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Abstract 

Orthopedic and dental implants made of β-type Ti alloys have low elastic modulus 

which can better relieve the stress shielding effects after surgical implantation.  

Nevertheless, clinical application of β-type Ti alloys is hampered by the insufficient 

mechanical strength and gradual release of pro-inflammatory metallic ions under 

physiological conditions.  In this study, the β-type Ti-45Nb alloy is subjected to high-

pressure torsion (HPT) processing to refine the grain size.  After HPT processing, the 

tensile strength increases from 370 MPa to 658 MPa due to grain boundary 

strengthening and at the same time, the favorable elastic modulus is maintained at a low 

level of 61-72 GPa because the single β-phase is preserved during grain refinement.   

More grain boundaries decrease the work function and facilitate the formation of 

thicker and less defective passive films leading to better corrosion resistance.  In 

addition, more rapid repair of the passive layer mitigates release of metallic ions from 

the alloy and consequently, the inflammatory response is suppressed.  The results reveal 

a strategy to simultaneously improve the mechanical and biological properties of 

metallic implant materials for orthopedics and dentistry. 
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1. Introduction 

Titanium (Ti) and its alloys are widely used metallic biomaterials for hard tissue 

replacement due to the high specific strength, good corrosion resistance, and adequate 

biocompatibility [1].  However, the elastic modulus of the conventional α-type pure Ti 

and α + β-type Ti-6Al-4V alloy is 104-114 GPa, which is larger than that of natural 

bones (10-30 GPa) [2, 3].  As a consequence, the implant will bear the majority of the 

mechanical load leading to the stress shielding effect after implantation, resulting in 

possible implant loosening and failure.  Moreover, the alloying elements in the Ti-6Al-

4V alloy raise clinical concerns about the biosafety and inflammatory reactions [4].   

Recently, β-type Ti alloys with low elastic moduli have been fabricated with 

biologically friendly alloying elements such as niobium (Nb), molybdenum (Mo), 

tantalum (Ta), and zirconium (Zr) [5].  Among the different types of binary β-type 

titanium alloys with a body-centered cube (bcc) lattice, the Ti-45Nb alloy with a single 

β-phase [2, 3, 6] is especially attractive on account of the small elastic modulus of 60-

70 GPa [7] and favorable osteogenic properties of Nb [8].  However, low-modulus Ti 

alloys usually have insufficient mechanical strength [2, 9].  Traditional heat treatment 

can improve the strength of β-type Ti alloys via precipitation hardening but 

unfortunately, the elastic modulus increases at the same time [10, 11] due to 

unavoidable changes in the crystalline structure.  Moreover, the hardening precipitates 

may reduce the corrosion resistance of β-type Ti alloys [12, 13].  Alternatively, grain 

boundary hardening at room temperature provides the possibility to increase the 

strength based on the Hall-Petch relationship [14] without changing the elastic modulus 

[6].  Severe plastic deformation (SPD) is commonly adopted to fabricate ultra-fine-



4 
 

grained (UFG) materials by introducing extremely high plastic strain to the metals [15].  

In fact, SPD techniques such as rolling and folding (R&F) [6], high-pressure torsion 

(HPT) [1,3,9], and hydrostatic extrusion (HE) [16] have been shown to enhance the 

strength of Ti-45Nb alloys by producing a ultra-fine-grained (UFG) structure with 

unchanged elastic moduli.  However, orthopedic and dental biomaterials must fulfill 

multiple requirements besides the mechanical properties.  Under in vivo conditions, the 

metallic implants are frequently in contact with an aggressive medium and significant 

leaching of metallic ions from the implants is possible [17].  Therefore, sufficient 

corrosion resistance and biocompatibility are also critical to metallic implants.   

The effects of grain refinement on the corrosion resistance and biological response 

of Ti-45Nb alloys are not well understood as there are multiple factors in addition to 

conflicting results [18].  Therefore, it is necessary to investigate systematically the 

influence of grain boundaries on the surface passivity.  A native passive oxide film 

forms on Ti and its alloys upon exposure to air [12] and the properties of the passive 

oxide layer are mainly determined by the stoichiometry and defects [19], both of which 

are affected by the grain size of the materials.  The passive layer on the Ti-45Nb alloy 

is mainly composed of TiO2, Nb2O5, and their sub-oxides [14] and TiO2 is more 

corrosion resistant when doped with Nb2O5 [14, 20, 21].  Hence, the influence of grain 

size on the chemical composition of the passive layer (TiO2, Ti2O3, TiO, Nb2O5, NbO2, 

and NbO) should be assessed quantitatively.  Moreover, defects also change the 

properties of the passive layer [22].  Nanoscale grain refinement has been reported to 

improve the anti-corrosion behavior of α-type pure Ti [23] as well as β-type alloys such 

as Ti-29Nb-13Ta-4.6Zr [24] and Ti–24Nb–4Zr–8Sn [25] by reducing the number of 

defects and increasing the thickness of the passive layer.  In addition, the properties of 

the passive films are crucial to the biological response in vivo [4,14].  If the passive 
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layer is damaged, exfoliated, or dissolved, the corrosion products and released ions may 

cause detrimental side effects and eventual implant failure [26, 27].  In general, metallic 

ions released from implants can activate the immune system [28] to cause inflammation 

and produce cytotoxicity to the peri-implant macrophages.  Therefore, the desirable 

metallic implants should be optimized by tailoring the surface passive film [4, 29] in 

conjunction with mitigation of metallic ions release.   

In this study, the effects of grain refinement on the Ti-45Nb alloy are studied in 

details in order to elucidate the relationship between the grain size, microstructure, and 

properties of the surface passive layer.  The biomedical Ti-45Nb alloy is subjected to 

HPT processing and the influence of grain refinement on the corrosion resistance are 

investigated systematically by a variety of electrochemical measurements as well as in-

depth examination on the microstructure of the passive layer.  As a potential biomaterial 

for orthopedics and dentistry, the inflammatory response of the UFG Ti-45Nb alloy is 

evaluated both in vitro and in vivo. 

