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Electrochemical Properties of Commercially Pure Ti
with TiB/TiB, Coatings in Hanks’ Balanced Salt Solution
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In this study, in order to evaluate the electrochemical performance of different titanium boride coatings
created on the commercially pure titanium (CP-Ti), distinct electrochemical assays in Hanks’ balanced salt
solution at 37 °C were conducted using pack cementation method. The results showed that the boriding at
900 and 1000 °C for 3 h creates the TiB whiskers and TiB whiskers/TiB, dense layer on the top of the
commercially pure titanium surface, respectively. It was also found that not only borides coating had good
adhesion on the substrate, but also that improved the titanium hardness more than five times. Polarization
plots clarified the passive behavior of borided specimens. Impedance spectroscopy tests indicated the
acceptable corrosion behavior of the borided specimens in Hanks’ balanced salt solution. Mott—Schottky
measurements indicated that the passive layers formed on the commercially pure titanium and the borided
specimens had doped n-type semiconductor properties. Mott—Schottky measurements displayed that the
donor density of the passive layers decreased with the rising time as well. Finally, because of better surface
conditions to make a less defective and more protective passive layer, the borided specimen at 900 °C in
comparison with the borided specimen at 1000 °C was shown to be the more suitable choice for bioimplant

applications.

Keywords adhesion, Hanks’ balanced salt solution, Mott—Schot-
tky, passive layer, titanium boride

1. Introduction

High strength, low specific density and excellent biocom-
patibility of titanium make it one of the important metallic
biomaterials (Ref 1, 2). Titanium itself develops a passive film
and results in good corrosion resistance during implantation.
However, if the passive film is broken under stresses of
surrounding environment, the poor tribological properties are
achieved. Hence, the poor tribological properties of titanium
limit its biomedical feature in which titanium is used as a
structural component. There are some attempts for developing
titanium usages as articulating joints via surface modification of
titanium (Ref 3). Among the surface modification methods,
applying the biocompatible coatings is favorable to develop the
metallic implants such as titanium and its alloys. Morphology,
composition and also surface microstructure are considerably
changed via coating procedure (Ref 4). Boriding or bronizing is
an effective method to modify the titanium surface with regard
to the formation of hard and excellent wear-resistant TiB, TizB4
and TiB, intermetallic phases. The several boriding methods
such as laser ablation (Ref 5), plasma (Ref 6), molten-salt (Ref
7), electrochemical (Ref 8), fluidized bed reactor (Ref 9), and
powder pack cementation (Ref 10) have been developed to
increase the tribological and corrosion behaviors of Ti and its

Adib Ebrahimi, Hamid Esfahani, Arash Fattah-alhosseini, and
Omid Imantalab, Department of Materials Engineering, Bu-Ali Sina
University, Hamedan 65178-38695, Iran. Contact e-mail:
a.fattah@basu.ac.ir.

1456—Volume 28(3) March 2019

alloys due to that the titanium borides (TiB,, TiB, Ti;B,) have
high melting point, high hardness values, high chemical and
thermal stability (Ref 11). Boriding via pack cementation is a
diffusion-based coating method which is increasingly applied
due to the cost—benefit, simple process and specimen uses with
any shape and geometry. In this method, the boride layers are
formed in situ on top of the surface embedded in a boron source
by heating the titanium substrate. Li et al. (Ref 12) found that
the boriding at 905-1100 C forms the dual layers on the
titanium substrate, in which TiB, and TiB make the outer and
inner layers, respectively. Keddam et al. (Ref 13) also observed
the similar findings and reported that formation rates of TiB,
and TiB layers obeyed the parabolic character. It is worth to
mention that the alloy elements in the titanium alloys affect the
thickness of TiB layer (Ref 14). The excellent coincidence of
titanium borides thermal expansion coefficient with titanium
substrate (the thermal expansion coefficients of Ti, TiB and
TiB, are 8.6 x 107 85 x 107° and 8.1 x 107°°C™',
respectively) reduces any threats of distortion issued by thermal
stress of heating and cooling (Ref 15, 16).

Recently, the boriding process has been applied on titanium
and its alloys for biomedical applications. The titanium borides
improve the growth of bone-like appetite on TiB,/HA com-
posite layer successfully, while they protect the titanium
substrate against the abrasion (Ref 17). Ding et al. (Ref 18)
evaluated the wear resistance of multilayer TiB/TiB, in Hanks’
balanced salt solution, and they found out this material is a
good suggestion for improving the wear resistance of artificial
joints. Das et al. (Ref 19) investigated the effect of TiB on
in vitro wear resistance of TiB-TiN coatings on Ti-6Al-4V
alloy. They presented these composite coatings for using in
load-bearing articulating surfaces due to the high stiffness and
biocompatibility and excellent in vitro wear resistance.

