and (e) show bright field TEM images of the
HPT-10 T sample in the centre and edge areas, respectively, and Fig. 2

(f) is a corresponding dark field image for Fig. 2 (e). The heterogeneous
contrasts detected in grain interiors in Fig. 2 (f) are caused by defects
such as dislocations and clusters of dislocations [32]. The in-set image
is the SAED pattern with a spot size of 360 nm. It can be seen from
these TEM images that after ten turns of HPT processing themicrostruc-
ture is reasonably homogeneous with the centre and edge areas
possessing a similar grain size of 140±10 nm,while the extinction con-
tours seen in the grain interior suggest significant lattice distortions as-
sociated with high internal stresses. Evenwith an aperture size as small
as 360 nm, the diffraction pattern still presents numerous spots ar-
ranged in circles, indicating several grainswith high angle grain bound-
aries are present in this small area [33]. In addition, the significant
spreading of spots confirms the existence of high microstrains [34].

Fig. 3 shows the XRD patterns of all the substrates with different
grain sizes as well as the patterns of standard Ti powder sample;
all peaks are from α titanium. No peaks of Ω phase, which has been

a b
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d

Fig. 2.OM images of the titanium samples: (a) the CG sample, (b) theHPT-1T sample edge area and (c) centre area. TEM images of theHPT-10T sample: (d) bright-field image of the centre
area, (e) bright-field image (SAED as an inset) and (f) the corresponding dark-field image of the edge area.
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reported to appear onHPT-processed Ti samples under higher pressures
(6 GPa) [35], were detected. In Fig. 3, the 6 main peaks due to the Ti
planes (10�10), (0002), (10�11), (10�12), (11�20) and (10�13) are marked.
The variations in relative peak intensities reveal the texture differs sig-
nificantly between the CG and HPT samples and on progressing of HPT
processing from 1 turn to 10 turns, the texture changes. In particular,
the (0002) α plane is almost invisible in the CG sample, however at
the early stage of HPT processing (1 turn), the (0002)α plane is already
very obvious (Fig. 3). The relative intensities of the five strongest peaks
of the HPT samples are similar to the standard Ti powder sample [36].

Compared to the XRD profile of the CG sample, peak broadeningwas
observed in all theHPT samples (Fig. 3, which is due to grain refinement
and internal microstrains [37]. The microstrains and crystalline sizes
were calculated using the Rietveld full peak refinement method [38]
and are shown in Fig. 4. Fig. 4 shows that with increasing deformation
(from the CG sample to the HPT-10T sample), the microstrain increases
while the grain size decreases. After one turn of HPT processing, the
crystallite size has been significantly refined to below 100 nm. On in-
creasing the HPT deformation (from the HPT-1T to the HPT-10T sam-
ples), the grain size continues to decrease but at a much smaller rate.

3.2. TNT growth mechanisms for substrates in different grain sizes

To monitor the initiation and growth of TNT layers, Fig. 5 shows the
current-time, j–t, transient curves of all the samples. These curves show
a three-stage behaviour [39], which is a typical feature of j–t curves

during the formation of TNT layers [40,41]. The inset image in Fig. 5
shows the j–t curves in the first 2000 s of anodization with the three
stages (Stage I, II and III) marked. In Stage I, a layer of compact oxide
is formed following the reaction [41]:

Tiþ 2H2O→TiO2 þ 4Hþ þ 4e− ð1Þ

As the potential U is constant, the electric field F = U/δb decreases
continuously with increasing thickness of oxide δb leading to a drop of
current to a minimum (jmin) at about 550 s (Fig. 5). With the increase
of d (from HPT-10 T to the CG sample), jmin in Stage I increases (inset
in Fig. 5), suggesting a decreasing oxidation rate.

At Stage II there is a competition between Ti oxidation at the Ti/oxide
interface and TiO2 dissolution at the oxide/electrolyte interface due to
the presence of F− in the electrolyte [41]:

TiO2 þ 6F− þ 4Hþ→ TiF6½ �2− þ 2H2O ð2Þ

Pores grow at the breakdown site causing the effective surface area
to increase, and so j subsequently increases until it reaches a maximum
as a result of the initiation of nanotube growth. In Stage II a transition
from irregular to regular pores, i.e. self-organization, occurs. This is
due to different pores competing for the total available current, with
only pores with a sufficiently high current “surviving” [42], and thus es-
tablishing a self-organized growth of nanotubes. At Stage III, j ap-
proaches a nearly steady state. Because the rate of oxide formation at
the metal/oxide interface is equal to the rate of oxide dissolution at
the oxide/electrolyte interface, TNTs will grow into the Ti substrate in
the vertical direction with continued anodization. The current density
results show that in stage III (Fig. 5), j increases with decreasing grain
size, implying a rising growth rate due to the grain refinement produced
by HPT.

