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H I G H L I G H T S

• Composite layers possess
nanocrystallines and amorphous phases
with homogeneous dispersive oxygen.

• Composite layers show α″ martensites
and dislocations with dynamic recrys-
tallization.

• More titanium oxides of high valence
were discovered in surface of oxide
films of composite layers.

• Dense needlelike structure was ob-
served on surface of composite layers
after polarization.

• Corrosion resistance is optimized by
modified microstructure with increase
of rotation speed and TiO2 added.
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Forming stable anti-corrosion surface layer and homogenized microstructure on the surface of material has be-
come a major challenge in developing biomedical β titanium alloy. In the study, TiO2/Ti-35Nb-2Ta-3Zr anti-
corrosion micro/nano-composites with different amount of TiO2 particles were successfully fabricated by one-
pass friction stir processing (FSP). The composition, microstructure and electrochemical properties of the mate-
rial are characterized systematically. In particular, compact passive oxide films formed on surface of the material
after electrochemical corrosion are elaborated from constituent, thickness and structural characteristics. Further-
more, the relationship between various FSP parameters, microstructure presented and corresponding corrosion
resistance has been discussed in detail. The results show that TiO2/Ti-35Nb-2Ta-3Zr micro/nano-composite
layers possess massive uniform β grains with homogeneous dispersive oxygen on the surface. Nanocrystallines
surrounded by amorphous phases and α″ martensite accompanied with dislocations are discovered. TiO2/Ti-
35Nb-2Ta-3Zr micro/nano-composite layers present outstanding corrosion resistance. More TiO2 added and
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higher rotation speed promotes the optimization in corrosion resistance forming more compact passive films.
The study displays the potential of a new micro/nano-composite with outstanding surface microstructure and
corrosion resistance that serves better as a biomedical implant.
© 2019 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

β titanium and its bio-derivedmaterials reveal great potential as im-
plants owning to their high strength, low Young'smodulus, outstanding
corrosion resistance and splendid biocompatibility [1–3]. As a quater-
nary system, Ti-Nb-Ta-Zr β titanium alloys (TNTZ) exhibit improve-
ment in mechanical and corrosion properties compared with pure Ti.
With the addition of Nb, Ta and Zr elements, thermal stability of thema-
terial is enhanced, andmeanwhile chemical dissolutionof the oxidefilm
is also reduced [4–8]. In particular, the tensile strength of Ti-35Nb-2Ta-
3Zr after cold-rolling can reach 896.26 MPa, while its elastic modulus
drops down below 50 GPa [9].

The formation of a stable and compact oxidation film on the surface
of titanium alloys, which essentially consists of TiO2, can well retard the
corrosion [10]. However, TiO2 layer naturally formed on the surface of
implants in service is thin and irregular, thus is vulnerable to inevitable
abrasion with body hard tissues [11]. Moreover, the oxidation film is
likely to peel off under cyclic stress due to weak bonding with the sub-
strate [12]. The dissolution of oxidefilm occurs indeed in Cl¯ concentrate
solution, as a result of the competitive adsorption between Cl andO ions
[13–15]. Thus, to a great extent, structures and bonding of surface TiO2

layer determine the corrosion resistance of titanium alloys.
Recently, different surface modification methods have been used to

optimize surface properties, such as ion implantation, spark plasma
sintering, powder sintering [16–20]. Friction stir processing (FSP),
which is a relatively new localized thermomechanical processing tech-
nique, can fabricate micro/nano-sized structure in surface of substrate
with advantage [21]. The refinement and homogenization of grains
are available during the process, owing to the local intense plastic defor-
mation and stirring heat caused by FSP [22,23]. The improvement on
microstructure andmechanical properties eliminates defects of the sub-
strate. Moreover, micro/nano-composite surface layer processed by FSP
obtains much stronger bonding with base metal compared with other
modification methods [24]. In the process of corrosion, refined surface
microstructure could increase the compactness of surface oxide films
so as to inhibit corrosion.

It is reported that when incorporated into micro/nano-composites
as reinforcement, TiO2 can help change the surface morphology, im-
prove mechanical properties and enhance corrosion resistance of the
material [25,26]. Some recent researches have showed that the hybrid
composites on the aluminum alloy AA7075 displayed better strength
and dimensional stability with the increase in TiO2 concentration
through grain refinement [27]. In addition, TiO2 coating could promote
biocompatibility and corrosion resistance compared with pure Ti in SBF
solution [28]. Besides, as we know, TiO2 as an important role in superfi-
cial oxide films may be beneficial to impede corrosion. Therefore, TiO2

micro-nanoscale reinforcement is expected to enhance bothmechanical
properties and corrosion resistance of the material, on account of its
special chemical inertia and strong bonding realized by FSP.

The previous researches have demonstrated good corrosion resis-
tance, cell adhesion and proliferation of Ti-35Nb-2Ta-3Zr [29]. Subse-
quently, Wang et al. [30] enhanced microhardness of the titanium
alloy and attributed it to interaction mechanism of dislocations, twin-
ning, deformation induced α″ and ω phases. With respect to TiO2

micro/nano-composite layers by FSP, our teamexplored themicrostruc-
ture, microhardness, corrosion resistance and biocompability of micro/
nano-composites of Ti-6Al-4 V and TiO2 fabricated by FSP rotated at
the speed of 375 r/min [31,32]. Similarly, Yang et al. [33] proved that

Ag micro/nano-composite layers modified by FSP optimized antibacte-
rial property and cell adhesion, at the same time microstructure evolu-
tion, and electrochemical property of the material were detailed
discussed. These researches about Ti-35Nb-2Ta-3Zr substrate and
metal matrix composites presented a desired potential of further opti-
mization of mechanical properties and corrosion resistance of Ti-
35Nb-2Ta-3Zr substrate.

While numerous researches proved that it's feasible to realize sur-
face modification and improve material properties of biomaterial tita-
nium alloys through FSP, due to the complexity of this process, the
influences of technology parameters during FSP, such as rotation
speed and the amount of reinforcement particles, have been rarely
discussed. Besides, most researches just attributed promotion of corro-
sion resistance to surface refinement but were lack of overall systematic
analyses.