In order to culture the animal cells, Hanks’ balanced salt
solution seems to be an artificial salt mixture that is mainly used
in combining with naturally occurring body substances (tissue
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extracts and blood serum) and/or more complex chemically
defined nutritive solutions. As mentioned above, boriding
modifies the surface properties of titanium implant leading to
unknown electrochemical behavior toward the contact with
ionic species of body fluids. To the best of our knowledge, there
are a few reports on electrochemical properties of titanium
borides in simulated body fluid (SBF) solutions (Ref 16).
Titanium borides have shown complicated corrosion behavior
in specific SBF, and a clear mechanism has not been reported
yet. Therefore, the aim of this work is to explore the diversity of
titanium borides (TiB and TiB/TiB,) coatings effect on
corrosion resistance of commercially pure titanium (CP-Ti) in
Hanks’ balanced salt solution. For this purpose, the CP-Ti was
borided via pack cementation process followed by character-
ization to identify the morphology, microstructure, hardness
and adhesion of titanium borides. After understanding the
boriding conditions for obtaining the TiB and TiB/TiB, layers
on the titanium surface, the electrochemical assays such open-
circuit potential (OCP) measurement, Mott—Schottky (M-S),
electrochemical impedance spectroscopy (EIS) and potentio-
dynamic polarization (PDP) tests were carried out in Hanks’
balanced salt solution.

2. Experimental

2.1 Boriding Procedure

Prior to the boriding, the CP-Ti grade 2 (Fe: 0.12%, C:
0.009%, N: 0.013%, H: 0.0018%, O: 0.1% wt. and Ti-balance)
coupons (0.2 x 1 x 2 cm?) were polished with 2000 sandpa-
per. To remove the contaminations and the air-formed oxide
film, specimens were washed by solution containing 1 mL HF,
10 mL HNOj; and 89 mL H,O. The dried specimens were
embedded in the boron powder source prepared by blending
50 wt.% B powder, 35 wt.% activated charcoal and 15 wt.%
NaCOj. The sealed packs were heated by a ramp of 8§ °C/min
and then soaked separately at 900 and 1000 °C for 3 h in the air
atmosphere. After cooling in the furnace, corresponding
specimens were called as TB900 and TB1000. For further
investigations, the specimens were polished and etched in
96%H,0 + 2.5% HNO; + 1.5% HF solution.

2.2 Gharacterization of Boride Layers

A Philips X’Pert apparatus equipped with a copper anode
(Cu-Ka A =1. 5406 A) was applied to provide the x-ray
diffraction (XRD) patterns of borided samples. The micro-
graphs of boride layers were taken by scanning electron
microscopy (SEM model: FEI ESEM Quanta 200). ImagelJ
software (model: 1.38X, NIH-USA) was assigned to calculate
the thickness of boride layers. For this matter, five different
points of each sample were selected and SEM images were
taken. The average of measurements was reported as the
thickness of coating. The microhardness of CP-Ti and borided
samples was measured by the Vickers indentation test at
100 kegf applied force for 20 s dwelling time by means of
device model Buehler-Illinois-60044. Adhesion of boride
layers was studied based on the Daimler—Benz method (Ref
20). For this matter, a Rockwell-C indenter with 3 mm diameter
was used. The applied force of Rockwell-C indentation was
980 N for 30 s dwelling time. To ensure the reliable hardness
and adhesion, five tests were carried out and the average
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reported. The electrochemical behavior of pure and the borided
CP-Ti samples (as the working electrodes) was assayed in a
glass three-electrode cell composed of the reference electrode
(an Ag/AgCl electrode), the auxiliary electrode (a platinum
plate) and the working electrode in 250 ml of quiescent Hanks’
balanced salt solution connected to a galvanostat/potentiostat
set (LAutolab Type III/FRA2). The curve fitting of all EIS plots
was performed by Nova software. Also, to ensure the reliable
electrochemical behavior, five tests were carried out and the
average reported.

2.3 Electrochemical Tests

Electrochemical measurements were studied in Hanks’
balanced salt solution at a pH of 7.4 as a simulated body fluid
at 37 °C. The Hanks’ balanced salt solution was prepared by
dissolving adequate amount of chemical reagents as given in
Table 1 in distilled water at 37 °C (Ref 21). Before each
electrochemical measurement, the surface preparation was
followed by ultrasonic cleaning for 5 min in acetone and
finally the samples were rinsed in distilled water and dried in
cold air. The exposed area of the working electrodes was about
0.64 cm?. First, the OCP variations of the working electrodes
with respect to immersion time were registered until a surface
stability was reached. Then, the PDP curves were scanned at
1 mV/s from — 250 mVagagct versus OCP to 3000 mV,g,
agct- The EIS tests were carried out at the OCP condition with a
step rate of 10 point/decade in the applied frequency range of
100 kHz to 10 mHz by employing an alternating amplitude of
5 mV. The M-S measurement was scanned in the cathodic
direction with a constant linear step of 25 mV and a fixed
frequency of 10 kHz from 0.6 to — 0.8 Vag/agci. In this study,
each electrochemical test was repeated five times to check the
reproducibility of the obtained electrochemical tests.

