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Oxygen plasma immersion ion implantation (O-PIII) is performed at different frequencies to produce
stable passive films with different color on titanium alloys. UV-visible reflectance spectra acquired
from these films show that the strong reflection region shifts to long wavelength as the implantation
frequency or time is increased. X-ray photoelectron spectroscopy indicates that these passive films
possess three layers with different thicknesses and chemical compositions. As the frequency is
increased, both the outer and intermediate layers become thicker while the thickness of gradient
transition layer changes only slightly. EIS spectra and simulated results reveal that the implantation
frequency and duration significantly influence the structure, chemical composition, and color of these
passive films.
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1. INTRODUCTION

Passive layers with different color can be produced on titanium-based alloys by different
techniques such as heat treatment at high temperature, anodization, laser irradiation, chemical reaction,
and reactive magnetron sputtering [1-6]. Besides better chemical stability, the good wear resistance
and corrosion resistance rendered by these passive films act as natural barriers for the titanium
substrates in the complex biological environment to reduce wear debris and ion leaching consequently
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improving the cytocompatibility and favoring long-term fixation of orthopedic titanium implants [7-
12]. In addition, they can serve as intermediates for further biomimetic treatment on the surface in
order to achieve better biological activities [12-15]. Therefore, formation of stable titanium oxide films
on the surface is critical to clinical applications of titanium-based alloys as orthopedic implants.
Although the aforementioned methods can produce colored titanium oxide films, there are
some shortcomings. For instance, during thermal oxidation, the high temperature can impair the
mechanical property, and undesired ions like CI" or F* may be introduced into the surface layer during
electrochemical anodization [3]. Addition of hydrogen peroxide to the phosphate buffer solution
(PBS) can increase the formation rate of the blue titanium oxide film but a discontinuous outer layer
forms easily during this process and other elements are usually incorporated into this porous layer [16].
As a non-line-of-sight surface modification technique, oxygen plasma immersion ion implantation (O-
PIII) is an effective method to prepare protective metallic oxides films on biomedical metals despite
the complex surface topography [17-19]. Our previous studies focused on the effects of the surface
titanium oxide layers formed by O-PlIl on the biocompatibility, tribological behavior, as well as
corrosion resistance [11, 20-23], but to the best of our knowledge, there have been no studies on the
relationship between surface coloration and characteristics of passive layers produced by O-Plll on
titanium alloys. In this work, the effects of the passive layer produced by O-PIII on orthopedic
Ti6Al4V alloy using different parameters on surface coloration are investigated systematically.

2. EXPERIMENTAL PROCEDURES

Titanium alloy (Ti-6Al-4V) bars with 4% vanadium, 6% aluminum, and less than 0.2% iron
and oxygen (Goodfellow) were cut into 1 mm thick disks with a diameter of 5 mm. They were
mechanically ground by SiC sandpaper progressively up to 2400 grit, ultrasonically rinsed with
acetone and ethanol, and oven-dried before further experiments. After the samples were sputtered with
argon plasma at 5 kV to remove surface contaminants, O-PIIl was carried out in the plasma immersion
ion implanter at City University of Hong Kong [22].

800 Hz 400 Hz(4h) 400 Hz 200Hz 100Hz 50Hz  Control

Figure 1. Color variation on the various Ti6Al4V samples prepared by O-PlII.
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The main instrumental parameters were: implantation power (RF) = 1 kW; working pressure =
3.4 x 10 Torr; implantation voltage = -40 kV, and pulse width = 100 ps. Five implantation
frequencies of 50 Hz, 100 Hz, 200 Hz, 400 Hz, and 800 Hz were selected together with an
implantation time of 2 hrs. For comparison, another batch of samples was implanted at 400 Hz for 4
hrs. The mechanically polished sample labeled as MP was the control. After O-PlIl, the samples
exhibited different colors as shown in Fig. 1.

The chemical composition of passive films was determined by high-resolution X-ray
photoelectron spectroscopy (XPS; Physical Electronics PHI 5802, Minnesota, MN).  The take-off
angle was 45° and base vacuum was 2 x 10 Pa. Survey scans spanning a binding energy range of 0 to
1200 eV at a pass energy of 187.85 eV and 0.8 eV per step were first acquired to identify the elemental
species. High-resolution scans were subsequently acquired at a pass energy of 11.75 eV and 0.1 eV
per step. A Gaussian-Lorentzian peak-fitting model was used to deconvolute the spectra. In the depth
profiling analysis, the sputtering rate was about 9.75 nm/min and the profiles were terminated when
the atomic concentrations of the detected elements reached equilibrium values. The evolution of Ti 2p
with depth was monitored by high-resolution XPS.