In this study, FSP was utilized to incorporate TiO2 particles into Ti-
35Nb-2Ta-3Zr biomedical titanium alloy to form a metal matrix
micro/nano-composite surface layer. This work systematically explored
the effect of FSP parameters on microstructure and corrosion property
of TiO2micro/nano-composite layer, andmeanwhile the correlation be-
tween them and corrosion resistance mechanism were detailed
discussed. Besides, to investigate the possible scenarios caused by differ-
ent FSP technology parameters, various depths of incorporated particles
(0.5, 1 and 2 mm) and rotation speeds (650 rpm and 850 rpm) were
taken into account. This study provided a new insight into the surface
modification of composite layer through FSP for potential of medical
use as a novel implant biomaterial.

2. Experimental procedures

2.1. Material preparation and friction stir processing

Ti-35Nb-2Ta-3Zr alloys with 99.5 wt% purity were fabricated under
argon shielding. The ingotwasmelted thrice at 1223 K for 1 h in vacuum
condition and casted into a billet, which was solution treated at 780 °C
for 30 min. The metal plate with a thickness of 5 mm was obtained
after air cooling and rolling at room temperature with the 90% total
rolling reduction ratio to eliminate stress produced in the machining
process and get a stable β phase matrix. The ordered holes in the for-
ward direction were grooved by wire cutting in a line at an interval of
3 mm on surface of the metal plate after polishing and cleaning.

TiO2 powder (99% purity with an average diameter of 200 nm) was
filled in the holes. In order to explore the effect of various contents of
TiO2 particles, same size holes with a diameter of 1 mmwere punched
with different depths (0.5 mm, 1 mm and 2 mm) and then the holes
were filled with TiO2 powder. To fabricate themetal matrix composites,
FSP was applied by a professional FSW machine, which consisted of a
tungsten steel shoulder and a pin. The diameter of the shoulder was
15 mm. The diameter and plunge depth of the pin were 10 mm and
2 mm respectively, which was tilted by 2.5° during FSP [30]. As shown
in Fig. 1, the probe moved at a constant travel speed of 50 mm/min
and two rotation speeds, 650 rpm and 850 rpm were selected. The
whole process was conducted in the argon protecting atmosphere to
avoid oxidation. The experimental samples were named as R650D05,
R650D1, R650D2, R850D05, R850D1 and R850D2 according to various
rotation speeds and depths during FSP. For example, the R650D05 rep-
resented the rotation speed of 650 rpm and depth of 0.5 mm.
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2.2. Microstructural characterization

The materials after FSP were cut into 7 mm × 7 mm samples by wire
electrical discharge machining, and prepared in an epoxy mount. After
polishing, the samples were etched in a solution composed of 10 vol%
HF, 30 vol%HNO3, and60 vol%H2O.Microstructure observationswere car-
ried out by a Nova FEI 400 field emission scanning electron microscope
(SEM) in secondary electron and backscattering modes and high resolu-
tion TEM (HRTEM) with a JEM2100 microscope operating at 200 kV. To
carry out Electron backscattered diffraction (EBSD), the sampleswere fur-
ther ionpolished for 8h aftermechanical polishing andvibrationpolishing
in order to eliminate surface stress. EBSD analysis was executed at 20 kV
and 8 nA with a 70° angle of inclination in a Nova FEI 400 field emission
SEM with HKL Channel Oxford 5 EBSD system, with a scan step size of 1
μm and a spot size of 5 nm. The setting of the grain tolerance angle used
for grain-size measurements was 5° and the lower limit of boundary-
misorientation cutoff was 2° for misorientation measurements [30].

2.3. X-ray diffraction and energy dispersive spectroscopy

The samples for XRD and EDS analyses were cleaned beforehand by
ethanol and deionized water in an ultrasonic bath for 3 min. The phase
analysiswas carried out by X-ray diffraction (XRD) in a D8 ADVANCEDa
Vinci XRD device at 40 kV and 40mA. The scanning range (2θ)was from
10° to 90° and the scanning rate was 0.08°/min, with a step of 0.02°
using CuKαλ = 1.5406 Å radiation. Energy dispersive spectroscopy
(EDS) was conducted in a Nova FEI 400 field emission SEM equipped
with an energy dispersive spectrometer for elemental mapping.

2.4. Electrochemical measurements

The potentiodynamic polarization (POT) and electrochemical imped-
ance spectroscopy (EIS) tests were measured with the electrochemical
workstation PARSTAT 2273. The whole process was performed in a
three-electrode cell with a saturated calomel electrode (SCE) as the refer-
ence electrode, a platinum electrode as the auxiliary electrode and an ex-
perimental sample as the working electrode. The area of the samples
exposed in the solution is 0.49 cm2. Hank's solution was chosen to simu-
late body fluid environment [34]. The solution was composed of 8 g/l
NaCl, 0.4 g/l KCl, 0.14 g/l CaCl2, 0.35 g/l NaHCO3, 0.06 g/l Na2HPO4·2H2O,
0.1 g/l MgCl2·6H2O, 0.06 g/l KH2PO4, 0.06 g/l MgSO4·7H2O and 1 g/l glu-
cose. The pH of solution was regulated to approximately 7.4. During the

measurement, the temperature was kept at 37 °C. In order to get a rela-
tively stable state, the open circuit potential (OCP) measurements main-
tained 1.5 h. The EIS was measured with the 10 mV signal amplitude
from high frequency of 100 kHz to low frequency of 10 mHz. The poten-
tiodynamic polarization testsweremeasured at a step height of 1mV and
a scan rate of 1 mV/s from an initial potential of −0.25 V vs. OCP to the
final potential of 3 V. The recorded data were analyzed by Power Suite
software and the EIS data were curve fitted by ZSimpWin 3.21 software.

2.5. AFM (Atomic Force Microscope) measurements

AFM measurements were carried out by Dimension Icon & FastScan
Bio AFM device. The samples after potentiodynamic polarization were
cleaned three times by deionizedwater gently so as towipe off superficial
deposits before observation. Tapping mode was used for topography
measurements. Local dc current was mapped via an infliction of 25 mV
bias voltage between the probe and the conductive base. The NanoScope
Analysis 1.8 software was used for analysis of the data and maps.

