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Surface Properties and Mechanical Performance
of Ti-Based Dental Materials: Comparative Effect
of Valve Alloying Elements and Structural Defects

AGATA SOTNICZUK, KAMIL MAJCHROWICZ, DONATA KUCZYŃSKA-ZEMŁA,

MARCIN PISAREK, BOGUSŁAWA ADAMCZYK-CIEŚLAK,

and HALINA GARBACZ

Two approaches can be taken when designing properties of the native oxide layers formed on
Ti-based biomedical materials: (i) changing the chemical composition of the substrate by adding
biocompatible, valve alloying elements, and (ii) changing the microstructure of the substrate—
especially its level of defectiveness—through large plastic deformation. However, especially in
the aggressive fluoridated oral environment, it is still unknown what factor is more effective in
terms of enhancing oxide layer protectiveness against biocorrosion: (i) the presence of valve
alloying elements, or (ii) a high number of structural defects. To gain knowledge about the
separate influence of both of these factors, surface properties were examined for commercially
pure Ti and Ti–Nb–Ta–Zr alloy in microcrystalline state as well as after multiple-pass cold
rolling, a process that can be readily scaled up to the industrial level. This study showed that
while valve-alloying elements and structural defects individually have a beneficial effect on Ti
oxide layer properties in fluoridated medium, they not have to act in a synergistic manner. These
findings have to be taken into account when designing future Ti-based dental materials together
with analyzing their mechanical performance with respect to mechanical strength and elastic
properties.
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I. INTRODUCTION

BIOMATERIAL candidates for long-lasting dental
implantology must demonstrate a combination of low
elastic modulus,[1–4] biocompatibility,[5–7] and corrosion
resistance[8–10] when exposed to the various organic and
inorganic substances present in the human body. Meet-
ing these requirements are Ti-based materials that lack
potentially toxic elements such as commercially pure a
Ti (CP–Ti)[11,12] and metastable b Ti alloys with
ultra-low elastic modulus that are currently under
development.[3,13–15] Quaternary Ti–Nb–Ta–Zr (TNTZ)
alloys have great potential as they offer a remarkably
low elastic modulus value, stable even during plastic

deformation and the finishing treatments involved in the
manufacturing of implantable products.[7,16,17]

However, CP–Ti and TNTZ alloys demonstrate
insufficient mechanical strength to be used in load-bear-
ing applications such as narrow dental implants, which
are an integral part of modern dentistry.[11,18,19] This
drawback can be overcome by dislocation and grain
boundary strengthening, achievable through large plas-
tic deformation methods.[20–24] Techniques based on
typical methods of deformation, such as multiple-stage
cold rolling, are of particular interest as they can be
scaled up to the industrial level.[6,25–27] The huge number
of grain boundaries and dislocations introduced during
large plastic deformation affect the material’s mechan-
ical properties as well as functional features such as
corrosion resistance.[20,28,29] It is well known that the
high corrosion resistance of Ti and its alloys is governed
by the presence of a nanometric protective oxide layer
on their surfaces.[30] The protective properties of Ti
oxide layers against corrosion attack depend on the
microstructure of the substrate material.[31,32] Grain
boundaries and dislocations are the preferential oxida-
tion sites, so their high number in deformed Ti provides
more stable oxide layers, thereby demonstrating their
enhanced propensity for repassivation in the case of
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local disruption.[20] Moreover, Ti oxide layers formed on
Ti subjected to multiple-stage cold rolling are less
defective than in case of conventional, microcrystalline
CP–Ti, as was confirmed by Mott–Schottky analysis.[33]

Nevertheless, oxide layer properties formed on
Ti-based materials depend not only on the microstruc-
ture of the substrate but also on its chemical composi-
tion. It is known that valve alloying elements such as
Nb, Ta, and Zr can beneficially affect Ti corrosion
resistance in body fluids by enhancing the stability of the
oxide layers.[34–36] However, available research works do
not lend themselves to drawing general conclusions
about the separate role of structural defects and the
chemical composition of Ti-based substrate on the
stability and, hence, protective properties of oxide
layers. These difficulties derive from (i) the variety of
techniques used to deform Ti and its alloys, causing
different textures and grain size distribution, (ii) differ-
ences in the total cumulated strain during plastic
deformation leading to different dislocation density,
grain size and character of grain boundaries, and (iii)
differences in the types of corrosion tests, corrosive
solutions, immersion time and other given parameters.