The light reflecting properties of the passive layers produced by O-PIII on the titanium alloy
samples were determined by acquiring the UV-visible reflective spectra on the Perkin EImer Lambda
750 in the wavelength range of 300 — 800 nm. The electrochemical behavior of the untreated and O-
PIII titanium alloys were characterized in simulated body fluid solution (SBF) at 37+0.5°C and pH of
7.42. The SBF was composed of 7.996 g/l of NaCl, 0.35 g/l of NaHCO3. 0.224 g/l of KCl, 0.228 g/l of
K,HPO,-3H,0, 0.305 g/l of MgCl,-6H,0, 0.278 g/l of CaCl,, 0.071 g/l of Na,SQOy,, as well as 6.057 g/l
(CH,0OH)3CNH; and the ion concentrations mimic those in the human blood plasma [24]. A standard
three-electrode apparatus was placed in a glass cell immersed in a 37+0.5°C water bath filled with SBF
with the working electrodes being the titanium alloy plates. The working electrodes with an exposed
area of 0.196 cm? were sealed with epoxy powders using a hot mounting press (Buehler, USA) at 150
°C to prevent the electrolyte from permeating. The counter electrodes consisted of two graphite rods
mounted diametrically opposite to each other and the reference electrode was a saturated calomel
electrode (SCE). Electrochemical impedance spectroscopy (EIS) was carried out at open-circuit
potentials (OCP) using an EG&G PAR Model 273A potentiostat / galvanostat and a PAR Model 5210
lock-in-amplifier. The system was controlled by a personal computer equipped with the PAR Model
398 software. A sinusoidal AC (alternating current) voltage of =5 mV was applied during the
impedance measurements and the impedance response was determined in the frequency range from 5
mHz to 100 kHz. The EIS analysis software ZSimpWin (Version 3.21) was used to model the
impedance data and extract the resistance and capacitance data. This software utilized the “downbhill
simplex method” based on a trial-and-error method to find the best fit for the given set of data and a
chosen equivalent electrical circuit (EEC). The parameters including the chi-square values and the
error distributions were used as weight-factors to provide the closest fits to the model. In order to
minimize statistical errors, the EIS measurements were conducted 3 times on samples in the same lot
under the same conditions.
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3. RESULTS AND DISCUSSION

As shown in Fig. 1, the titanium alloys after O-PI1I at different implantation frequencies from
50 to 800 Hz show different colors. The mechanically polished (MP) titanium alloy displays a shiny
metallic color and as the implantation frequency is increased, the alloys exhibit different colors varying
from bluish purple to different shades of blue and light green. The sample implanted at 400 Hz for 4
hours is not as blue as that treated for 2 hours. The colored surface layers produced by O-PlII are very
stable and do not discolor in air or in simulated physiological environments. It is generally accepted
that light interference between the interfaces is responsible for the observed color of the passive layer
on a metal surface [25]. For example, Van Gils, et al.’s study revealed that reflection from the passive
layer determined the color saturation and appearance of the metal [26].
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Figure 2. UV-vis reflectance spectra of the MP and O-PlII titanium alloys.

The UV-vis reflectance spectra are displayed in Fig. 2. The reflectance values oscillate
between 43% and 78%, and the maximum is observed from the 400 Hz - 4 h sample, followed by 800
Hz - 2 h sample. Generally, as the frequencies diminish, there are more fluctuations in the reflectance
in the spectrum. The MP sample does not show an obvious maximum reflective wavelength and there
is high reflection throughout the entire visible wavelengths. Hence, the control sample has the silver
appearance of a typical metal. The maximum reflectance values from the O-PIII titanium alloys
treated at 50, 100, 200, 400, and 800 Hz for 2 hours are at 341, 385, 402, 453, 540 nm, respectively,
showing that an increased frequency leads to a redshift. Prolonging the implantation produces a
similar effect. For example, as shown in Fig.2, the maximum absorption peak is at 545 nm after
implantation for 4 hours at 400 Hz. 1t is also obvious that the absorption peak becomes wider as the
implantation frequencies go up. Although the stronger reflectance of 50 Hz samples falls in the
ultraviolet region, the reflection value in the near violet light region is higher than that in visible light
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region. Therefore, these samples display a violet color. As the implantation frequency is further
increased, the strong reflection regions for the samples treated at 100, 200, 400 Hz shift to the blue
wavelengths and consequently those samples show two-tone blue colors. Because the UV-vis
reflectance spectra acquired from both the 400 Hz - 4 h and 800 Hz - 2 h samples show stronger
reflection in the green wavelength range, they appear green. The UV-vis reflectance spectra show that
the properties of the passive layers can influence the surface characteristics significantly, five types of
samples (MP, 50 Hz for 2 hours, 200 Hz for 2 hours, 800 Hz for 2 hours and 400 Hz for 4 hours) are
selected for further studies by XPS and EIS.
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Figure 3. XPS analysis of the mechanically polished titanium alloy: (a) High resolution narrow scan
of Ti 2p and (b) Depth profile.