2.6. XPS measurements of surface and depth profile

X-ray photoelectron spectroscopy (XPS) measurements were car-
ried out by an AXIS UltraDLD XPS apparatus with a monochromatic Al
Kα X-ray source. The resolution of spectrometer was 0.48 eV, as mea-
sured on an Ag 3d5/2 peak. The values of binding energywere calibrated
by the C 1 s peak value (284.6 eV). The depth profile analyses of oxide
layers were performed after the surface detections. The sputtering was
conducted by the Ar+ ion beam at a rate of 2 nm/min determined on
the SiO2 standard. The samples were corroded at the constant potential
of 0.5 V for 1.5 h after themeasurements of OCP for 1.5 h. The data were
analyzed by CasaXPS software.

3. Results

3.1. Microstructure characteristics

Fig. 2 shows SEMmicrographs and element compositions of the sur-
face of Ti-35Nb-2Ta-3Zr alloy and FSPed samples (R650D05 and
R850D05). Coarse grains with an average grain size of approximately
80 μm are observed on the surface of Ti-35Nb-2Ta-3Zr substrate in
Fig. 2a. Compared with the substrate, massive uniform and finer
equiaxed β grains with a mean size of 8 μm on the surface of stir zone
were acquired by FSP, which indicates the occurrence of grain refine-
ment, as shown in Fig. 2b and Fig. 2c. There is no obvious difference of
morphology between R650D05 and R850D05 samples. In addition,
Fig. 2d, e and f show EDS analyses and detailed data are recorded in
Table 1. The element mappings of the surface of stir zone in R650D05
and R850D05 display directly the uniform distribution of oxygen in
the insets of Fig. 2e and f. As shown in Fig. 3a and b, few second phases
can be observed in surface of stir zones in R650D05 and R850D05 sam-
ples in BSEmodemarked by red circles, while, the structure of other tis-
sues is homogeneous. Due to higher rotation speed, as shown in Fig. 3b,
the clusters in R850D05 samples are more uniform and tiny (about 0.3
μm), compared with those in R650D05 samples (about 0.5 μm). This in-
dicates that high rotation speed inhibited partial accumulation of TiO2

particles. Similar results were discovered by Rajeshkumar et al. [35].
They attributed the highly dispersed distribution to more dislocation
and deformation generated at a higher rotation speed during FSP,
which facilitated refinement of grains and homogeneous microstruc-
ture. Fig. 3c is line scanning of the second phase. Compared with sur-
rounding tissues, the oxygen content of the second phase zone has
increased and the titanium content has correspondingly decreased at
the same time. However, due to the interaction volume of beam, the el-
ement content can be influenced by precipitates nearby or under the
surface [36]. Besides, the spatial resolution of SEM-EDS is limited to
about 2 μm so that the tiny clusters could not be detected precisely.

Fig. 1. Fabrication of TiO2/Ti-35Nb-2Ta-3Zr metal matrix micro/nano-composite:
(a) Different addition depths of TiO2 particles, and (b) Schematic of friction stir processing.
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Therefore, it is only speculated that the composition of the clusters
could be related to oxygen in view of the consistency of fluctuations.

In order to explore deeply the effect on microstructure of TiO2 com-
posite layers by FSP, TEM micrographs of modified surface of FSPed
samples were obtained. In Fig. 4, massive dislocation and deformation

are discovered both in R650D05 and R850D05 samples. Fig. 4a and b
show no distinct anisotropy and uniform grains on surface of stir
zones in R650D05 and R850D05 samples. A mass of dislocations extend
fromgrain boundaries to grain internal and interlace to form dislocation
tangles in Fig. 4c and d. As shown in Fig. 4e and f, many slip bands are
observed in the grain. Dislocationsmostly slide in slip bands and planes,
andmultiple overlapping dislocations can lead to the formation of wavy
and wide slip bands. A number of short and meandering slip traces
caused by dislocations are shown in Fig. 4e (marked by arrows). Many
dense and paralleled slip bands are in grains on surface of R850D05 in
Fig. 4f. This could attribute to more severe plastic deformation induced
by higher rotation speed. Meanwhile, due to lower basal plane stacking
faults energy, adding TiO2 particles can decrease the basal plane stacking
faults energy of the whole system so as to more formation of dislocation
[37]. For R850D05 samples, more microstructure details are presented
in Fig. 5. Recrystallized grains on the modified surface of stir zone in
R850D2 are shown by red line in Fig. 5a, which are attributed to consecu-
tive extrusion and dislocations of surrounding grains. Meanwhile,

Table 1
Element compositions (wt%) of Ti-35Nb-2Ta-3Zr substrate and FSP groups by EDS
analyses.

Groups Ti (wt%) Nb (wt%) Ta (wt%) Zr (wt%) O (wt%)

Substrate 61.9 33.8 1.6 2.8 –
R650D05 59.5 31.4 1.4 2.7 5.0
R650D1 58.2 31.7 1.7 2.7 5.7
R650D2 57.8 31.5 1.6 2.6 6.5
R850D05 58.8 31.2 1.7 2.5 5.8
R850D1 58.2 31.3 1.8 2.6 6.1
R850D2 58.3 30.5 1.5 2.7 7.0

Fig. 3. SEM images and element analysis of reinforcement: (a) reinforcement on surface of R650D05, (b) reinforcement on surface of R850D05, (c) element analysis by linear scan of
reinforcement in Fig. 3a.

Fig. 2. SEM images ofmorphology features and corresponding element distribution: (a) surface of Ti-35Nb-2Ta-3Zr substrate, (b) surface of TiO2micro/nano-composite layers of R650D05,
(c) surface of TiO2 micro/nano-composite layers of R850D05, (d) element spectra for Ti-35Nb-2Ta-3Zr substrate, (e) element spectra for R650D05 and (f) element spectra for R850D05,
with insets of oxygen element mappings.
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dislocation tangles appear around the recrystallized grain boundaries as
marked by arrows in Fig. 5b. In Fig. 5c and d, HRTEM images of recrystal-
lized grains in surface of stir zones are presented accompanied with the
SAED (selected area electron diffraction) patterns. As is seen in Fig. 5c, β
phases with an interatomic distance of 0.253 nm are presented. Fig. 5d
shows the magnified image of the region marked by the square in
Fig. 5c. Several nanocrystallines with regular atomic arrangement
surrounded by amorphous phases could be observed. The relative SAED
patterns also indicate the existence of nanocrystallines and amorphous
phases. Meanwhile, the diffraction rings reveal that the nanocrystalline
structure is β-Ti. Similar micromorphology of nanocrystalline and amor-
phous phase was found by Zhang and Ran [31,38]. Zhang considered
that the TiO2 composites transformed into amorphous structure under
the continual plastic deformation introduced by FSP. Ran attributed the
formation of amorphous phases to the dissolution of oxygen and intense
plastic flow during FSP. Same as the second phases in Fig. 3a and b, a tiny
particle of about 90 nm in diameter can be seen in Fig. 5e. According to el-
ement analyses of the particle in Fig. 5f, the atomic ratio of oxygen and ti-
tanium is close to 2 to 1, so it can be considered that the second phases in
the SEM and TEM figures are TiO2 particles.