3.3. TNT morphologies and wettability

After the one-step anodization for 16 h and the subsequent removal
of the TNT layer, the titanium substrates were anodized again in the
same electrochemical setting for a 6 h second-step anodization. Fig. 6
shows the top view of TNT layers on samples with different grain
sizes. All the samples show hexagonally ordered imprints that are ar-
ranged in a hexagon (marked by red hexagons) left by TNTs in one-
step anodization and in each imprint single or multi nanopores are
contained (Fig. 6 (a)). The nanopores seen in the SEM image top view
(Fig. 6 (a)) are openings of nanotubes. There are mainly two types of
imprint patterns: Type and Type II. In the Type I pattern each imprint
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contains several small nanopores (mostly three in a triangle arrange-
ment) like lotus roots. In the Type II pattern, illustrated in Fig. 6 (c),
each imprint contains only one comparatively large nanopore. For the
CG, HPT-1T, HPT-4T andHPT-10T samples, the percentage of Type I pat-
tern imprints are 57%, 33%, 29% and 10% respectively, whichmeans that
with the decrease of grain size induced by HPT processing, the TNT top

morphologies gradually changed from Type I pattern dominating to
Type II pattern dominating.

At the bottom of the TNT layers, TNTs are also in hexagonal arrange-
ments as shown in Fig. 7 (marked by red hexagons). The average
bottom diameters of TNTs as determined from 400 analysed TNTs per
sample are 56.9 ± 0.5, 48.4 ± 0.4, 52.7 ± 0.3 and 54.5 ± 0.3 nm for

(b) (a) I 

IMPRINT

NANOPORE

(d) (c) 

II 

Fig. 6. SEM images of the top views of TNTs on Ti samples: (a) CG sample, (b) HPT-1T, (c) HPT-4T, (d) HPT-10T. Red hexagons illustrate the hexagonal arrangements of TNTs. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(c) (d)

(b) (a) 

Fig. 7. SEM images of the bottom views of TNTs on Ti samples: (a) CG sample, (b) HPT-1 T, (c) HPT-4 T, (d)HPT-10 T. (For interpretation of the references to colour in this figure, the reader
is referred to the web version of this article.)

350 N. Hu et al. / Materials and Design 110 (2016) 346–353



the CG, HPT-1T, HPT4T and HPT-10T samples, respectively. The stan-
dard deviations in the diameter distributions are 10, 8, 6 and 5 nm re-
spectively, suggesting the homogeneity of TNT size increased with the
decrease of grain size.

The improved homogeneity can also be seen in the SEM images
(Fig. 7). In the TNT layers on the CG sample (Fig. 7 (a)), the black
arrow points at a large nanotube with diameter of ~80 nm and the
white arrow points at a small nanotube with diameter of ~40 nm; in
the TNT layers on the HPT-1T sample (Fig. 7 (b)), the black and white

arrow point at a large and a small nanotubes of ~70 nmand ~40 nm, re-
spectively. However, the variation of nanotube size is much smaller in
TNT layers on the HPT-4T sample (Fig. 7 (c)) and HPT-10T sample
(Fig. 7 (d)), thus providing a visual confirmation of the measured
trend in the standard deviations of the diameter distribution.

The SEM images in Fig. 8 display cross-sectional views of TNT layers
on samples with different grain sizes. From these cross-sectional views
the TNT layer thickness was measured as 1.72, 1.90, 1.98 and 2.00 μm,
respectively for the CG, HPT-1T, HPT4T and HPT-10T samples, i.e. the
thickness of TNT layer increased with the decrease of grain size of the
substrate. This correspondswith the ranking of j in Stage III (Fig. 5), cor-
relates with TNT formation rate [8,43].