 

2. Material and methods 

2.1 HPT processing 

The elemental composition of Ti-45Nb bars obtained from Ningxia Orient 

Tantalum Industry Co. Ltd. was determined by inductively-coupled plasma optical 

emission spectrometry (ICP-OES) on a Perkin Elmer OPTIMA 7000DV spectrometer 

(Table S1, Supporting Information).  Ti-45Nb disks with a thickness of 0.8 mm and 

diameter of 10 mm were cut and then processed by HPT at room temperature under an 

applied pressure of 3.0 GPa at a rotational speed of 1 revolution per minute (rpm) for 

0.25-10 revolutions and under quasi-constrained conditions.  The coarse-grained 
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sample before HPT processing was designated as CG and after HPT processing for 0.25, 

1, 4 and 10 turns, the samples were designated as 0.25T, 1T, 4T and 10T, respectively. 

2.2 Microstructure of Ti-45Nb 

The samples were ground with SiC abrasive paper of 800, 1200, 2500 and 5000 

grit and polished with 3, 1, and 0.05 μm diamond suspensions successively.  Etching 

was conducted in an acidic solution containing 2 vol% HF, 5 vol% HNO3, and 93 vol% 

H2O.  Optical microscopy (OM, Leica DM4M) was carried out and the linear intercept 

method was implemented to measure the grain size of the CG sample.  Transmission 

electron microscopy (TEM, JEM 3010) was conducted at 300 kV to examine the grain 

size of the UFG samples.  The TEM samples were prepared by twin-jet electropolishing 

at 30 V in a solution containing 6 vol% HClO4 + 34 vol% 1-butanol + 60 vol% methanol 

at -30 to -25 °C.  Selected-area electron diffraction (SAED) was performed on the TEM 

sample with a spot size of 720 nm.  The grain diameter was estimated by measuring 

and averaging the length and width of 60 of the strongly diffracting grains using 

ImageJ® software [30] from 4 different TEM samples.  X-ray diffraction (XRD) was 

carried out on a D8 ADVANCE diffractometer with monochromatic Cu Kα radiation, 

step size of 0.02°, and step time of 0.25 s between 20° and 90° (2θ).  

2.3 Mechanical properties of Ti-45Nb  

A Matsuzawa Seiki MHT-1 microhardness tester was employed to determine the 

Vickers microhardness using a weight of 1000 g and dwell time of 15 s.  Prior to the 

microhardness test, the samples were ground with SiC abrasive paper with 800, 1200, 

3000 and to 5000 grit successively.  The tensile tests were performed in triplicate on a 

CMT6103 universal testing machine with a load resolution of 0.1 N.  The miniature 

tensile specimens (Figure S1, Supporting Information) with a 4 mm gauge length and 

1 mm width were machined from the HPT disks by electro-discharge machining.  The 
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ultimate tensile strength (UTS) was determined from the tensile curve and the percent 

of elongation was calculated based on the elongated length of the gauge after fracture.  

Nanoindentation measurements were performed on a Keysight Nano Indenter G200 

equipped with a Berkovich indenter tip and calibrated by the nanoindentation 

measurements using a fused silica reference sample over a wide load range.  Ten 

nanoindentations with a maximin load of 650 mN were performed on each sample at a 

rate of 10 nm/s and the test locations were at least 50 μm apart.  The method of Oliver 

and Pharr was employed to determine the elastic modulus from the load-displacement 

curves with the Poisson’s ratio assumed to be 0.41 [31]. 

2.4 Electrochemical measurements 

The electrochemical assessment was conducted on a CHI660D electrochemical 

workstation (CH Instruments, Inc.).  A circular area with a diameter of 6 mm was 

exposed to the electrolyte and the rest of the sample was sealed with a copper cable by 

corrosion-resistant butyl tapes.  Before corrosion tests, all the samples were ground 

with 5000-grit abrasive papers and then recorded for the surface profiles 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 average surface 

roughness (Ra) of different samples.  A conventional three-electrode configuration was 

adopted in the electrochemical studies conducted in 70 ml of deaerated Hank’s solution 

(GIBCO®) (Composition specified in Table S2, Supporting Information) as the 

simulated body fluid (SBF) at 37 ± 0.5 ˚C maintained by a heating jacket.  The Ti-45Nb 

sample was the working electrode, whereas the 1 cm2 platinum plate and saturated 

calomel electrode (SCE) were the counter and reference electrodes, respectively.  Each 

sample was immersed in SBF for 1 h to esta blish the open circuit potential (Eocp) and 
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then an alternating sinusoidal potential of 10 mV was applied.  Electrochemical 

impedance spectroscopy (EIS) was carried out in the frequency range between 10 mHz 

and 100 kHz and potentiodynamic polarization was then conducted in the potential 

range between -1.5 and 0.5 V at a scanning rate of 1 mV.  The potential (E)-current 

density (j) data were plotted as Tafel plots of E vs. log (j) and the corrosion current 

density (Jcorr) was derived from the Tafel plots [32] to study the influence of grain 

refinement on the electrochemical resistance of Ti-45Nb alloys [18].  Mott-Schottky 

(MS) experiments were performed in the potential range of -1.5 to 0.5 V (vs. SCE) with 

an applied frequency of 1 kHz.  In the electrochemical experiments, the SBF solution 

was changed for each sample and all the electrochemical tests were repeated three times 

to improve the statistics. 

2.5 Leaching of metallic ions 

The samples were ground with SiC abrasive paper with 800, 1200, 3000, and 

5000 grit successively and cleaned ultrasonically.  Five double-sided ground samples 

with a total surface area of 7.85 cm2 were immersed in 15 mL of SBF at 37 ± 1 ˚C for 

up to 7 days.  The concentrations of Ti and Nb released to the solution were determined 

by inductively-coupled plasma mass spectrometry (ICP-MS) on a Thermo Scientific 

iCAPQ spectrometer.  The quantity of metal ion release was calculated using the 

following formula: (15 mL) × [(metal concentration) -(blank)]/ (total surface area).  A 

test solution without the metal specimens was used as the blank.  The calibration curves 

were obtained from five points with increasing concentrations in the standard solution.  