Fig. 6a shows the XRD spectrum of surface of Ti-35Nb-2Ta-3Zr sub-
strate, R650D1 and R850D1 samples. In addition to β phases, martensites
in FSPed samples were detected by XRD. As shown in Fig. 6b, typical
needle-shaped α″ martensites are discovered in surface of stir zones.
The corresponding SAED patterns show the orientation relationship be-
tween β-Ti and α″ martensite. Besides, many dislocations are revealed
around α″ martensites. The reason for the formation of martensites

could be attributed to internal stress field caused by the non-uniform de-
formation of grains and appearance of tangled dislocations, which pro-
moted the nucleation and transformation of martensites [39]. Compared
with R650D1 sample, the intensity of α″ martensite peak (020) has in-
creased apparently in R850D1 sample, showing positive relationship be-
tween α″martensite transformation and rotation speed. That is because
more plastic deformation and internal stress field induced by high rota-
tion speed could promote nucleation of martensites [40].

More microstructure characteristics of grains on the surface of Ti-
35Nb-2Ta-3Zr substrate and surface of stir zone in FSPed samples
(R650D05 and R850D05 samples) are revealed by EBSD analysis in
Fig. 7. Different from petaliform coarse grains in the substrate, uniform
equiaxed β grains with some scattered fine recrystallized grains in the
TiO2 micro/nano-composite layer are presented in Fig. 7a. As shown in
Fig. 7c, the similar grain sizes of FSPed samples (8.54 μm for R650D05
and 8.87 μm for R850D05 respectively) are found, which are 10 times
smaller than the size of substrate. The mean grain size of modified sur-
face of R850D05 is slightly larger than that of R650D05. This could be for
the reason that under same cooling condition, a higher surface temper-
ature generated by higher rotation speed and more extreme friction
leaded to a faster temperature drop at the very beginning, so that grains
absorbed more friction heat [41]. Although not intuitively visible,
through the grain-size measurements of EBSD, there are indeed few
grains of hundreds nanometers in surface of micro/nano-composite
layers, accounting for about 15%. The distribution of misorientation
angle is shown in Fig. 7d. The average misorientation angle is 22.34°
and the fraction of high angle grain boundaries (HAGBs) is 62.12% in

Fig. 4. TEM images ofmicrostructure in surface of TiO2 micro/nano-composite layers: (a) refined grains in R650D2, (b) refined grains in R850D2, (c) dislocation and dislocation tangles in
R650D2, (d) dislocation and dislocation tangles in R850D2, (e) bright images of slip bands and traces in R650D2, (f) bright images of slip bands and traces in R850D2.
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Fig. 5.TEM images of surface of stir zone in TiO2micro/nano-composite layers in R850D2: (a) recrystallized grains, (b) dislocations around the recrystallized grains, (c)HRTEM images ofβphase
with insets of SAED patterns, (d)magnifiedHRTEM images of nanocrystallines and amorphous phases in the regionmarked by red square in Fig. 5cwith insets of SAED patterns, (e) the second
phase, (f) element spectra for the second phase in Fig. 5e.

Fig. 6. XRD patterns and TEM image of α″martensites: (a) XRD patterns of surface of the substrate and TiO2 micro/nano-composite layers in R650D1 and R850D1, (b) TEM image of α″
martensites in surface of micro/nano-composite layers with insets of SAED patterns.

Fig. 7. EBSDmaps: (a) orientation maps of surface of Ti-35Nb-2Ta-3Zr substrate and TiO2 micro/nano-composite layers in R650D05 and R850D05. (b) recrystallization maps of surface of
TiO2micro/nano-composite layers inR650D05 and R850D05. (c) distribution of grain size of the surface of TiO2micro/nano-composite layers inR650D05 and R850D05, (d)misorientation
angle distribution of surface of TiO2 micro/nano-composite layers in R650D05 and R850D05.
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the R650D05 sample. Higher averagemisorientation angle of 27.66°and
fraction of HAGBs of 66.99% are presented in the R850D05 sample, as re-
corded in Table 2, which means that more dynamic recrystallizations
were induced by massive plastic deformation during the stir process.
The relative mappings of recrystallized and deformed grains are
displayed in Fig. 7b. It can be observed directly that R850D05 samples
contain more recrystallized grains (63.8%) than R650D05 samples
(49.4%). As it is known, the recrystallized grains result from dislocations
and boundary slides, rooting in severe plastic deformation. More dislo-
cations and migrations, which are embodied in higher misorientation
angles, could bring about more recrystallized grains, especially at a
high rotation speed during FSP. Furthermore, additive particles could ef-
fectively limit the growth of grains during dynamic recrystallization

process, causing the refinement of grains. The anchoring and stabiliza-
tion of particles accelerate dynamic recrystallization on the contrary.

3.2. Electrochemical corrosion

3.2.1. Potentiodynamic polarization curves
Fig. 8 shows potentiodynamic polarization curves of Ti-35Nb-2Ta-

3Zr substrate and FSPed samples conducted in Hank's solution at 37
°C. The corrosion of β titanium alloy and its composites can be divided
into four sections: the active, passive, re-active and secondary passive
stages. The metal anode has lost electrons and dissolved in form of
metal ions in the active stage of cathodic and anodic polarization, and
gradually formed a stable passive film to resist corrosion, when the cur-
rent maintain at a constant value with the increase of potential. When
potential exceeds the threshold, the passive film breaks through and
the current increases rapidly, entering the re-active stage. Afterwards,
the growth rate of current decreases with the increase of potential, im-
plying that secondary passivation occurs. As shown in Table 3, the cor-
rosion potential (Ecorr) of the Ti-35Nb-2Ta-3Zr substrate is
−292.70 mV, higher than that of FSPed samples. However, as the
most important kinetic parameter reflecting corrosion rate to evaluate
corrosion behavior, a highest corrosion current density
(125.08 nA/cm2) was obtained by the substrate, which was fitted by

Table 2
The features of crystal structure of Ti-35Nb-2Ta-3Zr substrate, FSP-R650D05 and FSP-
R850D05 groups by EBSD tests.