Moreover, most corrosion studies related to novel
Ti-based biomaterials, manufactured by large plastic
deformation techniques, neglect the effect of the fluoride
ions present in commercially available oral hygiene
agents. Interaction between F� and Ti oxide leads to the
formation of highly soluble Ti–F compounds[37] and,
hence, may result in the dissolution of Ti oxide
layers.[38–40] Difficulties with thorough cleaning of the
fluoridated solution, which remain in the narrow
crevices between implant/abutment and implant/tissue
in the oral cavity,[41] could be responsible for severe
corrosion of Ti implants. Although the high number of
structural defects provided by large plastic deformation
can accelerate the passivation process owing to their
enhanced reactivity, they may also favor reactions
between Ti-based substrate and F- ions. Moreover, the
combined effect of structural defects and valve alloying
elements on Ti corrosion in fluoridated medium has not
been sufficiently studied. Therefore, it is difficult to
assess what types of deformed material are more
beneficial in terms of corrosion resistance in fluorides:
commercially pure a Ti or its novel b-phased alloy.

Considering all of these limitations, the main aim of
this study is to provide insight into the role of (i) valve
alloying elements, (ii) high density of dislocations and
grain boundaries, and (iii) a combination of both factors
on the short- and long-term corrosion resistance of
Ti-based materials in the simulated physiological solu-
tion enriched with fluoride ions. In order to assess the
separate influence of the following factors, an investi-
gation was performed on the CP–Ti and TNTZ alloy in
microcrystalline state and after multiple-stage cold
rolling, which can be scaled up to the industrial level.
In addition, an analysis of mechanical properties was
performed, owing to its importance in long-lasting
biomedical applications of fabricated materials.

II. EXPERIMENTAL

A. Materials Fabrication and Microstructural
Characterization

In this work, the following materials were tested:
CP–Ti (Ti Grade 2—a phased) and Ti–29Nb–
13Ta–4.6Zr alloy in the solution-treated state (TNTZ—
metastable b phased). Materials were sourced from two
companies: WOLFTEN supplied Ti Grade 2 in the
annealed state while TNTZ was produced by TIMET
UK company. Pure elements necessary to produce
TNTZ alloy were supplied by ALFA AESAR in the
form of pellets. As-casted TNTZ alloy was subjected to
the series of plastic deformation treatments (such as hot
rolling) which were optimized by TIMET UK company.
Then, in order to obtain microstructure composed of
equiaxed grains of b phase, TNTZ alloy was heat treated
at 950 �C for 30 minutes. In order to avoid the oxidation
during heat treatment, TNTZ alloy was placed in a glass
capsule filled with argon. Immediately after heat treat-
ment, glass capsule with TNTZ bar was placed and
broken in the water. For the purposes of assessing
whether a high number of structural defects would
optimize corrosion and mechanical performance, Ti
Grade 2 and TNTZ were processed by multiple-pass
cold rolling with a total reduction ratio of 90 pct, which
corresponds to an equivalent strain eCR = 2.66. In case
of both materials, the initial products subjected to the
cold-rolling procedure had the following dimensions: 10
9 10 9 50 mm. The final products had the 1 mm of
thickness.
The microstructure of the microcrystalline samples