Prior to performing ICP-MS, acid digestion was carried out to digest the organic 

components using nitric acid. 

2.6 Surface characterization 

X-ray photoelectron spectroscopy (XPS) was performed on the ESCALAB 250Xi 
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(Thermo Fisher) with monochromatic Al Kα X-ray.  The binding energies of Ti 2p and 

Nb 3d were determined at a pass energy of 50 eV with a resolution of 0.1 eV referenced 

to C 1s (284.8 eV).  The in-depth composition of the surface passive layer was 

determined by XPS with argon sputtering for 0-150 s.  Ultraviolet photoelectron 

spectroscopy (UPS) was performed on the same machine with an ultraviolet source 

energy He I (hv = 21.22 eV) at a pressure of approximately 5.5 × 10−8 mbar and 2 eV 

pass energy.  Before the measurement, argon sputtering was performed for 3 min to 

remove surface contaminants.  A negative bias of 10 V was applied to the sample to 

shift the spectra from the spectrometer threshold and the energy resolution was 0.1 eV.  

2.7 Viability of HMSCs 

The human mesenchymal stem cells (HMSCs) were obtained from the 

American Type Culture Collection (ATCC) and maintained in the culture medium 

composed of the 89% α-MEM basic medium (Hyclone), 10% fetal bovine serum 

(Corning), and 1% penicillin-streptomycin (Invitrogen).  Sterilization was performed 

with ultraviolet light on both sides of the sample for 30 min before cell seeding.  In the 

biological assays, the HMSCs were seeded with a density of 2 × 104 cells per sample 

on 24-well tissue culture plates and the cell counting kit-8 (CCK-8) was used to 

determine the viability of cultured HMSCs.  After incubation for 1, 3 and 7 days 

(denoted as 1D, 3D and 7D), the cell culture medium was collected and the samples 

were washed three times with the sterile phosphate buffer saline (PBS) solution before 

400 μL of the culture medium containing 10% CCK-8 were added.  After incubation 

for another 2 h at 37 ˚C, 200 μL of the medium were transferred to another 96-well 

plate to measure the absorbance at a wavelength of 450 nm on a microplate reader 

(BL340, Biotech, USA). 
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2.8 Biological response of RAW264.7 cells 

The RAW264.7 cells obtained from ATCC were maintained in in the culture 

medium composed of the high-glucose dulbecco's minimum essential medium 

(Hyclone), 10% fetal bovine serum (Corning), and 1% penicillin-streptomycin 

(Invitrogen).  The RAW264.7 cells were seeded on the samples with a density of 2 × 

104 cells per sample.  After incubation for 1 and 3 days, CCK-8 was utilized to 

determine the viability of RAW264.7 cells as described above.   The samples with cells 

were rinsed with sterile PBS three times, fixed with 2.5% glutaraldehyde, dehydrated 

with 30%, 40%, 50%, 70%, 90% and 100% (v/v) ethanol for 15 min each, dried in air, 

sputter-coated with platinum, and examined for the cell morphology by SEM.  At the 

same time points, the cell culture supernatant was collected and centrifuged at 2,000 

rpm for 5 min.  The secreted TGF-β1 and TNF-α were detected by the TGF-β1 Valukine 

ELISA Kit (R&D system) and TNF-α Valukine ELISA Kit (R&D system) according 

to the manufacturer's instruction. 

2.9 In vivo study 

The animal procedures and experiments were approved by the Ethics Committee 

for Animal Research, Shenzhen Institutes of Advanced Technology, Chinese Academy 

of Sciences.  The male and 8 weeks old Sprague Dawley (SD) rats were used and the 

CG and 10T samples were subcutaneously implanted into the symmetrical sides of the 

dorsal midline of SD rats to evaluate the in vivo anti-inflammation effects.  Before 

surgery, each rat was anesthetized with 2% pentobarbital sodium (2.3 mL·kg-1) via 

intraperitoneal injection.  The dorsal area of each rat was shaved followed by 

sterilization using povidone iodine.  A longitudinal surgical incision was made and 

implanted with the samples and the incision was sutured.  After implantation for 1, 3 

and 7 days, the rats were euthanized and the subcutaneous tissues were harvested, fixed 
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in 4% paraformaldehyde, embedded with paraffin, and sectioned for hematoxylin and 

eosin (H&E) staining and immunohistochemistry evaluation.  The 

immunohistochemistry evaluation was performed with antibodies of INOS (M1 marker) 

and CD163 (M2 marker) as well as the corresponding secondary antibodies (Servicebio, 

China).  4',6-diamidino-2-phenylindole (DAPI, Servicebio, China) was used for 

nucleus counterstaining and the specimens after staining were examined by fluorescent 

microscopy (Nikon Eclipse CI, Japan). 

2.10 Statistical analysis 

All the values were expressed as mean ± standard deviation.  The in vitro and in 

vivo assays were performed in triplicate and each in vitro experiment was repeated three 

times with the data from a representative experiment shown.  Independent t-tests were 

performed to determine the statistical significance.  A difference at p < 0.05 was 

considered to be significant and that at p < 0.01 or p < 0.001 was considered to be highly 

significant. 

  

3. Results 

3.1 Grain size and mechanical properties 
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Figure 1. Sample characterization: (a) OM images of the CG sample; (b) Bright-field 

TEM image (SAED as an inset) and (c) Dark-field TEM image of the 10T sample; (d) 

XRD patterns of the samples after HPT processing for 0, 0.25, 1, 4 and 10 turns. 