Fig. 9 shows themeasured aqueous contact angle, θ, of the four sam-
ples, withwater droplets on the TNT layers in themeasurement appara-
tus for selected samples shown below. These results show that the CG
sample is hydrophilic (θ b 90°) while HPT samples are all hydrophobic
(θ N 90°). The contact angle θ increased after one turn of HPT processing,
and θ increases slightly with further HPT processing from the HPT-1T
sample to the HPT-10T sample. This is thought to be related to the
strong grain refinement from the CG sample to the HPT-1T sample
(from 35 μm to below 100 nm), while the decrease in grain size from
the HPT-1T sample to the HPT-10T sample is much weaker (Fig. 4).

4. Discussion

4.1. The influence of HPT processing on the microstructure of CP titanium

HPT processing significantly alters the grain size, dislocation density
and textures of CP Ti, and all these microstructure attributes may affect
the anodization behaviour of Ti. In HPT processing, the imposed equiv-
alent strain, εe, increases with increasing rotations, following the equa-
tion [44]:

εe ¼ In
2πN � r � h0

h2

� �
ð3Þ

1722 ± 35 nm

(a)

2004 ± 10 nm

(d)

1977 ± 16 nm

(c)

1898 ± 45 nm

(b)

Fig. 8. SEM images of the side views of TNT layers on Ti samples: (a) CG sample, (b) HPT-1T, (c) HPT-4T, (d) HPT-10T.

CG HPT-10T

Fig. 9. The aqueous contact angle for the TNT layers on the CG, HPT-1T, HPT-4T and HPT-
10T samples after two-step anodization under 30 V for 6 h.
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where N is the number of rotations, r is the radius of the sample, h0 de-
notes the initial thickness and h is the final thickness of the sample. The
CG samplewas fully annealed i.e. εe=0. After oneHPT rotation, εe at the
centre area (r=0.1 mm) is ~0.4 while ε at the edge area (r=5mm) is
~4.3. Due to this difference, the microstructure of the HPT-1 T sample
was inhomogeneous. However, after ten turns of HPT processing the
centre areas have undergone a strain that is sufficient to cause substan-
tial grain refinement and the microstructure is much more homoge-
neous with a grain size that is refined down to ~140 nm (Fig. 2 (e)).
Grain boundaries in our HPT-10T sample are curved and wavy, indicat-
ing the typical non-equilibrium feature of grain boundaries generated
by SPD [32].

In HPT-processed Ti, the build-up of dislocations [45] occurs during
deformation, and a detailed analysis of dislocation density and grain
size data has shown [30] that dislocation hardening is the main factor
determining the improvements in strength in many SPD-processed
pure and CPmetals [46,47], including Ti. The XRDpatterns of all the sub-
strate Ti samples confirmed substantial grain refinement and the in-
crease of microstrain during progressions of HPT processing. The
dislocation density ρ can be calculated from the lattice microstrain

hε2i12 and crystallite size D by [48]:

ρ ¼ 2
ffiffiffi
3

p
ε2
� �1

2

Db
ð4Þ

where b is the Burgers vector. The latter equation combined with the
present data (see Fig. 4) indicates that the dislocation density increases
with increasing HPT rotations, reaching a dislocation density of
~4.6 × 1014 m−2 in the HPT-10T sample. The grain size revealed by
TEM is larger than those measured by the XRD line broadening analysis
because the latter represents the coherent diffraction domain size,
which is related to the sub-grain or dislocation cell size [32,49].

HPT processing not only changes the grain size of Ti samples but also
results in changes in the crystallographic texture and residual stress [15]
and in some cases can induce a phase transformation [50]. However, no
phase transformationwas detected in this study. Before HPT processing,
the CG sample exhibited preferred textures, while after HPT processing,
the texture approaches a random texture. Particularly, while prior to
HPT processing the (0002) peak was virtually undetectable, it becomes
the secondmost intense peak after 10 turns (Fig. 3), which is consistent
with the powder pattern. Although the basal planes (0002) in Ti are not
the most densely packed plane (the prism plane (10�10) α is most
densely packed), dislocation slip is initiated on basal plane, which is
caused by the high pressure. HPT-4T and HPT-10T samples have almost
identical textures, indicating the texture stabilizes after 4 turns.