3. Results and Discussion

3.1 SEM Results

The cross-sectional view of borided samples at different heat
treatments (900 and 1000 °C) is shown in Fig. 1(a) and (b). As
can be seen in both micrographs, the top layer has been
changed by boriding process and subsequently different
morphologies were formed on top of the surface with regard
to the different heat treatment conditions. The boride whiskers
penetrated into titanium substrate are the main morphology
along the top of the surface of borided specimen at 900 °C. At
top of the surface borided at 1000 °C, not only the above
whiskers are observed, but also a dense layer covering the

Table 1 Amount and composition of chemical reagents
in Hanks’ balanced salt solution (Ref 21)

Chemical reagent Amount, g/L

NaCl 4.970
KC1 0.224
CaCl, 0.167
NaHCO; 0.250
NaH,P0,42H,0 0.500
Glucose 0.072
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Fig. 1 SEM micrographs of titanium boride coating on CP-Ti: (a) TB900 and (b) TB1000. X-ray line analysis along the titanium boride layer:

(c) TB90O and (d) TB1000

surface is found. In lower amount of the boron source, the TiB
phase was the dominant phase, while by more diffusion of B
atoms into the Ti substrate, the TiB, can be also formed. Hence,
with increase in the boriding temperature from 900 to 1000 °C,
coefficient of diffusion of B was intensified and therefore more
B atoms could be penetrated into the substrate. The preferable
oriented whiskers obtained in both samples belong to the TiB
phase, and the dense layer which is found just in Fig. 1(b) is
attributed to the TiB, phase (Ref 22, 23). The similar
microstructure has been found in plasma paste brooding
method (Ref 24). In addition, the thickness of covered boride
layer was different. The average thickness of 1.0 £ 0.1 um and
2.3 £+ 0.2 pum was obtained in respect to the covered titanium
borides at top of the surface of titanium borided at 900 and
1000 °C. Moreover, the TiB whiskers could grow via boriding
at 1000 °C, in which the width of whiskers became three times
more than those formed at 900 °C. Although it has been
reported that the Ti;B, phase may present in the binary TiB
system (Ref 16), we could not mark it in the SEM micrographs.
Figure 1(c) and (d) shows the elemental distribution of Ti and
B along the substrate to surface borided at 900 and 1000 °C,
respectively. A countercurrent distribution of B and Ti concen-
tration is observed from the top surface to the depth. With
respect to the atomic weight of Ti (47.8 g/mol) and B
(10.8 g/mol), and also in accordance with the illustrations
Fig. 1(c), it can be elucidated that the TiB was the dominant
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titanium boride in surface of TB900. Furthermore, Fig. 1(d)
shows the elemental composition of Ti and B remained
constant across two steps. One step is given as the TiB, top
layer, and other belongs to the under TiB whiskers. According
to the micrographs, it was found that the boriding temperature
had a significant effect on rendering diversity of titanium
boride.

3.2 Phase Analysis of Boride Layers

The XRD patterns of titanium borided at 900 and 1000 °C
are presented in Fig. 2(a). According to the standard card
JCPDS, 01-075-0967 and also 01-073-2148, the XRD patterns
revealed the presence of TiB and TiB, in both samples in
addition to the Ti as the substrate. Since the thin layers of
borides were formed on the titanium substrate, the Ti peaks
were also detected in the XRD pattern of both samples.
However, there is a difference in the diversity of TiB and TiB,
in the mentioned samples. In order to understand the role of
heat treatment of boriding on Ti substrate phase forming, XRD
patterns were investigated in the higher magnifications. Fig-
ure 2(b) and (c) shows the higher magnification of XRD
patterns of TB900 and TB1000 in the ranges of 33°-40° and
41°-45°, respectively. These ranges are interested in studying
because the characteristic main peaks of TiB and TiB, are
observed at 20 = 35.295° and 20 = 44.477°, respectively. The
observation of (011) planes and double (210) and (102) planes
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Fig. 2 (a) XRD patterns of TB900 and TB1000. Higher magnification of XRD patterns in the range of (b) 33°-40° and (c) 41°-45°, and de-