 

As shown by the OM image in Figure 1a, the CG sample shows a mean grain size 

of 77 ± 12 µm.  After 10-turn HPT processing, the curvy and not well-defined grain 

boundaries in the TEM images (Figure 1b-c) indicate the typical non-equilibrium 

feature of grain boundaries generated by SPD processing [33].  Those grains with 

poorly defined boundaries are different from grain boundaries in most conventionally 

processed materials [34].  The grain size of the Ti-45Nb alloy is refined homogeneously 

to 88 ± 35 nm (Figure 1b and c) and the distribution of grain sizes is shown in Figure 

S2 (Supporting Information).  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 [35]. 
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The SAED pattern of the 10T sample shows spots arranged in circles (Figure 1b 

inset), indicating the presence of several grains with high angle grain boundaries in a 

small area [35] and a UFG  microstructure.  The XRD patterns in Figure 1d show that 

the Ti-45Nb samples have the bcc crystalline structure as only peaks from the β phase, 

that are (110), (200), (211), and (220) planes, can be identified after HPT processing 

for 0, 0.25, 1, 4 and 10 turns.  Evidently, HPT processing does not induce phase 

transformation but instead leads to severe strain and significant grain refinement 

resulting in significant peak broadening [3]. 

 

Figure 2. Mechanical properties of the Ti-45Nb alloy before and after HPT 

processing: (a) Elastic modulus and microhardness; (b) Nanoindentation curves and 

areas; (c) Tensile curves. 

 

Figure 2 shows the mechanical properties of the Ti-45Nb alloy before and after 

HPT processing.  Figure 2a discloses that HPT processing increases the microhardness 

of the Ti-45Nb alloy as the equivalent strain ε increases.  Specifically, the 

microhardness increases from 1.81 GPa for the CG sample (ε = 0) to 2.17 GPa for the 

10T sample (ε = 5.5 at the edge area) and more details are shown in Figure S3 

(Supporting Information).  In contrast, the elastic modulus of the HPT-processed Ti-

45Nb alloy (61-72 GPa) shows some ups and downs with increasing ε, which are close 

to the reported values [3,16,36].  The variations of detected elastic modulus can be 
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attributed to the rolling texture after HPT processing [16,36]. 

 Figure 2b displays the load versus displacement curves during nanoindentation 

and corresponding indentation areas.  The 10T sample exhibits a smaller displacement 

as well as smaller indentation area than the CG sample confirming the larger 

microhardness after HPT processing.  The tensile curves in Figure 2c show that the CG 

and 10T samples have similar elastic moduli according to almost the same slopes of the 

linear parts (strain 0.00-0.05).  On the other hand, the ultimate tensile strength of the 

Ti-45Nb alloy increases from 370.6 ± 35.7 MPa to 658.4 ± 12.2 MPa after HPT 

processing for 10 turns.  Although HPT processing reduces the ductility of alloys [37], 

as the elongation decreases from 16.6% ± 1.7% of the CG sample to 8.3% ± 1.5% of 

the 10T sample, the final ductility is sufficient for clinical application according to the 

specification of ASTM F67-13 [38].  Overall, HPT processing improves the strength of 

the Ti-45Nb alloy with good ductility but does not increase the elastic modulus. 
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3.2 Electrochemical properties 

 

Figure 3. Electrochemical properties of the Ti-45Nb samples: (a) OCP-time curves; 

(b) MS plots with Nd (unit:  cm-3) marked for each sample; (c) Tafel plots; (d) Nyquist 

plots. 

By immersing the GG, 4T and 10T samples in SBF at 37 ˚C, the corrosion 

resistance is evaluated by open circuit potential (OCP)-time measurements, MS plots, 

anodic polarization and EIS measurements.  OCP is the potential of the working 

electrode relative to the reference electrode without an applied current to reflect the 

thermodynamic equilibrium at the metal/electrolyte interface as a function of time.  As 

shown in Figure 3a, the OCP curves become electro-positive with immersion time 

indicating constant inhibition of the anodic reaction (passivation) [39].  After SBF 

immersion for 1 h, the OCPs of the CG, 4T, and 10T samples are -0.639, -0.275, and -

0.204 V, respectively, suggesting that corrosion resistance follows the order of 10T > 
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4T > CG.  The passive film formed on Ti-based materials is an n-type semiconductor 

[25] and MS plots are utilized to characterize the change in the donor density (Nd) of 

the passive film.  As shown in Figure 3b, the applied potential E and C-2  (C is the 

capacitance of the space charge layer) show a clear linear relationship and positive 

slopes in the marked range.  The results corroborate that the passive layers are n-type 

semiconductors [40].  Point defects such as oxygen vacancies and/or Ti/Nb interstitials 

act as electron donors [40] and Nd is calculated from the MS plots according to the 

following relationship [36, 37]: 
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where Efb is flatband potential, ε is the dielectric constant (ε = 55 [43] for anatase) of 

oxide, ɛ0 is the permittivity of vacuum (8.85 × 10˗14 F/cm), and q, k, and T are the 

electronic charge (1.6 × 10-19 C), Boltzmann’s constant (1.380649 × 10-23 J/K), and 

absolute temperature, respectively.   Nd can be estimated from the slope of the MS plot 

by the following simplified equation [42]: 
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From the slopes of the linearly fitted plots in Figure 3b, the Nd values of the CG, 4T 

and 10T samples are 5.19×1018 cm-3, 5.08×1018 cm-3, and 1.28×1018 cm-3, indicating less 

point defects (better protection) in the passive film after grain refinement.  The 

potentiodynamic polarization results are presented as Tafel curves in Figure 3c and the 

corrosion potentials (Ecorr) and corrosion current densities (Jcorr) derived from the Tafel 

plots are given in Table 1.  Jcorr decreases but Ecorr is electropositive after HPT 

processing indicating smaller corrosion rates.  Furthermore, the well-defined 

passivation plateaus verify the passive corrosion mode of the Ti-45Nb samples.  
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Table 1. Electrochemical parameters of the Ti-45Nb alloys with different grain sizes. 