Fig. 3a depicts the high-resolution narrow scan of the typical Ti2p peak of the untreated Ti
alloy. The binding energy of Ti2ps;, peak in the top layer is 458.8 eV whereas the second value is
about 453.8 eV, corresponding to quad-valence titanium and metallic titanium [27, 28], respectively.
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Hence, on the untreated titanium, the outer layer is composed of TiO, and followed by almost metallic
titanium underneath without an intermediate layer. The depth profile in Fig. 3b reveals that the
thickness of this outer layer is about 10 nm.
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Figure 4. XPS analysis of the titanium alloy treated by O-PIII at 50 Hz for 2 h: (a) High-resolution
narrow scan of Ti 2p and (b) Depth profile.

The high-resolution XPS spectra of the 50Hz O-PI1I sample is shown in Fig. 4a. According to
the variation of the binding energy of Ti2ps;, with depth, the outer layer is composed of titanium
dioxide similar to the MP sample. However, there is a series of superpositioned peaks of Ti2pss;
between metallic titanium and quad-valence titanium. According to the reported fitted results of the
intermediate peaks, the main constituents are TiO,, Ti,Os3, TiO, and Ti in this transition layer [29, 30].
At larger depths, the TiO, content diminishes while metallic Ti becomes more dominant gradually.
The depth profile in Fig.4b reveals a stable TiO, film of about 59 nm followed by a 100 nm transition
layer. With regard to the 200 Hz or 800 Hz O-PIII samples, as shown in Figs 5a and 6a, the high-
resolution XPS narrow scan spectra of Ti2p exhibit similar characteristics, i.e. an outer TiO, layer, a
gradient transition layer composed of TiO,, Ti,Os3, TiO and Ti, and then the substrate.
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Figure 5. XPS analysis of the titanium alloy treated by O-PIII at 200 Hz for 2 h: (a) High-resolution
narrow scan of Ti 2p and (b) Depth profile

The thicknesses of these layers shown in the depth profiles in Figs. 5b and 6b are different.
The thickness of the stable TiO; layer in the former (200 Hz) is near 80 nm whereas that of the latter
(800Hz) is about 150 nm. The results suggest that a larger implantation frequency increases the
thickness of the TiO, layer. As shown in Fig. 7, the high-resolution XPS spectra and depth profile of
the O-PIIl sample (400 Hz for 4 h) show results similar to those of the 800 Hz — 2 h sample (Fig. 6),
indicating that a longer implantation duration can produce a similar passive film. However, the
thickness of the transition layer shows no apparent difference among the O-PI1I samples.
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Figure 6. XPS analysis of the titanium alloy treated by O-PIII at 800 Hz for 2 h: (a) High-resolution
narrow scan of Ti 2p and (b) Depth profile

As an effective technique for interfacial analysis, electrochemical impedance spectroscopy
(EIS) is usually used to characterize the passive films formed on pure metals or alloys. Pan, et al.
proposed a bilayer structure of oxide films on titanium composed of a porous outer layer and dense
inner layer of TiO,, and they also modeled the experimental results by EIS using corresponding
equivalent electrical circuits (EEC) [31]. This model was confirmed by other researchers and
successfully used to explain the surface and interfacial behaviors of passive layers formed on titanium-
based alloys in a mimicking biological environment [32-38]. Here, on the basis of our XPS analysis,
the physical model of the mechanically polished (MP) titanium alloys is illustrated in Fig. 8a. The
passive layer on MP comprises a dominant porous TiO, outer layer 10 nm thick and then a thin
transition layer. The relevant EEC1 diagram is shown in Fig. 8b, where Rs is the resistance of the
electrolyte SBF, Ro and Rt represent the additional resistance of the electrolyte inside the outer porous
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structure and charge transfer resistance of the transition layer [32, 35, 38], respectively, Ct stands for

the interfacial capacitance of the transition layer beneath porous TiO, layer, Qo is the constant phase
element (CPE) of the entire oxide layer.
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Figure 7. XPS analysis of the titanium alloy treated by O-PIlI at 400 Hz for 4 h: (a) High-resolution
narrow scan of Ti 2p and (b) Depth profile