convoluted patterns regarding the TiB and TiB, peaks

in the pattern of both samples confirmed the formation of TiB.
Although the peak corresponding to diffraction of (101) planes
in TiB, lattice was identified in both patterns, it should be
explained that it has low intensity in TB900 pattern. Hence, the
ratio of intensity of (101)yig, per intensity of (102)y;g may be
useful. It was found that the crystallinity of TiB, in TB1000
was about six times more than one in the TB900. Furthermore,
the XRD pattern of TB900 in the range of 33°-40° does not
display a diffraction with regard to the (100)t;g,. Therefore, it
can be assumed that the TiB is issued by heat treatment at
900 °C, and TiB/TiB, is obtained over treatment at 1000 °C.
The SEM micrographs and also elemental composition analysis
almost confirmed the above finding. It is worth mentioning that
a peak corresponding to the TizB4 was not detected in XRD
patterns too.

3.3 Hardness and Adhesion of Boride Layers

Prior to evaluating the corrosion resistance of TiB and TiB/
TiB, composite layers against the harsh body fluid such as
Hanks’ balanced salt solution, attention to the mechanical
properties of coating such as hardness and adhesion to the
substrate may be helpful. The roughness analysis (longitudinal
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Table 2 Roughness of bare and boronized

titanium (longitudinal)

analysis

Roughness parameters TB900 TB1000 Bare Ti
R, pm 0.732 0.842 0.257
R,, pm 3.993 6.218 2.205
R3;, pm 2.349 3.095 0.952
Rjis, LM 2.54 341 1.19
Rgm, mm 0.06 0.07 0.06

and transversal) of bare Ti, TB900 and TB1000 was performed,
and the obtained results are given in Tables 2 and 3. The
hardness of TB900 and TB1000 was measured, and the
obtained results are given in Table 4. As can be seen, it was
found that the hardness of titanium surface was enhanced from
340 4+ 10 HV to 1064 £ 30 and 1680 £ 20 via boriding at
900 and 1000 °C, respectively. The different value obtained for
the surface hardness comes from the diversity of boride layers;
the TiB whiskers were armed by the dense TiB, top layer in the
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TB1000. The similar hardness values for TiB and TiB, were
reported by the others (Ref 25, 26).

The adhesion of boride layers to the titanium substrate was
evaluated by the Daimler—Benz method. According to this
method, adhesion can be classified as HF1 to HF6 references
regarding the developed cracks and delaminated areas around
the indent as shown in Fig. 3(a).

With progress of more cracks and observation of exposed
surface, the low adhesive coating is recognized (HF1 converts
to HF6). The optical micrographs of TB900 and TB1000 after
indentation are depicted in Fig. 3(b) and (c). Findings showed
that no microcracks were produced by indentation, and also
delamination was not occurred. In comparison with the HF
standards, the results reveal that the TiB and also TiB/TiB,
composite layers obey an overqualified HF1 standard corre-
sponding to the overadequate adhesion. The similar findings
have been observed for other ceramic coatings on the titanium
substrate (Ref 27, 28). The penetrated TiB whiskers into the
titanium substrate pinned the boride layer and subsequently
improved the adhesion by the mechanical binding. In addition,
the hard TiB, top layer (in sample TB1000) could resist against
the fracture and so it also represented the high adhesion for
TiB/TiB, composite layer. According to the boride layers
characterizations summarized in Table 4, it can be said that a
thin hard boride layer with high adhesion to titanium substrate
was formed, and the arrangement and diversity of the boride
composition would be main factors influencing the electro-
chemical properties of borided titanium via immersing in the
body fluids.

3.4 Electrochemical Tests

3.4.1 Curves of  Potentiodynamic Polarization
and OCP. Figure 4 represents the evaluation of OCP changes
with the exposure time in quiescent Hanks’ balanced salt
solution for CP-Ti and the borided samples during the first
hour. It is observed that OCP values varied directly with
exposure time in all cases representing the instinctive formation
of the protective passive film on the surface of the specimens in

Table 3 Roughness analysis of bare and boronized
titanium (transversal)

Roughness parameters TB900 TB1000 Bare Ti
R, pm 0.503 1.172 0.233
R,, pm 3.589 8.173 2.287
Rjis, HM 2.84 4.59 1.39
Rgm, mm 0.03 0.06 0.03

the studied system (Ref 29). Furthermore, it can be seen that the
OCP values of the specimens varied slightly with increasing
exposure time after 3400 s which demonstrates the proper
surface condition (surface stability) prepared to implement the

Cracks ati
(a) Indentation

HF3 /

Fig. 3 Daimler-Benz adhesion chart (a) and optical microscopy
images of Rockwell-C indentation on borided samples (b) TB900,
and (c) TB1000

Table 4 Specifications of boride layer formed on the titanium surface via pack cementation method