4.2. The influence of HPT microstructure on the formation and growth of
TNT layers

Fig. 8 shows that with decreasing grain size imparted by HPT pro-
cessing, the thickness of TNT layers increased, indicatingHPT processing
enhances TNT growth. Zhang et al. [51] carried out anodization on Ti
samples with a nanocrystalline surface layer produced by surface me-
chanical attrition treatment (SMAT) and also found the formed TNT
layers are much thicker than that on its CG counterpart surface. It is
thought that the mechanisms for the enhanced growth in this and the
latter work [51] relate to both HPT and SMAT substantially increasing
the number of defects in the substrates which increases the free energy
of the Ti. This favours the nucleation and growth of oxides due to the in-
creased energy available. In support of this, the j–t curves in Fig. 5 show
that the HPT-10T sample has the thickest while the CG sample has the
thinnest oxide layer at the end of Stage I. The current density j is related
to the thickness of the compact oxide layer δb as [23]:

j ¼ αeβ
U
δb ð5Þ

where α and β are electrolyte and material dependent constants. From
Eq. (5), it can be seen that a low j will cause a thick TiO2 barrier layer
δb. At the end of Stage I (Fig. 5), jmin decreases in the sequence of CG,
HPT-1T, HPT-4T and HPT-10T samples, and thus the thickness of the
compact oxide layer is thought to increase in this order.

The present study indicates that HPT processing leads to more ho-
mogeneous TNT sizes and it is thought that the elimination of crystallo-
graphic texture plays an important role in this. It is known that grain
orientations significantly influences nanotube growth, for instance, on
(hkl0) planes the formation of oxide layer progresses much faster than
those on (0001) planes [10,12,13]. As (0001) planes have the highest
atomic surface density (1.6 times greater than that for the (10�10)
plane), which leads to an oxide layer with a high donor concentration,
the O2 evolution will govern the current density resulting in a thin
oxide layer [13]. HPT processing refines a large grain (~35 μm for the
CG sample) into ~250 small grains (~140 nm for the HPT-10T sample)
with close to the random distribution of orientations; therefore, the in-
fluence of grain orientation on the growth of TNT layers is much re-
duced. In support of this proposed mechanism, it is noted that Ferreira
et al. [52] found that extremely large grain size of heat treated pure Ti
resulted in less regular and less homogeneous TNT layers because the
large grains were nonequiaxed [52].

HPTwas found to also change the topmorphologies of TNT layers by
increasing the percentage of Type II morphology patterns (Fig. 6). It is
thought that this change leads to the increase in the contact angle
from the CG to the HPT-10T sample in Fig. 9, mainly due to the more
complex Type I pattern possessing a higher surface energy than the
Type II pattern. Therefore, with the increasing percentage of Type II pat-
terns, the surface energy of TNT layers decreases, resulting in an increas-
ing contact angle, because surface with a lower energy has a higher
contact angle. The different top morphology of TNTs is thought to be
due to the HPT processing changing the dissolution rate of the oxides.
Support for this suggestion can be found in Ref. [53] inwhich it is report-
ed that the natural oxide layer on HPT Ti samples was quite different
from that on their CG counterparts in chemical bonding structures:
the XPS results for the HPT-processed substrates showed a weakening
of the Ti bonding in the TiO2 on the HPT sample [53], which may lead
to the faster dissolution rate of the oxide during the formation of TNT
layers. Since oxides on the HPT samples are prone to dissolution com-
pared to those on their CG counterpart, the three triangular nanopores
in Type I pattern dominating on the CG sample may further develop
into one big hole, making Type II patterns.

5. Conclusions

In order to more accurately control the morphologies of anodic TNT
layers in Ti substrates, the influence of substrate grain size is investigat-
ed by HPT processing of substrates followed by two-step anodization.
After up to 10 turns of HPT processing under a 3GPa pressure, the grains
were gradually refined from ~35 μm to ~140 nm. The increase of dislo-
cation density and grain boundaries due to HPT processing leads to TNT
layers that are 14% thicker as compared to those of the counterparts.
HPT processing also results in a more homogeneous distribution of
TNT sizes because grain refinement reduces the influence of texture
on the growth of TNT layers. Moreover, HPT processing also leads to a
change in the oxide in the TNT layers, which are more prone to dissolu-
tion, so in the two-step anodization employed in the current study, HPT
processing leads to a different TNT top surface patterns that are more
hydrophobic.
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