Samples OCP 
(V vs. SCE) 

Jcorr 
(μA·cm-2) 

Ecorr 
(V vs. SCE) 

Nd 
(1018 cm-3) 

CG -0.639 ± 0.045 8.55 ± 4.88 -0.228 ± 0.064 5.19 ± 0.57  

4T -0.275 ± 0.067 0.292 ± 0.105 -0.176 ± 0.031 5.08 ± 0.65 

10T -0.204 ± 0.034 0.213 ± 0.075 -0.120 ± 0.022 1.28 ± 0.23 

 

Figure 3d shows the Nyquist plots of the Ti-45Nb samples and the equivalent 

electric circuit is presented in the inset with a single time constant to fit the EIS data 

[19].  It comprises three components: Rs - solution resistance, Rp - polarization 

resistance, and CPE - constant phase element for the interfacial capacitance.  The reason 

for introducing CPE rather than a simple capacitor arises from the surface roughness 

and/or presence of defects in the crystal lattice (grain boundaries or dislocations) [9].  

Rs depends on the distance between the sample and reference electrode and the shape 

of the corrosion cell is the same for all the samples (15 ± 1 Ω·cm2).  Generally, Rp is 

proportional to the diameter of the semi-circular Nyquist plots.  The higher the value of 

Rp, the better are the anti-corrosion properties of the passive layer and consequently, 

the slower the corrosion process [19].  Therefore, the EIS results in Figure 3d indicate 

that the 10T sample has the best corrosion resistance.  The surface morphology before 

and after the polarization test (Figure S4, Supporting Information) corroborates the 

tendency of the OCP, MS, Tafel and EIS results.  Before corrosion tests, Ra of the CG 

and 10T samples is calculated to be 36.4 ± 4.8 nm and 31.7 ± 3.7 nm, respectively.  

There is no significant difference of surface roughness between the CG and 10T groups 

(p > 0.05).  After polarization, the sample surfaces turn yellow due to oxidation and the 

CG sample is less corrosion resistant than the 10T sample as indicated by more 
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corroded areas with black dots. 

3.3 Surface chemistry 

 

Figure 4. Surface chemical states of the CG and 10T samples: (a, b) 

TiO2/Ti2O3/TiO/Ti peaks and percentages of the CG sample; (c,d) TiO2/Ti2O3/TiO/Ti 

peaks and percentages of the 10T sample; (e,f) Nb2O5/NbO2/NbO/Ti peaks and 

percentages of the CG sample; (g,h) Nb2O5/NbO2/NbO/Ti peaks and percentages of 

the 10T sample. 
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Since the corrosion resistance of the Ti-45Nb alloy is significantly improved after 

HPT processing, the chemical composition of the surface passive layers of the CG and 

10T samples are determined by XPS as shown in Figure 4.  There are four valence states 

of Ti (Ti-Ti0, Ti2, Ti3 and Ti4) and Nb (Nb-Nb0, Nb2, Nb4 and Nb5) in the high-resolution 

Ti 2p and Nb 3d spectra of the surface passive layer at different depths.  For both the 

CG and 10T samples, the strong doublet (Ti2p3/2 binding energy ~458.1-458.8 eV) is 

attributed to TiO2 and the strong doublet (Nb3d5/3, ~207.5-208.1 eV) stems from Nb2O5, 

indicating that the passive layer is mainly composed of TiO2 and Nb2O5.  After 

Ar+ sputtering for 0, 5, 15, 30, 50, 75 and 150 s, the top layer of TiO2 and Nb2O5 is 

removed and the underlying Ti2O3/TiO and NbO2/NbO components are exposed until 

metallic Ti and Nb are reached.  In the Ti 2p spectra, metallic Ti is revealed on the CG 

sample after Ar+ sputtering for 50 s, but sputtering for 75 s of the 10T sample does not 

yet show metallic Ti (Figures 4a-d), indicating a thicker TiOx (x = 1-2) layer on the 

latter sample.  The Nb 3d spectra exhibit a similar tendency (Figure 4e-h) that the NbOy 

(y = 1-2.5) layer on the 10T sample is thicker than that on the CG sample. According 

to the sputtering rate of Ta2O5 standard (0.2 nm/s) under the same condition, the 

estimated thickness of the passive layer on the CG and 10T samples are 6 and 15 nm, 

respectively.  Metallic Nb is observed after sputtering for 15 s and 50 s of the CG and 

10T samples, respectively, and it appears earlier than the metallic Ti counterpart (50 

and 100 s).  Therefore, the surface layer on NbOy is thinner than that on TiOx.  The 

difference can be explained by the Ellingham–Richardson diagram [44].  Specifically, 

the standard free energy change (ΔGϴ) of oxide formation is negatively correlated with 

the stability of the compound.  In the large temperature range, −ΔGϴ of Ti is higher than 

that of Nb  [44] and therefore, Nb is less able to form oxide under the conditions of low 

oxygen content leading to a thinner oxide layer.  
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3.4 Surface work functions 

 

 

Figure 5. Surface work functions of the CG and 10T samples: (a) UPS determined at a 

negative bias (-10 eV); (b) Magnified image of the area marked by b in (a) showing 

the Fermi edge of the standard Au sample for characterization; (c) Magnified image 

of the area marked by c in (a) showing the cut-off edges of the CG and 10T samples. 

 

The surface work functions of the Ti-45Nb alloys with different grain sizes are 

determined by UPS as shown in Figure 5a.  By measuring the width of the emitted 

electrons (W) from the secondary electron cutoff (Ecutoff) to the Fermi edge (Ef) as W = 

Ecutoff - Ef , and subtracting W from the energy of the incident UV light (hv), the work 

function Φ is given by the following equation [45]:  
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Φ = hv - (Ecutoff - Ef), 

where hv is the energy of the He I emission line (21.22 eV).  To distinguish the 

secondary electron cutoff from low energy electron scattering, a negative bias voltage 

of 10 eV is employed in the work function assessment.  The horizontal axes of the 

spectra in Figure 5a-b are corrected by 10 eV towards a positive direction and Ef of the 

Au standard sample is calculated to be 0.051 eV.  Combined with the Ecutoff values 

shown in Figure 5c, the work functions Φ of the CG and 10T samples are calculated to 

be 3.885 eV and 3.755 eV, respectively.  The results demonstrate that the surface 

electrons on the 10T sample are less bound than those on the CG sample and so less 

energy is required for electrons to escape from the surface of the 10T sample. 