CPE is used to describe the deviation from the ideal capacitor behavior and the impedance of a
CPE is defined as Zcpe = [Q (jw) "] %, where Q is the CPE constant, n is the CPE exponential factor
(=1 <n < 1) which is related to the electrode roughness and heterogeneity, j is the imaginary number,
o 1S the angular frequency, and (jw) presents the complex variable for sinusoidal perturbations [39-41].
In the ideal case when n = 1, CPE acts as a pure capacitor and Q is equal to the capacitance C. The
EIS results acquired from the MP titanium alloy immersed in SBF at 37 °C are presented by the Bode
diagrams. As shown in Fig. 9, at the frequency range higher than 10* Hz, the impedance (Log|Z|) IS

almost constant as a function of frequency (Log| f |). This phenomenon is caused by a typical resistive

behavior, corresponding to the resistance of the solution between the reference and working electrode.
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Figure 9. Bode diagrams of the mechanically polished Ti6AI4V (control sample) in SBF at 37 °C and
EIS is modeled by EC1.

The similar phenomenon is observed from the EIS spectra of all the O-PIIl samples shown in
Fig. 11. In the medium frequency range between about 10 Hz and 10* Hz, there is a large negative
phase angle approaching nearly -80° and the impedance (Log|Z|) increases linearly as the frequency

(Log| f|) decreases showing a slope of -1 (Fig. 9). It refers to a capacitive behavior of MP in SBF

during the EIS measurement [42, 43]. It may also be indicative of high corrosion resistance and large
capacitive behavior of the outer surface layer [42, 44]. As shown in Fig. 9, there is a wide phase angle
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peak at frequencies from 1000 Hz to 0.1 Hz with less phase angle fluctuation. In addition, the bode
phase plots display an inflection in the a low frequency region below 0.1 Hz, suggesting that there are
interactions of at least two time constants for the MP sample during EIS [40, 42]. It indicates that a
double layer structure in the surface passive film on the MP sample [31, 33-36, 39, 42, 43]. Good
fittings are also achieved between our experimental results and model by using Rs(Qo(Ro(CtRt))) (Fig.
9).

(@)
SBF — Ti6Al4V
Porous Stable G—ra/dient
layer  dense layer transition layer
b Ct
(b) Q,

o

Ro Q; L WE
=

Figure 10. (a) Physical model of the interface between SBF and O-PIIlI Ti6Al4V alloys at open
circuit potentials and (b) Equivalent electrical circuit 2 (EEC2).
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Figure 11. Bode diagrams of measured impedance spectra acquired from O-PIII TI6AI4V samples in
SBF at 37 °C depending on the implantation frequency and EIS is modeled by EC2: (a) 50 Hz,
(b) 200 Hz, (c) 800 Hz and (d) 400 Hz for 4 h.

According to the XPS depth profile analysis, a three-layer physical model is proposed for O-
PIII treated titanium alloys and illustrated by Fig.10a. The obvious difference from the model of the
MP sample is that O-PI1I produces one thick and dense titanium dioxide layer followed by a bulky and
gradient transition layer on the titanium substrate. The EEC2 of Rs(Qo(Ro(QIiRi)))(CtRt) related to this
structure is proposed to model the experimental results using the software ZSimpWin. As shown in
Fig. 10b, in EEC2, Qi and Ri stand for CPE and resistance of the inner dense TiO, layer [40-42],
respectively. The other elements are the same as those in EEC1. Fig. 11 shows the experimental and
modeled EIS spectra obtained from the O-PIII titanium alloys at different implantation frequencies.
The EIS spectra acquired from the 50 Hz sample exhibit two obvious phase angle peaks in the bode
diagram (Fig.11a). The phase angles in the high frequency and low frequency regions approach -70°
and -85°, respectively. Furthermore, it is different from the spectra in Fig. 9 revealing that the passive
film on the O-PIII titanium alloys has a different structure than that on the MP sample. The deduction
is in good agreement with the XPS results. In comparison with the 50 Hz samples, the spectra
obtained from the 200 Hz sample show similar two phase angle peaks in the bode diagram (Fig.11b),
but the phase angle at the lowest frequency shifts from -68° to about -80°. As the implantation
frequency is increased, the phase angle peak in the bode phase diagram shifts to the higher frequency
region and covers a wider frequency range (Figs. 11b, 11c and 11d), indicating different microstructure
in the passive films on these alloys [45]. Table 1 summarizes the modeled results of components in
EEC2 for the evaluation of the microstructure of surface films.
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Table 1. Simulation results of EIS spectra obtained from Ti6Al4V samples.