Boride layer specifications

Sample code

Composition Thickness, pm Microhardness (HV) Adhesion Ref.
TB900 TiB 1 £0.1 1064 + 30 HF1
TB1000 TiB/TiB, 234+02 1680 £ 20 HF1
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Fig. 4 OCP plots of Ti, TB900 and TB1000 specimens in Hanks’
balanced salt solution

electrochemical measurements (Ref 30). The investigation
conducted by Shukla et al. (Ref 31) has revealed the OCP
values of CP-Ti and Ti-6Al-4V alloy stabilized after 3600 s of
immersion time in Hanks’ balanced salt solution. Moreover,
Fattah-alhosseini et al. (Ref 30) and Sivakumar et al. (Ref 16)
have reported that the OCP values of CP-Ti and the borided
CP-Ti reach a stable status after 1 h in Ringer’s solution. As
seen in Fig. 4, the stable OCP values of the borided CP-Ti
specimens are more positive than those of CP-Ti specimen
which is consistent with the reported results in the references
(Ref 16, 32). In addition, according to Fig. 4, it is worth
mentioning that there were no traces of surface metastability
(the oscillations in the OCP values) in the spontaneous passive
films developed on the surface of the borided CP-Ti specimens.
Hence, it can be noted that the coatings free of pores/cracks
were carried out on CP-Ti specimens by the boriding process in
the present work (Ref 16).

Figure 5 indicates the potentiodynamic polarization plots
recorded after 1 h of exposure to quiescent Hanks’ balanced salt
solution under OCP condition for CP-Ti and the borided
specimens. The electrochemical parameters derived from
Fig. 5, namely the corrosion current density (i) and corro-
sion potential (E,,), are presented in Table 5. In this study, the
current density values were achieved by extrapolating the linear
Tafel segments of the cathodic polarization plots. According to
Fig. 5, it is apparent that the surface of the studied samples is
able to form a passive layer in Hanks’ balanced salt solution.
Also, CP-Ti resisted the breakdown of the passive film at
potentials above 2.0 Vagagci, while the borided samples
indicated the passive film breakdown and transpassive charac-
terization at a potential of lower than 2.0 Vag/aeci. These
results are consistent with the potentiodynamic polarization
behavior of CP-Ti and the borided specimens in SBF solutions
reported in published papers (Ref 16, 32, 33). It is reported that
the passive breakdown of the borided specimens in a simulated
body fluid solution is caused by localized corrosion sites at high
potentials during the potentiodynamic polarization measure-
ments (Ref 16). It is noteworthy that the in vivo potential range
of CP-Ti and its alloys is in the range of + 0.495 Vg/agci to
+0.590 Vagagcr (Ref 16, 33, 34). Hence, the borided
specimens in this study are capable of being used as a
bioimplant material because the breakdown potential of the
specimens (as can be seen in Fig. 5) is higher than
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Fig. 5 PDP curves of Ti, TB900 and TB1000 specimens after 1 h
of stabilization in Hanks’ balanced salt solution

Table 5 Electrochemical data obtained from the PDP
plots of CP-Ti and borided samples at 900 and 1000 °C in
Hanks’ balanced salt solution

Bare Ti TB900 TB1000
Eeom, MV — 47749 —253£5 —131£7

feoms HA/CM? 0.35 £ 0.09 0.03 £ 0.01 0.21 £ 0.05
B., mV/dec 108 + 0.04 145 £ 0.11 125 + 0.04
B., mV/dec — 1274009 —174+0.15 — 104 + 0.07

+ 0.590 Vagagcl- Moreover, it can be noted that the boriding
process in this study had a positive effect on the performance of
CP-Ti as an implant in Hanks’ balanced salt solution (Ref 16,
33, 34). Comparing the reported data in Table 5, the TB1000
specimen corroded at a much higher current density (0.20 pA/
cm?®) than the TB90O specimen (0.03 pA/cm?). Accordingly,
the highest corrosion current density pertains to the CP-Ti
(0.35 pA/em?).

3.4.2 EIS Measurements. To assess the passive behavior
of CP-Ti and the borided specimens in Hanks’ balanced salt
solution as a function of exposure time, EIS technique as an
efficient, rapid, powerful, convenient and surface state-sensitive
method was performed (Ref 30, 35, 36). Figure 6 shows the
EIS plots after exposing the studied specimens in Hanks’
balanced salt solution for different OCP immersion times.
Considering the Nyquist curves in Fig. 6(a), (c) and (e), in all
cases, the diameter of the imperfect semicircles became larger
with exposure time to the studied solution. It is worth
mentioning that the increment of the diameters in the Nyquist
curves is an evidence of the better electrochemical corrosion
behavior (Ref 32). It is observed from the Bode-phase curves of
Fig. 6(b), (d) and (f) that the maximal phase angles (less than
— 90°.) deviated from the behavior of an ideal capacitance
(pure capacitance). Again, the behavior of a non-ideal capac-
itance is characterized by incomplete semicircles in the Nyquist
curves. In general, the constant phase element (CPE) is
substituted in the electrical equivalent circuits (EECs) in lieu
of the pure capacitance (C) and the Warburg impedance (W) to
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Fig. 6 Nyquist and Bode plots in respect to the (a, b) Ti, (c, d) TB900 and (e, f) TB1000 after different immersion times