3.5 Ion release and biological performance in vitro 

The immune response is a key factor that determines the in vivo fate of orthopedic 

biomaterials [46].  Herein, macrophages are cultured on the Ti-45Nb samples with 

different grain sizes to evaluate the cell viability and protein levels.  Prior to the 

biological assays, the CG and 10T samples are immersed in SBF at 37 ˚C for up to 7 

days and then release of Ti and Nb ions is evaluated.  As shown in Figure 6a, the 

amounts of Ti and Nb ions released from the Ti-45Nb alloy are significantly reduced 

after HPT processing for 10 turns.  In fact, release of metallic ions from dental implants 

has been observed to affect the biocompatibility, but the cytotoxicity decreases with 

less ion release. 
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Figure 6. Ion release and biological performance in vitro: (a) Release of Ti and Nb 

ions after immersion in SBF at 37 ˚C for up to 7 days; (b) Time-dependent viability of 

macrophages cultured on the CG and 10T samples;  (c) TNF-α and (d) TGF-β1 

protein expressions of macrophages cultured on the CG and 10T samples; (e) SEM 

images of macrophages cultured on the CG and 10T samples for 1 and 3 days.  * 

denotes p < 0.05, ** denotes p < 0.01 and *** denotes p < 0.001 compared with the 

CG group. 
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Figure 6b shows the viability of macrophages cultured on the CG and 10T samples 

and clearly, the 10T sample is better than the CG sample in supporting cell growth on 

account of reduced ion release.  The samples are also seeded with HMSCs to evaluate 

the time-dependent viability (Figure S5, Supporting Information) and the better 

biocompatibility of the 10T sample is corroborated.  The macrophages on the samples 

are determined quantitatively for protein release of pro-inflammatory TNF-α (Figure 

6c) and anti-inflammatory TGF-β1 (Figure 6d).  The 10T sample shows a smaller 

expression of pro-inflammatory cytokines (TNF-α) and larger expression of anti-

inflammatory cytokines (TGF-β1) compared with the CG sample.  With regard to the 

morphology of cells on the different samples (Figure 6e), macrophages on the CG 

sample exhibit an oval shape (M1-type), whereas those on the 10T sample are elongated 

in shape with abundant pseudopodia (M2-type) [47].  All in all, HPT processing 

alleviates the inflammatory response on the Ti-45Nb alloy in vitro by reducing release 

of undesirable metallic ions. 

3.6 Inflammatory response in vivo 

In order to examine the inflammatory response in vivo, the CG and 10T samples 

are implanted subcutaneously into the back of SD rats for 1, 3 and 7 days.  As shown 

in Figure 7a, both the CG and 10T samples induce foreign body reactions (FBRs) in 

vivo by impacting macrophages at the peri-implant sites.  Specifically, acute 

inflammation is triggered at 1 day post-implantation but the 10T sample shows less M1-

type macrophages (red fluorescence) than the CG sample.  At time points of 3 and 7 

days post-implantation, acute inflammation fades and the M2-type macrophages with 

green fluorescence are more dominant on the 10T sample.  Therefore, the 10T sample 

provides better anti-inflammatory effects.  From the macroscopic view, all the rats show 

few abnormalities after implantation (Figure S6, Supporting Information), except that 
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the peri-implant tissues in the CG group are swollen on the 7th day (Figure 7b) as a 

typical symptom of inflammation.   The inflammatory states of the peri-implant tissues 

are further determined by H&E staining as shown in Figure 7c and d.  Evidently, the 

fibrous layers induced by the 10T sample are much thinner after 3 and 7 days of 

implantation corroborating less inflammation for the 10T group. 

 

Figure 7. Inflammatory responses in vivo: (a) Immunofluorescent staining of the peri-

implant macrophages after subcutaneous implantation of the CG and 10T samples for 

1, 3 and 7 days: red (INOS, M1 marker), green (CD163, M2 marker) and blue (nuclei) 

with the scale bar equal to 100 μm; (b) Macroscopic view of the peri-implant tissues 

with the scale bar equal to 10 mm; (c) H&E staining of the peri-implant tissues after 

subcutaneous implantation of the CG and 10T samples for 1, 3 and 7 days with the 

fibrous layers are marked by dashed lines and scale bar equal to 50 μm; (d) Thickness 
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of the fibrous layers after subcutaneous implantation of the CG and 10T samples for 

1, 3 and 7 days. * denotes p < 0.05, ** denotes p < 0.01 and *** denotes p < 0.001 

compared with the CG group. 

 

4. Discussion 

4.1 Influence of HPT processing on the mechanical properties 

As illustrated in Figure 2, HPT processing increases the mechanical strength and 

microhardness of the Ti-45Nb alloy.  The microhardness increases gradually with 

increasing accumulative strain and the most pronounced hardening effect is observed 

for ε of 3-3.5.  HPT processing has been reported to lead to inhomogeneous grain 

refinement due to the different strain at various distances from the center [37].  However, 

in this study, HPT processing for 10 turns (ε = 5.5) produces fairly homogeneous 

microhardness (Figure S3, Supporting Information) and grain refinement across the 

samples.  In general, after HPT processing for 10 turns, the microhardness is improved 

by 18% and the ultimate tensile strength increases by 78% with fair ductility.  The main 

reason is the substantial grain refinement from ~77 μm to ~88 nm (Figure 1) as well as 

dislocation strengthening [37], which have been observed from the Ti-45Nb alloy after 

SPD processing [ 2,3, 6, 16]. 