Groups Grain
Diameter/μm

HAGBs
Fraction

Average misorientation
angle/degree

Recrystallized
fraction

Substrate 84.95 – – –
FSP-R650D05 8.54 62.12% 22.34 49.4%
FSP-R850D05 8.87 66.99% 27.66 63.8%

Fig. 8. Potentiodynamic polarization curves of the substrate and TiO2 micro/nano-composite layers in Hank's solution.

Table 3
The potentiodynamic polarization results in Fig. 8 and values of the equivalent circuit elements used to fit the data of EIS in Fig. 9.

Groups Icorr (nA/cm2) Ecorr (mV) vs. SCE Rel (Ω cm2) CPE1 (μΩ−1cm−2sn) n1 R1 (Ω cm2) R2 (kΩ cm2) CPE2 (μΩ−1cm−2sn) n2

Substrate 125.08 ± 44.23 −292.70 ± 85.51 18.81 ± 0.11 15.75 ± 0.21 0.86 ± 0 5848.33 ± 55.43 483.73 ± 47.55 32.16 ± 0.81 0.64 ± 0
R650D05 79.59 ± 31.01 −314.92 ± 84.85 9.87 ± 4.11 7.99 ± 4.67 0.97 ± 0.06 162.85 ± 61.27 611.57 ± 87.09 18.50 ± 10.67 0.74 ± 0.02
R650D1 62.92 ± 9.06 −410.92 ± 22.02 9.03 ± 3.19 12.69 ± 9.71 0.93 ± 0.09 94.63 ± 26.49 666 ± 76.05 16.93 ± 3.65 0.73 ± 0.09
R650D2 31.54 ± 3.31 −522.14 ± 19.35 12.10 ± 3.43 13.44 ± 9.36 0.97 ± 0.04 247.95 ± 142.38 1032.83 ± 147.56 14.55 ± 3.07 0.78 ± 0.02
R850D05 54.78 ± 6.87 −289.41 ± 49.16 16.82 ± 15.71 7.43 ± 3.30 0.98 ± 0.04 143.23 ± 17.12 707.43 ± 47.18 8.11 ± 2.07 0.81 ± 0.01
R850D1 42.64 ± 6.65 −408.90 ± 12.26 6.79 ± 0.09 5.56 ± 0.42 1 ± 0 88.76 ± 54.86 830.33 ± 34.29 17.59 ± 1.17 0.77 ± 0.01
R850D2 22.85 ± 3.27 −424.74 ± 49.10 6.72 ± 5.48 8.59 ± 2.14 0.95 ± 0.08 305.7 ± 94.21 1346 ± 21.70 11.87 ± 7.87 0.80 ± 0.04

Rel denotes the resistance of the electrolyte, while, R1 and R2 represent the resistances of outer and inner layers. CPE1 and CPE2 are the capacitances of the outer and inner layers respec-
tively. CPE is a constant phase element to describe a non-ideal capacitive behavior. The impedance is defined as ZCPE = [C(jω)n]−1, where j is imaginary part, ω is the frequency and n is
affected by surface roughness and inhomogeneity.
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Tafel plot. At the same rotation speed, Icorr decreaseswith the increasing
amount of TiO2 added, as shown in Table 3 (79.59 nA/cm2,
62.92 nA/cm2, 31.54 nA/cm2 respectively for R650D05, R650D1 and
R650D2). Similarly, the average values are 54.78 nA/cm2,
42.64 nA/cm2, and 22.85 nA/cm2 at 850 rpm speed. Compared with
the substrate, Icorr of the material with the most TiO2 added reduces
by 5 times, indicating that corrosion resistance has been further im-
proved by TiO2 micro/nano-composite layer. Meanwhile, with the
same addition depth, higher rotation speed appears conducive to better
corrosion resistance, according to the lower Icorr and higher Ecorr by con-
trast. As shown in Fig. 8, the range of passive region widens, especially
when addition depths are 1 mm and 2 mm at the two rotation speeds,
implying the formation of a more stable and compact passive film.
Though the values of Ecorr have declined with the increase of amount
of TiO2 added, border ranges of passive stage and lower values of Icorr
were obtained by greater amount of TiO2 particles, showing decreased
corrosion rate. Thus it can be said that the increasing rotation speed
and amount of TiO2 added have indeed improved corrosion resistance
of the material in simulated human body environment.

3.2.2. Electrochemical impedance spectroscopy
As presented in Fig. 9, the electrochemical impedance spectroscopy

of samples was conducted at OCP in Hank's solution. Fig. 9a is the
Nyquist plot based on the data. Obviously, the substrate possesses a
smallest radius and the radiuses of FSPed samples enlarge with the in-
crease of rotation speed and amount of TiO2 added, indicating that bet-
ter corrosion resistance properties are obtained [42]. An equivalent
circuit model composed of resistances and capacitances has been
established to fit the EIS data, illustrated in the inset of Fig. 9a and the
same model was used in the similar researches [43–47]. The fitting pa-
rameters are presented in Table 3, and the chi-square values are be-
tween 10−3 and 10−4. The substrate reveals a highest R1 of about
5850 Ω cm2, much larger than those of FSPed samples, implying a
thicker outer layer obtained on the substrate. However, the value of R2

of the substrate is the lowest among all the samples. Considering the
value of R2 is much larger than R1 for all the samples, without doubt
inner layers play the dominant role of corrosion resistance as barriers.
The formation of porous loosened outer layers should account for the
low values of R1 of FSPed samples. R2 of the sample R850D2 has risen
by three times compared with that of the substrate, from 484 kΩ cm2