get a perfect fit between theoretical and experimental data (Ref
37). Surface heterogeneities of the working electrode (such as
roughness, adsorption of ions, the effect of resistivity variations
of the covering film and scratches), the presence of pores in the
oxide film and specific active sites (such as grain boundaries
and impurities) are some of the well-known reasons for the
appearance of a CPE behavior (Ref 30, 38-41). According to
the Bode-phase curves of CP-Ti specimen in Fig. 6, the EIS
spectra of this specimen need to be fitted by an EEC with one
CPE. Additionally, the Bode-phase spectra of the borided
specimens display the presence of two CPEs. The Bode-phase
and Bode spectra of the studied specimens represent that the
values of phase angles and absolute impedance are frequency

1462—Volume 28(3) March 2019

independent at high frequencies which express a pure resistance
behavior (the resistance of the solution) (Ref 16, 29, 31, 42).
Furthermore, a linear slope close to -1 from median- to low-
frequency range as a sign of capacitance response of surface
oxide film is seen in the Bode spectra of the studied samples
(Ref 31). Considering the Nyquist curves of Fig. 6, it is plainly
denoted that the corrosion resistance of the studied specimens
was ameliorated by increasing exposure time from 1 to 24 h.
Similar results were reported by other researches (Ref 29).
Fattah-alhosseini et al. (Ref 29) studied the influence of
exposure time on the electrochemical behavior of pure Ti and
nano-grained pure Ti in Ringer’s solution and found that the
thickness of passive films was increased by increasing the
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exposure time. Also, amelioration of the passive layers on CP-
Ti after 24 h of exposure to Hanks’ balanced salt solution was
reported by Shukla et al. (Ref 31). Kramers—Kronig (KK)
transformations of the real and imaginary axes of impedance
are a straightforward criterion to acknowledge the EIS exper-
imental data and assess the linear system theory (Ref 43). The
niceties of this criterion were presented in the studies (Ref 44,
45). In these studies, the experimental EIS results of the studied
samples after 1 h of exposure to Hanks’ balanced salt solution
were compared with the K-K transformations (Fig. 7). Con-
sidering good adaption between the experimental data and K-K
transformations in Fig. 7, it is plainly denoted that during the
EIS test the system conformed to the linear system theory. The
experimental EIS data (Fig. 6) were simulated by using an
adaptable EEC. The EEC model with two CPEs has been used
to justify the EIS spectra of the borided pure Ti and Ti-6A1-4V
alloy in SBF solutions by other researchers (Ref 16, 32, 33).
According to the interpretation of the EIS behavior of the
borided CP-Ti samples in published papers (Ref 16, 32), it can
be noted that a double-layered passive film (comprising a
porous film and a dense film) forms on the borided CP-Ti
sample in SBF solutions. Figure 8 represents the applied EECs
for curve fitting of the impedance spectra for (a) CP-Ti and (b)
the borided specimens. The EECs in Fig. 8 were selected based
on general shapes of the experimental EIS spectra, accessible

(b) CPE1 CPE:

Fig. 8 EECs for the simulation of the impedance curves of (a) CP-
Ti and (b) the borided samples
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information on EECs selected previously for curve fitting of
pure Ti and the borided CP-Ti in SBF solutions (Ref 16, 29, 31-
33) and the Chi-square value (¢°) to justify the EIS results. In
these EECs, R, marks the solution resistance, R, R,, CPE, and
CPE, are the outer/porous oxide film, the inner/dense oxide
film, CPE of the outer film and CPE of the inner film,
respectively, and R, and CPE,; index the compact oxide film
and CPE of the compact oxide film, respectively. The
expression of a CPE is given as follows (Ref 46-48):

1
“erE = ooy

where Q is a frequency independent parameter (in the
frequency space for 0.5 < n < 1, which indicates the distri-
bution of the dielectric relaxation times), j indexes the
imaginary unit, @ denotes the angular frequency and n indexes
an adjustable parameter related to deviation from the behavior
of pure capacitance.