In contrast, the elastic modulus of Ti-45Nb remains almost the same after HPT 

processing (Figure 2a) in agreement with the reported results [3, 6,1 6].  Since the linear 

part of the initial tensile curve corresponds to elastic deformation, Figure 2c shows that 

the 10T and CG samples have the same elastic modulus because of the same slopes.  

The reason stems from 100% retention of the β phase after HPT processing as 

confirmed by XRD (Figure 1d).  Although heat treatment can increase the strength of 
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the Ti-45Nb alloy, strengthening is offset by the drastic increase in the elastic modulus 

due to precipitation of the α phase [9].  Therefore, HPT processing is superior to the 

processing including heat treatment by producing high strength and maintaining low 

elastic modulus at the same time. 

4.2 Influence of grain refinement on the corrosion behavior 

The stability of the passive layer is crucial to corrosion protection which relies on 

the corrosion potential of the passive layer as  well as pH, temperature and composition 

of the corrosion solution [19].  In the presence of halide ions (Cl-, F-, Br-and I-), the 

passive layer of Ti can be readily destroyed [19].  The concentrations of Cl- in serum 

and interstitial body fluids are 113 and 117 mEq/L, respectively, which can severely 

corrode metallic implants [48].  Herein, the SBF with a chloride concentration of 143 

mEq/L is employed to assess the corrosion behavior and leaching of metallic ions.  

According to the point defect model (PDM), local corrosion damages the passive layer 

of the Ti-45Nb alloy by the following steps: (1) incorporation of aggressive ions (Cl-) 

from the SBF into oxygen vacancies, (2) formation of cation vacancies at the 

oxide/electrolyte interface, (3) diffusion of cation vacancies and subsequent 

annihilation by oxidation, and (4) condensation of non-annihilated vacancies to form 

voids leading to local detachment of the passive layer and pitting corrosion [49].  

The electrochemical results disclose that the 10T sample has better corrosion 

resistance.  As shown in Figure 3a, a quicker increase of OCP with immersion time 

implies faster formation of the passive film on the 10T sample and better corrosion 

resistance.  The potentiodynamic polarization curves in Figure 3c indicate the 

passivation characteristics in the electrolyte and the CG, 4T and 10T samples exhibit a 

similar passive behavior and typical active-passive transition like pure Ti [50].  The 

passive region is also quite similar for all the samples.  Noteworthily, the 10T sample 
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shows the largest corrosion potential (-0.120 V) and smallest corrosion current density 

(0.213 μA·cm-2), whereas the CG sample shows the smallest corrosion potential (-0.228 

V) and biggest corrosion current density (8.55 μA·cm-2) suggesting the corrosion rate 

of the 10T sample is smaller.  

The MS plots in Figure 3b show the impact of grain refinement on the density and 

diffusivity of point defects in the passive layers.  The calculated value of Nd in the 

passive layer doped with Nb2O5 has been reported to be on the order of 1018 cm−3 [41] 

and less than 1020 cm−3 for the passive layer on pure Ti [42].  This is because Nb2O5 

stabilizes the TiO2 passive layer [14, 46, 47] by forming strong covalent bonds between 

Ti and Nb atoms [53] and creating fewer point defects in the passive layer.  The Nd 

values determined in this study are on the order of 1018 cm−3 indicating that the Ti 

passive layer is incorporated with Nb2O5.  According to Figure 3b, oxygen vacancies 

and/or the cation interstitials act as electron donors leading to n-type semiconducting 

characteristics.  A larger density of oxygen vacancies and/or Ti/Nb interstitials in the 

passive film appears to be the main reason for the larger Nd.  As shown in Figure 3b, 

Nd of the 10T sample is smaller than those of the 4T and CG samples, implying that 

grain refinement reduces the number of defects in the passive layer and increases the 

corrosion resistance.  

According to the Nyquist plots shown in Figure 3d, the samples exhibit only one 

capacitance loop and the arc-like behavior.  Generally, a larger diameter of the 

capacitive loop indicates better corrosion resistance [54].  The simulated equivalent 

electrical circuit [19] is generated to evaluate Rp as shown in Table 1 and the corrosion 

resistance follows the order of 10T > 4T > CG.  The beneficial influence of surface 

nanostructure on corrosion resistance are also found on metallic materials produced by 

other methods such as sand blasting [55], ultrasonic impact treatment [56] and surface 
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mechanical attrition treatment [57]. 

4.3 Influence of grain refinement on the passive layer 

The UFG structure produced by HPT processing is mostly composed of 

deformation-induced non-equilibrium grain boundaries which provide higher energy 

than those at the equilibrium state and grain interior [18].  Several phenomena of the 

UFG microstructure such as ultra-fast diffusion [58] and room temperature grain 

boundary sliding [18] have been reported.  In many polycrystalline materials, grain 

boundaries are more prone to corrosion due to the larger energy and less perfect atomic 

structure [59].  Grain boundaries can also act as nucleation sites for oxide in the passive 

layer [60].  The influence of grain refinement on the microstructure of the passive layer 

depends on the corrosion mode indicated by the polarization curves, that is, active, 

passive, or active/passive [19].  In the active mode of corrosion, the corrosion rate is 

accelerated by grain refinement (e.g. magnesium [61]) but the passive mode exhibits 

the opposite trend [62].  Since the Ti-45Nb alloy shows the passive mode in 

electrochemical polarization (Figure 3c), the improved corrosion resistance can be 

attributed to more grain boundaries and the lower work function. 

The work function, ϕ, which is the minimum energy needed to expel an electron from 

the surface, affects the electrochemical properties such as corrosion resistance and 

anodic oxidation.  The energy needed to remove atoms is decided by the location of the 

atoms in polycrystalline materials.  Atoms in defects such as grain boundaries have 

fewer bonds with the host lattice and can leach into the external medium more easily.  