up to 1346 kΩ cm2. Moreover, with the increase of rotation speed and
amount of TiO2 added, higher values of R2 have been acquired, express-
ing better corrosion resistance properties of micro/nano-composite
layers processed by FSP. At the 650 rpm speed, the values of R1 are sim-
ilar (about 170 Ω cm2) and R2 are 611.57 kΩ cm2, 666 kΩ cm2 and
1032.83 kΩ cm2 corresponding to 0.5, 1 and 2 mm additive particles
depth. Similarly, at the 850 rpm speed, the values of R1 approximate
the values at 650 rpm speed, and R2 are 707.43 kΩ cm2, 830.33 kΩ
cm2 and 1346 kΩ cm2 respectively. Comparedwith the substrate, larger
n1 (near 1) and n2 (about 0.8) are obtained in the FSPed samples, indi-
cating a trend of electrochemical behavior like an ideal capacitor. Be-
sides, higher rotation speed improves slightly the value of n2 from
0.75 to nearly 0.8. The capacitances of outer porous layer (CPE1) and
inner barrier layer (CPE2) of FSPed samples decrease in comparison
with the substrate, which are related to surface topography and thick-
ness of passive film [48,49], and a lower capacitance may be associated
to a better electrochemical corrosion behavior [50]. Compared with
650 rpm rotation speed, similar decreasing tendency could be observed
in the values of CPE1 (from 11 to 7 μΩ−1cm−2sn) and CPE2 (from 17 to
12.5 μΩ−1cm−2sn) at 850 rpm speed.

Bode diagrams of the substrate and FSPed samples are illustrated in
Fig. 9b and c. The Bode modulus plots reveal the same linear region at
the middle and low frequencies, indicating a similar mostly capacitive
behavior for the untreated and FSPed samples, in agreement with the
analyses of polarization curves. The phase plots of the substrate show
two peaks, as well as, merged broad peaks for TiO2 micro/nano-

composite layers can also be seen in Fig. 9b and c induced by cumulative
capacitive effects. This indicates two time constants during corrosion,
due to the formation of a compact passive film on surface. At the
650 rpm rotation speed, the peak angle of R650D2 approaches 79.58°,
higher than that of R650D05 (75.26°) and R650D1 (74.42°). In contrast,
the peak angle of the substrate is 70.94°, obviously lower than that of
the treated samples, indicating a less capacitive behavior. At the
850 rpm speed, the peak angles are 81.07°, 78.10° and 80.54° for 0.5, 1
and 2 mm respectively. In general, higher peak angles are obtained at
a higher rotation speed, implying the formation of a highly stable pas-
sive film.

3.2.3. AFM results
Fig. 10 showsmorphological images collected in the Hank's solution

at OCP and after potentiodynamic polarization respectively. As illus-
trated in Fig. 10a, the topography of the substrate after polarization pre-
sents aswaved hills with little fluctuations, of which the Rq (root-mean-
square roughness) is only 3.67 nm. However, obvious changes could be
directly seen in morphological images of TiO2 micro/nano-composite
layers after corrosion. In Fig. 10b, serried needlelike surfaces accompa-
nied with thick oxide clusters are observed for R850D05 at OCP, which
possesses a lowest Rq value of 3.34 nm, indicating the homogeneous
growth and formation of a stable passive film. Analogously, in Fig. 10c
and d, the surfaces of R650D1 and R650D2 after polarization seem
rough with dispersive short embossments, of which the Rq values are
16.5 nm and 16 nm respectively. This could be attributed to the con-
sumption of original dense needlelike layers by electrochemical corro-
sion. Compared with the original surfaces of composite layers at OCP,
little changes occurred on the surfaces of R850D1 and R850D2 after po-
larization in Fig. 10e and f, of which Rq values are 7.2 nm and 3.18 nm,
demonstrating better corrosion resistance at a higher rotation speed.
The local currentmaps for the substrate and R650D05 after polarization
are presented in Fig. 10g and h respectively. Somewhite regions can be
noticed in themap of the substrate,which denote themaximummagni-
tude of current. This indicates that breakdown of passive film on the
substrate has occurred. However, uniform current distribution can be
seen in the maps of R650D05, denoting the formation of a more stable
homogeneous passive film on micro/nano-composite layers.

3.2.4. Composition and depth profiles of the passive films conducted by XPS
The chemical components of the oxidefilms formed on the substrate

and TiO2micro/nano-composite layers conducted by XPS are illustrated
in Fig. 11. The sampleswere oxidized for 1.5 h inHanks solution at 0.5 V,
which is located in the first passive stage of polarization curves, to ob-
tain stable passive oxide films. It can be noticed that the oxide films
mainly consist of titanium, niobium, tantalum, zirconium, carbon and
their oxides in Fig. 11a. The existence of carbon results from the contact
with air. The peak of Ti 2p3/2 is located at 458.7 eV in Fig. 11b, indicating
themajor component of oxide films is TiO2. Besides, titanium and other
related oxides can be observed including TiO and Ti2O3. The content ra-
tios of titanium and oxides of the substrate and treated samples are pre-
sented in Table 4. TiO2 prevails in the oxide films, and the content
increases in FSPed samples in comparisonwith the substrate.Moreover,
the proportion of TiO2 rises with the increase of rotation speed and
amount of TiO2 added, and the low content of sub-oxides presents the
opposite behavior, denoting the occurrence of more complete oxidation
and the formation of more stable passive films. The peak of Nb 3d5/2 is
located at 207.4 eV, signifying Nb2O5 as the main oxide in Fig. 11c. No
sub-oxides could be noticed on the surface of R850D1, indicating com-
plete oxidation of niobium. The position of Ta 4f7/2 peak is seated at
22.8 and 26 eV, representing tantalum and its oxides in Fig. 11d. The
sub-oxides are defined as TaOx (1 b x b 2), due to the similar binging en-
ergy of TaO and TaO2. Different from other alloying elements, tantalum
and the sub-oxides prevail over Ta2O5. In Fig. 11e, the main peak of Zr
3d5/2 is at 182.4 eV, which accounts for preponderant ZrO2. Meanwhile,
very small amount of zirconium could be found.
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Fig. 9. EIS pattern of the substrate and TiO2micro/nano-composite layers inHank's solution: (a) Nyquist diagramwith equivalent circuit, (b) Bode diagrams of TiO2micro/nano-composite layers at the different rotation speedwith the same amount of
TiO2 added, (c) Bode diagrams of TiO2 micro/nano-composite layers at the same rotation speed with the different amount of TiO2 added, (d) related schematic diagrams of the substrate and TiO2 micro/nano-composite layers.
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In-depth composition and thickness of the surface layers of the sub-
strate and R850D1 were investigated by XPS depth profiles in Fig. 11f
and g. The changes in main elements of titanium, niobium and oxygen
with depth are recorded in the curves. It can be noticed that the content
of oxygen decreases with the sputter process and the contrary situation
has taken place in titanium and niobium, denoting the decrease of me-
tallic oxides of high valence and the increase of sub-oxides and metal.
This could be attributed to oxygen migration from surface to the
depth. To facilitate the measurement, the thickness of the surface
oxide layer is defined as the arithmetic product of sputtering rate of
2 nm/min related to the SiO2 standard and the sputtering timeof thede-
crease of oxygen content from surface to half initial quantity [51]. The
estimated time of the substrate is from the beginning (69.5%) to half
(35%), as 1200 s, while the time of R850D1 is from 75% to 38%, as
1800 s. The apparent increase of thickness of R850D1 for 60 nm, com-
pared with the substrate for 40 nm, indicating a better corrosion resis-
tance of TiO2 micro/nano-composite layers.