(micro-Ti and micro-TNTZ) was revealed by Kroll’s
Etchant (sourced from Chempur) and characterized by a
Nikon EPIHOT 200 optical microscope. For microcrys-
talline materials, grain sizes were provided by calcula-
tion of equivalent grain diameters E(d2) using
Micrometer program.[42] This parameter can be
described as a diameter of a circle which surface area
is the same as the surface area of particular grain. A
TEM JEOL 1200 transmission electron microscope was
used to evaluate the microstructure in cold-rolled
samples (CR Ti and CR TNTZ). Samples for TEM
observations were prepared by using Electrolyte A3
Struers to electropolish 0.1 mm thick and 3 mm
diameter plates. Selected parameters of electropolishing
were as follows (CR Ti: 37 V/2 �C, CR TNTZ: 35 V/�
35 �C). For TNTZ alloy, additional EBSD microtexture
analysis was performed using SEM HITACHI SU-70
scanning electron microscope with an acceleration
voltage of 20 kV. For all of tested samples, microscopic
characterization was supplemented by X-ray diffraction
(XRD) analysis using Bruker D8 Advance diffractome-
ter (with Cu Ka radiation source: Ka1=1.54056 Å).
XRD studies enabled to analyze phase structure and to
designate the lattice parameters of tested materials.
Lattice parameters were calculated based on the follow-
ing formulas:
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where a and c mean the lattice parameters (Å), (hkl)
means Miller index for particular diffraction peaks from
a or b phases, dhkl means the interplanar distance (Å),
and h means the diffraction angle for particular XRD
peaks.

B. Mechanical Properties

Long-term implantation success is governed by the
material’s functional properties such as corrosion resis-
tance as well as by its mechanical performance, espe-
cially mechanical strength and elastic modulus.
Mechanical properties were characterized by means of
uniaxial tensile tests performed on miniaturized samples,
as presented in Figure 1 (described in detail in Refer-
ences 43 and 44). Test specimens were cut by electrical
discharge machining (EDM) along the rolling direction.
Uniaxial tensile tests were performed at an initial strain
rate of 10�3 s�1 using a Zwick/Roell Z005 static testing
machine equipped with a 5 kN load cell. Each analyzed
state was represented by two specimens. Digital image
correlation (DIC) was used to measure strain with
respect to the procedure presented in Reference 45.
Based on the stress–strain curves obtained, Young’s
modulus (E), 0.2 pct offset yield strength (YS), ultimate
tensile strength (UTS), uniform elongation (Au), and
total elongation to failure (A) were estimated according
to the ISO 6892-1 standard.

C. Surface Characterization

Changes in microstructure induced by large plastic
deformation can affect the morphology as well as
chemical composition of the Ti surface with respect to
the fraction of particular oxides. Morphology of the Ti
and TNTZ alloy surface was characterized by Carl Zeiss
Axio Scope optical microscope (with a differential
interference contrast—DIC). Surface chemical

composition was characterized by an XPS Microlab
350 (Thermo Elektron) X-ray photoelectron spectro-
scope using Al Ka non-monochromated radiation (hm =
1486.6 eV) as the exciting source. The binding energy of
the target elements (Ti 2p, O 1s, C 1s, N 1s, etc.) was
determined at a pass energy of 40 eV, using the binding
energy of carbon as a reference (C 1s: 285 eV). The
chemical states of the components were characterized
over a representative 2 9 5 mm surface area, and
appropriate standards for the XPS reference spectra
were also used. Smart background subtraction was
applied to obtain XPS signal intensity. The peaks were
fitted using an asymmetric Gaussian/Lorentzian mixed
function. XPS analysis was performed on the polished
surfaces and was repeated after their 168 hours of
immersion in the artificial saliva enriched with fluorides.
For TNTZ alloy, the surface characterization was
supplemented by EDS analysis which allowed to eval-
uate the homogeneity of alloying elements distribution.
EDS linear analysis was performed using a SEM
HITACHI SU-70.

