Achieving homogeneous anodic TiO2 nanotube layers through grain refinement of the titanium substrate
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ABSTRACT: 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 electron microscopy, 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, which resulted in a different top morphology as well as an increased aqueous contact angle of TNT layers. 
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Introduction
Anodic titanium dioxide nanotubes (TNTs) have promising applications 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 the most widely used methods to control the diameter during formation involve changing the extrinsic electrochemical parameters, 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 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 layers may also provide insights for a wide range of applications beyond 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 titanium substrates with varying grain sizes and crystallographic textures. SPD methods generally improve the mechanical properties of metallic materials, and they are thus very promising processing methods for producing 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 boundaries as well as other types of defects [23]. 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, 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 efficient SPD methods for grain refinement [24]. 
In conventional one-step anodization, the sample preparation method has a significant influence on the morphology of TNT layers [25], rendering 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].
Experimental Methods 
Commercially pure (CP) titanium (Grade 2) extruded rods with a diameter of 10 mm were cut and ground into disks with a thickness between 0.80 ~ 0.85 mm and subsequently annealed at 800 ℃ for 8 hours. These disks were processed by HPT which is schematically illustrated in Figure 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.
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



For X-ray diffraction (XRD) analysis, samples were ground and polished to 1 μm diamond paste, and XRD was conducted using a Bruker D2 PHASER diffractometer equipped with a graphite monochromator using Cu Kα radiation. For each sample 3 runs were carried out to reduce errors and improve accuracy. XRD profile broadening analysis was conducted 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.
[image: \\soton.ac.uk\ude\personalfiles\users\nh1y11\mydesktop\HPT.jpg]
[bookmark: _Ref437266792]Figure 1. Schematic illustration of the HPT facility [28].

For optical microscopy (OM), samples were ground with SiC abrasive papers of 120, 800, 1200 and 4000 grit, and polished with 6 µm and 1 µm diamond 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 optical microscope equipped with a U-AN360-3 polarizer. A linear intercept 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 ℃. The average grain size and the standard deviation are calculated from 100 grains in 15 random selected areas in TEM. Selected area electron diffraction (SAED) was carried out with a spot size of 360 nm.
To produce TiO2 nanotubes on the surface of the samples, anodization was carried out using a two-electrode cell. In this work, a nonaqueous 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 diameter of 0.6 mm exposed to the electrolyte. The dimension of those anode samples are all in the same size as the HPT sample: disk with a diameter 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 minute 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 electron mode. For these SEM observations, the layers were detached from the substrate and split by mechanical force. With the aid of Nano measurer 1.2 software, the diameters of 400 randomly chosen nanotubes (which have a nearly round shape) were measured, and the average, the standard deviation in the distribution and the accuracy of the measured average were determined. The average thickness and the standard deviation of TNT layers are measured 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 measurement was repeated for five times to calculate the mean value as well as the standard deviation. 
Results and analysis
Substrate characteristics before anodization
Figure 2 (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. After 1 turn HPT processing, some directional flow patterns can be observed at the edge (Figure 2 (b)), while at the centre grains in the size of several microns are present (Figure 2 (c)). For the HPT-1T sample, the grain structure cannot be resolved by OM and, therefore, TEM is used to study the microstructures of the HPT-processed samples. Figure 2 (d) and (e) show bright field TEM images of the HPT-10T sample in the centre and edge areas, respectively, and Figure 2 (f) is a corresponding dark field image for Figure 2 (e). The heterogeneous contrasts detected in grain interiors in Figure 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 the microstructure is reasonably homogeneous 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 [33]. In addition, the significant spreading of spots confirms the existence of high microstrains [34]. 
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[bookmark: _Ref443470059]Figure 2. OM images of the titanium samples: (a) the CG sample, (b) the HPT-1T sample edge area and (c) centre area. TEM images of the HPT-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.

Figure 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 reported to appear on HPT-processed Ti samples under higher pressures (6 GPa) [35], were detected. In Figure 3, the 6 main peaks due to the Ti planes (), (, (), (), () and () are marked. The variations in relative peak intensities reveal 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 3). The relative intensities of the five strongest peaks of the HPT samples are similar to the standard Ti powder sample [36].
[bookmark: _Ref444604494]Figure 3. XRD patterns of the Ti substrates with the XRD Ti powder pattern (PDF # 44-1294).CG
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[bookmark: _Ref403382150]Compared to the XRD profile of the CG sample, peak broadening was observed in all the HPT samples (Figure 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 Figure 4. Figure 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 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.