4. Discussion

4.1. Formation of a compact stable passive film on surface of TiO2 micro-
nanocomposite layers

Corrosion resistance of a material mostly depends on the passive
films formed on the surface, which inhibit further corrosion from sur-
face to deep [47]. The passive current density and thebreakdownpoten-
tial are usually used to evaluate the characteristic of passive films. As
shown in Fig. 8, excellent passive current density was obtained in the
TiO2 micro/nano-composite layers, especially when most TiO2 particles
were added before FSP. The low passive current density (about 2.1
μA/cm2) in R850D2 indicates an extremely weak electrical conductivity
of passive films. Meanwhile, the highest breakdown potential for about
1.1 V in R650D2 and R850D2 samples denotes wider range of passiv-
ation, facilitating stability of oxide films. Hence, TiO2 micro/nano-
composite layers are conducive to the formation of a compact stable
passive film. Besides, lower corrosion current density was measured in

the TiO2 micro/nano-composite layers in comparison with the sub-
strate, and the decrease is more remarkable with the increase of rota-
tion speed and amount of TiO2 particles added. However, in terms of
corrosion potential, the inverse behavior displayed with the increase
of amount of TiO2 particles, which is a thermodynamic parameter
representing the potential of corrosion and could not provide an objec-
tive evaluation of corrosion because ofmany influence factors. The phe-
nomenon could be related to the porous characterization of micro/
nano-composite layers. It is considered that lower oxygen content in-
side the pores could lead to lower exchange current density of oxygen
reduction reaction, causing more polarization of cathodic reaction
[52]. Similar results were conducted by Zhang and El-Lateef [31,53]. As
presented in Fig. 9, besides larger radius of capacitive arc in the Nyquist
diagram and higher peak angles in the Bode diagram, TiO2 micro/nano-
composite layers revealwider frequency range of peak angle and higher
phase angles at low frequency of 0.01 Hz. Moreover, the promotion ap-
pears more obvious with the increase of rotation speed and amount of
TiO2. Thus, it is reasonable to believe that TiO2 micro/nano-composite
layers contribute to corrosion resistance, especially for higher rotation
speed and larger amount of TiO2.

4.2. Reasons of advanced corrosion resistance

As the most significant factor, the optimization of passive films
mainly depends on the following three points: (i) the constituents of
oxide films; (ii) the thickness of oxide films; (iii) structural characteris-
tics of oxide films.

Metallic oxides of high valence in passivefilms can lead to the reduc-
tion of oxygen vacancies, inhibiting the diffusion of oxygen through the
barrier layers with the thickening of oxide films [54]. Thereby, some
sub-oxides tend to form at film/metal interface because of the blocking
oxygen effect of passive films [55]. More TiO2 has formed on surface of
oxide films of micro/nano-composite layers in comparison with the
substrate, and higher rotation speed and more added TiO2 particles
have promoted the phenomenon. Higher proportions of metallic oxides

Fig. 10. AFM images of morphology structure: (a) surface of the substrate after polarization, (b) surface of R850D05 at OCP, (c) surface of R650D1 after polarization, (d) surface of R650D2
after polarization, (e) surface of R850D1 after polarization and (f) surface of R850D2 after polarization, (g) local currentmaps of surface of the substrate, (h) local currentmaps of surface of
R650D05.
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Fig. 11. XPS analysis: (a) general spectra on the surface of R850D05, (b) deconvoluted XPS spectra of Ti on the surface of R850D05, (c) deconvoluted XPS spectra of Nb on the surface of R850D05, (d) deconvoluted XPS spectra of Ta on the surface of
R850D05, (e) deconvoluted XPS spectra of Zr on the surface of R850D05, (f) depth profiles of the substrate, (g) depth profiles of R850D05.
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of high valence indicate less penetration of oxygen and better protec-
tiveness of passive films.

When the argon ion beams bombard deep, as illustrated in Fig. 11f
and g, the ratio of titanium and oxygen elements decreases from 2:1
to 1:1 or even lower, representing the changes of oxide composition
from TiO2 to the compound of TiO2, Ti2O3, TiO and Ti, which indicates
formation of more sub-oxides of titanium in the deep. According to
the definition, passive oxide films should consist of titanium oxides
even if it is of low valence states, that is to say, the ratio of titanium
and oxygen elements should be N1:1. Moreover, sputtering time spent
on the defined oxide films and dropping rate of oxygen in the modified
sample are distinctly superior to the substrate, demonstrating the for-
mation of a thicker homogeneous compact film. The estimated thick-
ness of the oxide film formed on surface of TiO2 micro/nano-
composite layer increased by 50% compared with the substrate,
confirming the above standpoints.