D. Corrosion Response

Surface properties of Ti-based materials were charac-
terized by electrochemical techniques. Samples for the
corrosion studies were ground up to #4000 and polished
to a mirror-like finish using OP-S Struers 0.04 lm silica
suspension. Since electrochemical parameters can be
affected by surface roughness, the repeatability of the
polishing procedure for all samples was verified by a
Carl Zeiss Axio Scope optical microscope. Surface area
subjected to electrochemical tests was limited by Teflon
element with O-ring (inner diameter—3.5 mm). There-
fore, for all of the samples, surface area subjected to the
electrochemical tests was the same—c.a. 10 mm2 (0.1
cm2). All of the corrosion measurements were carried
out in artificial saliva (Fusayama recipe[46]) with 1500
ppm F� (0.15 pct) in order to simulate the effect of using
commercially available toothpastes.[47] Electrochemical
tests were performed using a three-electrode setup
(working electrode—Ti/TNTZ sample, reference elec-
trode—Ag/AgCl saturated electrode, counter elec-
trode—platinum) combined with Autolab PGSTAT
302N potentiostat/galvanostat. The electrochemical
tests included the following stages: open-circuit poten-
tial (OCP) monitoring for 20 hours after immersion,
electrochemical impedance spectroscopy (EIS) tests
performed 20 and 168 hours (7 days) after immersion,
and potentiodynamic polarization (PD) performed
immediately after EIS—170 hours after immersion.
EIS tests were performed in the frequency range 1 kHz
to 1 mHz at OCP (amplitude 10 mV). PD measurements
were conducted in the potential range � 0.2 V+ OCP to
2.0 V+OCP with a scan rate of 1 mV/s. Measurements
and fitting procedures were performed using NOVA
2.1.4 software (Metrohm Autolab). All of the electro-
chemical measurements were replicated, and the med-
ium values of parameters were analyzed.
Electrochemical tests gave the possibility for a qualita-
tive description and comparison of the protective
properties of oxide layers formed on the tested samples.Fig. 1—Miniaturized sample used for uniaxial tensile tests.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 53A, JANUARY 2022—227



III. RESULTS AND DISCUSSION

A. Microstructural Characterization

Light microscopy (LM) observations revealed that the
microstructure of the initial Ti-based materials is com-
posed of equiaxed grains with the mean diameter 33 ±

15 lm (Figure 2(a)) and 97 ± 41 lm (Figure 2(b)) for Ti
and TNTZ, respectively. The multiple-pass cold rolling
resulted in substantial rebuilding of the microstructure
(Figures 2(c) and (d)). The fractions of the bands with
the width<100 nm as well as>200 nm, elongated in the
rolling direction, with the high density of dislocations in
their interior can be clearly distinguished in TEM
micrographs of CR TNTZ (Figure 2(d)). In case of
CR Ti (Figure 2(c)), bands were less visible which is
associated with more developed stage of microstructure
evolution compared to CR TNTZ.[48] For CR Ti, the
cellular structures and non-numerous nanometric sub-
grains (size 100 to 200 nm) were visible, which were
formatted through fragmentation of dislocation bands
at the advanced stage of deformation. For CR TNTZ
only single, separate subgrains can be distinguished
(Figure 2(d)). Observed differences can be associated
with differential crystallography of the materials (hcp
system—Ti and bcc system—TNTZ) which resulting in
the discrepancies between their microstructure evolu-
tions during plastic deformation.[49,50] The less advanced
process of grain refinement for Ti b-phased alloy

compared to CP–Ti was also confirmed for materials
deformed by hydrostatic extrusion (HE).[51]

XRD analysis revealed peaks broadening after
cold-rolling procedure which can be associated with
the formation of the nanometric subgrains (Figure 3).[52]

In addition, in case of TNTZ alloy cold-rolling process
led to intensification of a¢¢ peaks, especially (200) a¢¢,
which can be associated with the stress-induced marten-
sitic transformation (Figure 3).[53] However, subjecting
TNTZ to cold rolling provided virtually no changes in
the dimension of the unit cell (Table I). This is in
agreement with the results reported previously for other
cold-rolled TNTZ alloy (Ti–29Nb–9Ta–10Zr).[54] For
pure Ti, a decrease of c parameter from 4.689 to 4.679
after cold-rolling process was detected, whereas no
significant changes were observed in case of a parameter
value (Table I).