The smaller work function of the 10T sample (Figure 5) confirms that this tendency 

also applies to Ti-45Nb.  ϕ of the Ti substrate governs the band alignment at the 

oxide/metal contact.  Figure 3b shows that the TiOx/NbOy passive layer is an n-type 

semiconductor and the Schottky barrier (Figure 8b) [45] forms a potential energy 
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barrier for electron transfer at the metal-semiconductor junction [63].   The Schottky 

barrier φB can be calculated by the Schottky-Mott rule [64].  Because the current flow 

across a metal-semiconductor interface depends exponentially on φB at an applied 

voltage, φB determines the main electrical characteristic [45].  As shown in Figure 8b, 

the smaller ϕm of the 10T sample leads to a smaller φB and according to the PDM theory 

as shown in Figure 8c, a smaller φB accelerates the formation of passive film to increase 

protection and corrosion resistance (Figure 8a).  The tendency is in agreement with the 

results of Gu et al. who have observed that a smaller ϕ of Ti-based metallic glass gives 

rise to superior corrosion resistance stemming from the more protective passive film 

[65].  

As shown in Figure 4, all the passive layers show the transition from stoichiometric 

TiO2 and Nb2O5 to lower covalence states of Ti2O3, TiO, NbO2 and NbO from the top 

surface to the oxide/metal interface.  It is clear that grain refinement does not change 

the chemical composition or the n-type semiconducting nature of the passive film, but 

affects the thickness and defect density.  Metallic Ti and Nb are present at greater depths 

in the 10T sample than the CG sample indicating a thicker passive oxide layer on the 

former.  Moreover, the NbOy layer on the 10T sample (Figure 4h) has a larger content 

of Nb2O5 (Figure 4f) and Nb5+ may render the TiO2 passive layer more compact [52].  

When Ti3+ replaces Ti4+, oxygen vacancies are generated, and when Nb5+ exists in the 

passivation film, the oxygen vacancies disappear to maintain electrical neutrality [52].  

The smaller number of anion vacancies mitigates migration of cation vacancies making 

the layer more compact [52].  Therefore, the larger concentration of Nb2O5 in the 

passive film on the 10T sample improves the anti-corrosion properties.  Consistent with 

our reasoning, the number of defects in the passive layer of the 10T sample decreases 

as shown in Figure 3b. 
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Figure 8. Schematic illustrating the influence of grain refinement on the passivation 

behavior of the Ti-45Nb alloy: (a) Macroscopic illustration of the interfaces between 

the passive layer and Ti-45Nb with different grain sizes [19]; (b) Schematic 
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illustration of the Schottky barrier at the metal-semiconductor interface with EC, EV, 

and Efm/Efo denoting the conduction band minimum, valence band maximum, and 

Fermi level, respectively,  φm denoting the metal work function, φo denoting the work 

function and φB denoting the potential barrier height or Schottky barrier; (c) 

Schematic illustration of the evolution of the passive film on the Ti-45Nb alloy 

showing transport of ions and electrons. 

 

4.4 Influence of grain refinement on the biological response 

The samples undergo partial dissolution and reprecipitation in the aqueous solution 

and metallic ions are released gradually [48].  In this process, the amount of released 

ions depends on the corrosion rate and the generation time of the passive layer [48].  

The OCP values in Figure 3a show that in Hank’s solution at 37 ˚C, a more positive 

shift is observed from the 10T sample suggesting that grain refinement leads to a 

quicker passivation time [19].  Hence the decreased corrosion rate of the 10T sample 

(Figure 3b-d) combined with a quicker passivation time (Figure 3a) contribute to the 

reduced ion release in the solution.  A similar tendency has been reported from 

nanostructured pure titanium [23].   Less metal ion release benefits the biocompatibility 

of implants [66].  For example, Ti and Nb show substantial cytotoxicity in the powder 

form but the bulk materials are relatively biocompatible [66] on account of less leached 

metallic ions.  Released metallic ions are also responsible for inflammatory reactions 

[67] as they can spread into intercellular space to induce secretion of pro-inflammatory 

cytokines [68].  TNF-α is one of the cytokines released by macrophages in the 

inflammatory state [68,69] and TGF-β1 is one of the anti-inflammatory cytokines 

playing a vital role in bone formation [70].  Figure 6 shows smaller inflammatory 

effects on the 10T sample than the CG sample as manifested by downregulation of 
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TNF-α and upregulation of TGF-β1 in conjunction with the elongated shape of the 

cultured macrophages. 

Our in vivo study confirms the anti-inflammatory effects of the 10T sample.  

Generally, FBRs including inflammatory cell infiltration and formation of fibrous 

capsules are provoked in the wound healing process after surgical implantation.  

Macrophages are the major infiltrating cells at the implantation sites in response to 

foreign materials [71,72].  As shown in Figure 7a, the sporadic macrophages in the 10T 

group indicate M2 polarization in line with the in vitro results (Figure 6 c-e).  After 

implantation for 3 and 7 days, the tissues around the 10T sample show significantly 

reduced infiltrated inflammatory cells as well as much thinner fibrous layers (Figure 

7c-d) indicating relieved FBRs. 

 

5. Conclusion 

HPT processing enhances the mechanical properties of the β-type Ti-45Nb alloy 

via grain boundaries strengthening.  The ultimate tensile strength increases from 370 

MPa to 658 MPa but the elastic modulus of the Ti-45Nb alloy remains at the low level 

of 61-72 GPa because the single-phase bcc β-structure is preserved during HPT 

processing.  The Ti-45Nb sample after grain refinement has better anti-corrosion 

properties, because the smaller surface work function after HPT processing facilitates 

the formation of a thicker and less-defective surface passive layer.  Furthermore, 

reduced corrosion rate and quick passivation mitigate leaching of pro-inflammatory 

metal ions and inflammatory response both in vitro and in vivo.  The strategy and 

materials described here provide insights into the design and fabrication of clinical 

orthopedic and dental implant materials with multiple functions. 
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