The values of EEC elements corresponding to CP-Ti and the
borided specimens are summarized in Table 6 versus exposure
time to quiescent Hanks’ balanced salt solution. Considering
the obtained values (Table 6) according to EECs of Fig. 8, the
inner oxide films of the borided samples represent remarkably
higher resistance compared to the outer oxide films and also
show the formation of compact and dense TiO, inner films and
porous outer films on surfaces of the borided samples in the
studied environment. It should be noted that the lower
resistance of the outer oxide films represents the diffusion
process occurring in these films. In addition, ascending trend is
observed for both inner and outer oxide films resistant of the
borided samples with an increase in immersion time. The
similar trend which was reported for the passive resistance
values (R, corresponding to CP-Ti sample (Table 6) can be
attributed to the compact oxide film growth on surface of this
sample in the studied solution. Considering the polarization
resistance values of the studied samples (Rp), it is plainly
indicated that the TB900 sample (at each specified immersion
time) displays the best electrochemical behavior as it has the
highest polarization resistance values compared to the other
studied samples. It must be mentioned that for bare CpTi (with
one time constant), the polarization resistance (Rp) = R, but
for borided specimens (with two time constants) the polariza-
tion resistance (Rp) = R; + R,. According to the aforemen-
tioned results in the present work, it can be concluded that the

(Eq 1)

TB900 specimen has the effective surface to form oxide film
with the effective performance in Hanks’ balanced salt solution.
It should be mentioned again that the XRD results (Fig. 2)
documented the formation of the TiB and TiB/TiB, layers on
surface of CP-Ti by boriding process at 900 and 1000 °C for
3 h, respectively.

3.4.3 M-S Assays. Considering the point defect model
(PDM), it is well known that the existent point defects in the
oxide passive layer are classified into three kinds, involving the
cation vacancies, the cation interstitials and the anion vacan-
cies, which describe the passive layer breakdown, dissolution
and growth mechanisms (Ref 49-51). According to PDM, the
formation of the passive film on the metals was derived from
generating and annihilating oxygen vacancies at the layer/metal
and layer/solution interface, respectively. Hence, the density of
the defects in the passive films is an interesting subject which
was investigated by many researchers (Ref 49-54). This subject
can be studied by the in situ M—S assay. In this assay, the
barrier passive film capacitance (C) is estimated as a function of
the applied electrode potential (£). Moreover, donor density
(Np for n-type semiconductor) can be calculated by the positive
M-S slope and the following simple formula (Ref 51-54):

1 2 kT
— = E — Epg — 2%
2 egoeNp ( e )

where ¢ indexes the passive film dielectric constant (¢ = 60 for
Ti), e marks the charge of an electron (1.6 x 10719, ¢ is
symbol of the vacuum permittivity (8.854 x 107" Fm™"), T
is mark of the absolute temperature (K) and Erg is sign of the
flat band potential (V) and Ky indexes the Boltzmann’s constant
(138 x 1002 JK ™).

Figure 9 displays the M-S plots of the studied specimens
registered after the immersion time of 1 and 24 h in Hanks’
balanced salt solution. As indicated in Fig. 9, the positive linear
slope was recorded for all samples, which represents that the
passive layers that developed on surfaces of the specimens in
Hanks’ balanced salt solution behave as n-type semiconductors.
The semiconducting behavior of the passive film on pure Ti in
SBFs (Hanks’ balanced salt and Ringer’s solution) was studied
by Fattah-alhosseini et al. (Ref 29, 55), indicating that it acts
like an n-type semiconductor. Considering the obtained data
(Table 7) according to the linear regions and the positive slopes
of M=S curves (N24/N1 implies donor density ratio), donor

(Eq 2)

Table 6 Values of EEC elements corresponding to CP-Ti and the borided specimens as a function of immersion time in

Hanks’ balanced salt solution

Bare Ti TB900 TB1000
Sample
Immersion time 1h 3h 6h 24 h 3h 6h 24 h 1h 3h 6h 24 h
R, Q cm? 167.86 16932 164.47 166.54 110.13 10870  110.12  109.68 80.53  78.63 77.96 77.28
R, (x 10° Q cm?) 0.001 0.001 0.001 0.005 0.064 0.069 0.086 0.115
01 (x 107 $%Q cm?) 1.440 1.050 0.810 0.730 1.710 1.490 1.780  1.480
ny 0.78 0.77 0.78 0.79 0.61 0.61 0.62 0.67
R, (x 10° Qem?) 7.090 13.100 23900 88.600 1.150 1.670 2.030  4.700
0> (x 107* $*/Q cm?) 0.230 0.215 0.210 0212 1.640 1.640 1.730 1.270
ny 0.94 0.97 0.89 0.89 0.94 0.92 0.95 0.96
Ry (x 10°Qem?) 1.00 235 2.85 455