Rs Q, Ro Qi n2 Ri Ct

(Qcm?d)  sY(Qcm? (@cm?  s"(Qcm?) (M2cm?)  (uF/ cm?)

MP 2715 2.89x10 ° 0.67 27.82 - 0.45 5.66

50Hz 17.35 1.48x10° 0.47 37.18 2.07x10°° 092 232 3.65 21.25
200Hz 61.32 1.82x10°° 0.80 1445 1.93x10™ 039 0.13 5.55 35.54
800Hz 64.46 1.10x10”" 0.94 16590 1.29x10°° 052 0.32 7.26 37.49
400Hz (4hrs) 54.13 2.01x10° 0.75 15.78 1.83x10 0.36 21.64 18.07 14.39

Generally, the capacitance of the flat, parallel-plates capacitor is defined by the
equation: C =&, -£-S/d, where ¢, is the permittivity of free space (8.854 x 10* F/m), ¢ is the

relative permittivity of the dielectric materials between the plates, S is the surface area of the
electrode, and d is the thickness of the medium. Therefore, the thickness of the passive film can be
calculated byd =¢g,-£-S/C. A CPE is practically associated with a pseudocapacitance. As shown
in Table 1, the values of CPE (Q,) of the O-PllIl samples show the trend, i.e.
Q,(50Hz) >Q,(200Hz) >Q,(800Hz) .  Therefore, the relationship of the films thickness is:
d,(50Hz) < d,(200Hz) < d,(800Hz) , which is in consistent with XPS results (Figs. 4b, 5b and 6b).

However, the EIS deduction of the film thickness for the MP and 400 Hz (4 h) samples is opposite to
the results by XPS depth profile. The difference may stem from surface conditions like roughness and
discontinuity of the passive film. On the MP sample, natural oxidation usually induces the formation
of a discontinuous passive film with a thickness of about 10 nm and the subsequent transition layer
may be locally exposed to SBF. On the 400 Hz — 4 h sample, the long implantation time produces
different surface structure, roughness, continuity, and compactness compared to film the other O-PlII
sample (2 h). The capacitance changes significantly when the passive film has different roughness as
well as chemical compositions [35]. Actually, the passive film on the titanium alloys is composed of

inhomogeneous dielectric materials [35]. Similarly, the values of CPE (Q;) have the following
relationship, i.e. Q (50Hz) > Q.(200Hz) > Q.(800Hz) (Table 1), indicating the relevance of the inner

film thickness: d.(50Hz) < d,(200Hz) < d, (800Hz), as consistent with the XPS results, but the Q; value

of the 400 Hz — 4 h sample is also unexpected due to the aforementioned reason. As shown in Table 1,
the C; values of the transition layers are within the same order for the 50 Hz, 200Hz and 800 Hz
samples, suggesting that they almost have the same thickness. According to the relationship between
the resistance (R) and specific resistivity (o) of materials: p=R-S/d, the variation in the resistance
value, i.e. Ro, Ri and Rt, also indicates that each layer in the passive films formed on these samples
possibly have different structures, chemical compositions, and distributions. For example, according
to the XPS depth profile, there is no obvious difference in the thickness (d) of the transition layer
among the O-PII1 samples, but the resistance (Rt) fluctuates significantly (Table 1), indicating variance
in the structure or chemical composition in the transition layers that determines the specific resistivity

(p)
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4. CONCLUSION

Passive films are fabricated on Ti-6Al-4V by oxygen plasma immersion ion implantation (O-
PIIT) and the surface properties such as surface color and corrosion resistance are studied
systematically. Various colors can be produced by adjusting the parameters during O-PI1l. UV-visible
spectrophotometry reveals that the strongest reflection peak from the passive films shifts to a long
wavelength with increasing implantation frequencies as well as time. XPS reveals that the passive
films possess a tri-layered structure including a rough outer titanium dioxide film, stable intermediate
titanium dioxide layer, gradient transition layer. Both EIS spectra and simulated results reveal that
implantation parameters such as frequency and time significantly influence the structure and variation
of the chemical composition of the passive films, which in turn determine the light reflection and
interference in the passive layers and visual appearance.
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