[bookmark: _Ref445729312]Figure 4. Microstrain and crystallite size calculated from XRD patterns of all the Ti samples with different grain size.

TNT Growth mechanisms for substrates in different grain sizes
To monitor the initiation and growth of TNT layers, Figure 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 Figure 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]: 
	
	Ti + 2H2O → TiO2 + 4H+ + 4e-
	Eq.1


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 (Figure 5). With the increase of d (from HPT-10T to the CG sample), jmin in Stage I increases (inset in Figure 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 + 6F- + 4H+ → [TiF6]2- + 2H2O
	Eq.2


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 establishing a self-organized growth of nanotubes. At Stage III, j approaches 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 (Figure 5), j increases with decreasing grain size, implying a rising growth rate due to the grain refinement produced by HPT.   
[bookmark: _Ref443565572]Figure 5. The j-t curve for the CG and HPT samples with different grain sizes.I
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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 6 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 6 (a)). The nanopores seen in the SEM image top view (Figure 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 contains several small nanopores (mostly three in a triangle arrangement) like lotus roots. In the Type II pattern, illustrated in Figure 6 (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.

(b)

(a)

I
Imprint
Nanopore
(d)

(c)

II

[bookmark: _Ref445220920]Figure 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.
At the bottom of the TNT layers, TNTs are also in hexagonal arrangements as shown in Figure 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 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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[bookmark: _Ref445382390]Figure 7. SEM images of the bottom views of TNTs on Ti samples: (a) CG sample, (b) HPT-1T, (c) HPT-4T, (d) HPT-10T.

The improved homogeneity can also be seen in the SEM images (Figure 7). In the TNT layers on the CG sample (Figure 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 (Figure 7 (b)), the black and white arrow point at a large and a small nanotubes 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 (c)) and HPT-10T sample (Figure 7 (d)), thus providing a visual confirmation of the measured trend in the standard deviations of the diameter distribution. 
The SEM images in Figure 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 corresponds with the ranking of j in Stage III (Figure 5), correlates with TNT formation rate [8, 43].
Figure 9 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-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).
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[bookmark: _Ref445663805]Figure 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. 
Discussion
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 equivalent strain, , increases with increasing rotations, following the equation [44]:
	
	
	[bookmark: _Toc414893219][bookmark: _Toc406522196]Eq.3


where N is the number of rotations, r is the radius of the sample,  denotes the initial thickness and h is the final thickness of the sample. The CG sample was fully annealed 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 2 (e)). Grain boundaries in our HPT-10T sample are curved and wavy, indicating the typical non-equilibrium feature of grain boundaries generated by SPD [32]. 
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Figure 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 30V for 6h.
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 CP metals [46, 47], including Ti. 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 density  can be calculated from the lattice microstrain  and crystallite size  by [48]:
	
	
	Eq.4


where b is the Burgers vector. The latter equation combined with the present data (see Figure 4) indicates that the dislocation density increases with increasing HPT rotations, reaching a dislocation density of ~ 4.6ｘ1014 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 transformation was detected in this study. 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 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 () 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. 
The influence of HPT microstructure on the formation and growth of TNT layers
Figure 8 shows that with decreasing grain size imparted by HPT processing, the thickness of TNT layers increased, indicating HPT processing enhances TNT growth. Zhang et al. [51] carried out anodization on Ti samples with a nanocrystalline surface layer produced by surface mechanical 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 increased energy available. In support of this, the j-t curves in Figure 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]: 
	
	
	Eq.5


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 (Figure 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 homogeneous TNT sizes and it is thought that the elimination of crystallographic 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 () 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 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. [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].
HPT was found to also change the top morphologies of TNT layers by increasing the percentage of Type II morphology patterns (Figure 6). It is thought that this change leads to the increase in the contact angle from the CG to the HPT-10T sample in Figure 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 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 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] in which it is reported 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 compared 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. 
Conclusions
In order to more accurately control the morphologies of anodic TNT layers in Ti substrates, the influence of substrate grain size is investigated by HPT processing of substrates followed by two-step anodization. After up to 10 turns of HPT processing under a 3 GPa pressure, 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 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 dissolution, 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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