The AFM images provide the visualized information of morphology
changes ofmicro/nano-composite layers and the substrate after electro-
chemical corrosion. Nano-scale needlelike porous surface structure of
TiO2 micro/nano-composite layers was discovered in a stabled state at
OCP, and little changed after polarization especiallywith higher rotation
speed and more TiO2 particles added, indicating better corrosion resis-
tance. Meanwhile, compared with the substrate, passive films formed
on surface of micro/nano-composite layers without current breakdown
appear more compact and stable. Together with EIS parameters in
Table 3, related schematic diagramsweremade to expoundmechanism
of promoted corrosion resistance in Fig. 9d. Combinedwithmorphology
structure of the substrate, a thicker porous outer layer like waved hills
was formed, accompanied with a thinner inner barrier layer. With re-
gard to TiO2 micro/nano-composite layers, a thicker and compact bar-
rier layer was coupled with a thin serried needlelike porous outer layer.

4.3. Effect of optimizedmicrostructure on the passive films in surface of TiO2

micro/nano-composite layers

The differences between passive films on modified samples and the
substrate mainly attribute to friction stir processing and additive TiO2

particles. During the one-pass FSP procedure, grain refinement pro-
moted the formation of micro/nano-sized β titanium and
nanocrystallines with numerous grain boundaries of high energy. The
migration of boundaries usually takes place in high stacking fault energy
(SFE) metals with severe deformation and thermal energy [56]. Dy-
namic recrystallization and related HAGBs could be ascribed to the
boundary migration and sustaining dislocation absorption on low-
angle grain boundaries (LAGBs). Similar conclusions were obtained by
Li and other scholars [57,58]. These massive boundaries improve activ-
ity and accelerate diffusion of electron to supply more sites for nucle-
ation of oxide films on the modified metal surface, which leads to the
rapid formation of passive films and favorable adherence between sur-
face and oxide films [59]. Besides, a large number of dislocations oc-
curred especially around grain boundaries due to severe plastic
deformation generating during stir, as seen in Fig. 4 and Fig. 5. These dis-
locations and grain boundaries have more specific surface area and sur-
face free energy to form oxidation channels [60]. The uniform
distribution of grains boundaries could facilitate balance of Gibbs free

energy between grain boundaries and grain internal so as to decrease
local corrosion [61]. Oxide films of different geometry can better fit su-
perficial structures on account of the plenty of grain boundaries. Be-
sides, other factors such as martensite and oxygen distribution should
also be taken into account for corrosion resistance improvement. It
has been reported that oxygen atoms expand the surrounding atoms
(Ti and Nb), and promote the shuffling and shearing in α″ martensite
[62]. These shuffling and extrusion could induce more nucleation of
oxide and contribute to electron diffusion. Uniformly dispersive oxygen
in micro/nano-composite layers is beneficial to fast development of
oxide films because of less required accumulation of oxygen when cor-
rosion just happens. Meanwhile, the reduction of oxygen vacancies
could be induced by occupied oxygen atoms and metal ions of high va-
lences [53].

It has been reported that reinforcement particles can inhibit grain
growthwhen the size and spacing of particles is b0.1mm and 1.5mm re-
spectively [63]. Mutual dislocations and slips facilitate anchoring and sta-
bilization of particles. On one hand, massive dislocations and grain
refinement could restrict the accumulation of particles. On the other
hand, additive TiO2 particles play a role in limiting the growth of grains
during dynamic recrystallization process. As main component of passive
films, TiO2 are in favor of corrosion resistance in theory. Furthermore, nee-
dlelike porous surface might be beneficial to adsorb osteogenesis factors
and create a micromechanical anchorage with bone interlocking [64].
The modified surface and corrosion resistance of TiO2 micro/nano-
composite layers provide new ideas for medical implants.

5. Conclusions

The microstructures and corrosion resistance of TiO2 micro/nano-
composite layers on Ti-35Nb-2Ta-3Zr by friction stir processing have
been revealed. The influences of different FSP parameters (rotation
speed and amount of TiO2 particles added) were discovered and the re-
lationship between microstructures and corrosion resistance were
discussed in detail. The main conclusions are enumerated as follows:

(1) Different from coarse grains in the Ti-35Nb-2Ta-3Zr substrate,
surface of TiO2 micro/nano-composite layers presents massive
uniform and finer equiaxed β grains (around 8 μm) with homo-
geneous dispersive oxygen. Besides β phases, nanocrystallines
and amorphous phases were discovered.

(2) Massive dislocations and deformation were formed during FSP
with high fraction of high angle grain boundaries (HAGBs), im-
plying occurrence of dynamic recrystallization (DRX). Needle-
shaped α″ martensites were discovered in surface of stir zones,
which were attributed to severe deformation and thermal en-
ergy. Higher rotation speed facilitated more formation of dy-
namic recrystallization and α″ martensites.

(3) Compared with the substrate, TiO2 micro/nano-composite layers
revealed lower corrosion current density (22.85 nA/cm2) and pas-
sive current density (about 2.1 μA/cm2) with widen passive range.
Besides,with increase of rotation speed and amount of TiO2 added,
composite layers possessed larger resistance of barrier layers
(1346 kΩ cm2), higher peak phase angles (81.07°) and widen
peak angle range. Different from passive films of the substrate,
more dense and compact inner barrier layers and more porous
outer layers were formed on surface of composite layers.

(4) More titaniumoxides of high valence stateswere discovered in the
TiO2 micro/nano-composite layers and the behavior appeared
more obvious with increase of rotation speed and amount of
TiO2 added. The estimated thickness of oxide film on micro/
nano-composite layers was 60 nm in comparison with the sub-
strate of 40 nm by depth profiles.

(5) Different from morphology structure of the substrate like waved
hills, dense needlelike surface structure was observed on surface
of TiO2 micro/nano-composite layers after polarization. Compared

Table 4
The content proportions of titanium and oxides in Fig. 11b, and the estimated thickness of
surface layers of the substrate and R850D1 conducted by XPS sputter depth profiles in
Fig. 11f and g.

Groups TiO2 (%) Ti2O3 (%) TiO (%) Ti (%) Thickness (nm)

Substrate 78.29 12.45 2.65 6.61 40
R650D1 86.85 5.11 1.91 6.13 –
R650D2 89.46 4.46 0.96 5.12 –
R850D1 89.55 4.42 1.84 4.19 60
R850D2 90.07 4.48 0.86 4.59 –
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with morphology structure at OCP, fewer changes occurred after
polarization with increase of rotation speed and amount of TiO2

particles added. In addition, composite layers showed amore com-
pact passive film without current breakdown region in the local
current maps.
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