Ope (x 107 8%Q em?)  0.614 0500 0409  0.368

Npe 0.91 0.91 0.92 0.93
R, (x 10° Qcem?) 1.00 2.35 2.85 4.55 7.091 13.101 23901 88.605 1214 1.739 2.116 4.815
Chi square 0.011 0.011 0.006 0.003 0.105 0.013 0.070 0.007  0.008 0.015 0.095 0.101
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Fig. 9 M-S plots of (a) CP-Ti and (b, ¢) TB900 and TB1000 after
1 and 24 h in Hanks’ solution

Table 7 Variations in donor concentration of CP-Ti and
the borided samples in Hanks’ balanced salt solution
during the first 24 h

Bare Ti TB900 TB1000

Np(24 h)/Np(1 h) 0.940 0.006 0.950

concentration of the passive layers of all specimens by 1 h (N1)
to 24 h (N1) in Hanks’ balanced salt solution under OCP
condition decreases, indicating that the electrochemical reac-
tions decrease at the metal/solution interface, thereby increasing
the compaction and stability of the passive layers with the

Journal of Materials Engineering and Performance

immersion time (Ref 56). Also, a remarkable decrease in the
donor concentration of the passive film on TB900 specimen is
noticeable after 24 h of immersion in Hanks’ balanced salt
solution.

3.5 Surface Observations

To understand the effect of immersion in Hanks’ balanced
salt solution on the microstructure of surface of borided
samples, the SEM images were taken from the surface of
TB900 and TB1000 before and after 7 days of immersion (see
Fig. 10). The results show that the surface of TB900 has been
not changed drastically, while some grooves are seen at the
surface of TB1000. These microstructures confirm that how the
monolithic TiB coating protects the pure titanium higher than
TiB/TiB, coating in Hanks’ balanced salt solution. As explained
above, the lower resistance of TB1000 against the Hanks’
balanced salt solution was because of the release of TiB,
particles from the surface and also low stable passive layer.

The boron affects the impermeable TiO, passive film by
creating defects; thus in the boronized samples, localized sites
are available for the passivity breakdown. The corrosion
reactions of TiB, may lead to the dissolution of the compound
and formation of a boric acid (e.g., H3BO3) and titanium
dioxide (TiO,) where the latter is an insoluble compound (Ref
16, 33, 57, 58). The corrosion reactions occurring in this
process can be (Ref 16, 33):

TiB; + 6H,0 — Ti*™ + 2H3BO;3 + 3H, (Eq 3)

Ti* + 2H,0 — TiO, 4+ 4H" 4 2¢~ (Eq 4)

Figure 11 shows the EDS spectra from the surface of TB900
and TB1000 before and after the immersion in Hanks’ balanced
salt solution. The EDS spectra confirmed the formation of the
oxide layer on the surface of both borided samples after the
immersion (Fig. 11b and d). The reasonable oxygen peak
which was identified in those spectra demonstrates the forma-
tion of the oxide layer on top of the samples. In addition to the
B and Ti, CI and Na elements were also detected regarding the
precipitants from Hanks’ balanced salt solution.

4. Conclusion

Two different boride layers TiB and TiB/TiB, were coated
on the commercially pure titanium via pack cementation
method under different heat treatment conditions. The results
of XRD and SEM indicated that the boriding at 900 °C for 3 h
caused to form TiB whiskers pretreated into the Ti substrate,
and treatment at 900 °C for the similar soaking time created the
TiB whiskers covered by dense TiB, layer. The hardness value
of borided samples was obtained in 1064 4 30 and 1680 + 20
in respect to the boriding at 900 and 1000 °C. It was observed
that both boride layers had good adhesion to the titanium
substrate. The potentiodynamic polarization plots revealed that
the all samples had passive behavior in Hanks’ balanced salt
solution. The electrochemical study on the borided samples also
showed the better corrosion resistance compared to the pure
titanium. Further investigations by electrochemical impedance
spectroscopy showed that specimen borided at 900 °C had the
highest polarization resistance. The results of Mott—Schottky
indicated that the passive layer on the TiB and TiB/TiB,
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Fig. 10 SEM images of TB900 and TB1000 before (a, c) and after (b, d) 7 days of immersion in Hanks’ balanced salt solution
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Fig. 11 EDS results of TB900 and TB1000 before (a, c¢) and after
(b, d) 7 days of immersion in Hanks’ balanced salt solution
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coatings behaves such an n-type semiconductor. It was also
found that the compaction of the passive layer was related to
the reduction of donor density in the passive layer. According
to the electrochemical studies, it can be concluded that the TiB
coating resists higher than TiB/TiB, coatings in a harsh
environment such as Hanks’ balanced salt solution. Eventually,
it can be suggested that the boriding of CP-Ti at 900 °C for 3 h
makes a good adhesive coating in which it is suitable for
biomedical applications.
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