B. Mechanical Properties

The representative stress–strain curves obtained for Ti
and TNTZ are presented in Figure 4, whereas the
estimated mechanical properties are summarized in
Table II. The micro-Ti exhibited the following mechan-
ical parameters: E = 107.8 ± 4.1 GPa, YS = 321 ± 1
MPa, UTS = 434 ± 1 MPa which are typical values for
annealed commercially pure Ti.[55] As was previously
reported,[56] the microcrystalline TNTZ had a

Fig. 2—Microstructure of the tested Ti-based materials (a) micro-Ti, (b) micro-TNTZ, (c) CR Ti, and (d) CR TNTZ.
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significantly lower Young’s modulus of 62.0 ± 0.2 GPa
but a similar YS of 306 ± 4 MPa and UTS of 505 ± 4
MPa. The ‘‘double yielding’’ phenomenon with a flat
plateau on the stress–strain curve was noticed for
microcrystalline TNTZ as well. It corresponded to the
stress-induced martensitic transformation occurring
during tensile deformation, which is typically observed
for metastable b phase titanium alloys for the stress
range 190 to 360 MPa.[57] The cold-rolled samples
exhibited higher YS (679 ± 17 and 446 ± 3 MPa for Ti

and TNTZ, respectively) and UTS (840 ± 13 and 713 ±

1 MPa for Ti and TNTZ, respectively) which were

Fig. 3—XRD patterns of Ti and TNTZ alloy before and after cold-rolling process.

Table I. Lattice Parameters of Ti and TNTZ Before and
After Cold-Rolling Process

Sample State
a Phase b Phase

a (Å) c (Å) a (Å)

Micro-Ti 2.952 4.689 —
CR Ti 2.955 4.679 —
Micro-TNTZ — — 3.300
CR TNTZ — — 3.301

Fig. 4—Representative stress–strain curves of microcrystalline and
CR Ti and TNTZ.
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superior to those observed for their microcrystalline
counterparts. On the other hand, the strength enhance-
ment caused a deterioration of elongation to failure to
14.3 ± 0.3 and 12.9 ± 0.3 pct for CR Ti and CR TNTZ,
respectively. Despite having the same processing param-
eters, the strength of CR Ti increased to a far greater
degree than it did for CR TNTZ. This can derive from
differences in the microstructural evolution of a Ti and
b-phased Ti alloys during unidirectional cold rolling
which is associated with differential lattice structure and
stacking fault energy.[58] In case of bcc metals h111i,
close-packed directions, along which dislocation slip is
the most likely, belong to many slip planes. This may
lower the rate of dislocation intersections and establish-
ing new boundaries due to possibility of the cross slip. In
hcp lattice, there is only one slip plane with many
directions which favor dislocation jogs and grain refine-
ment.[58] This can be the reason why the high fraction of
cellular structures divided by the transverse dislocation
boundaries is visible for CR Ti (Figure 2(c)). The high
fraction of transverse dislocation boundaries, which acts
as obstacles for dislocation motion, could explain the

greater UTS value for CR Ti than for CR TNTZ. It is
worth noting that the cold-rolling process significantly
lowered the Young’s modulus of CR TNTZ. The
decrease in stiffness can be related to the strengthening
of 001f gh110i texture component associated with the
a-fiber texture (Figure 5), frequently observed in case of
cold-rolled b-phased metals. Development of this type
of texture was indicated as the possible reason of the
elastic modulus reduction observed for another Ti
b-phased alloys (Ti–Nb–Mo–Zr[59] and Ti–Nb–Zr–
Sn[60]) after cold-rolling process. As shown by Tane
et al.,[61] the Young’s modulus of Ti–Nb–Ta–Zr alloys is
highly affected by the crystallographic orientation. It
reaches for Ti–29Nb–13Ta–4.6Zr alloy the lowest value
of about 35 GPa in the h100i direction while it is even
two times higher in the h111i direction (~ 80 GPa). The
intermediate value of about 60 GPa is achieved in the
h110i direction which dominates in the investigated CR
TNTZ during tensile along rolling direction. Moreover,
reduction of elastic modulus value in case of cold-rolled
Ti b alloys could be associated also to the development
of stress-induced martensite: (200) a¢¢,[53,62] which was

Table II. Mechanical Properties (E Young’s Modulus, YS Yield Strength, UTS Ultimate Tensile Strength, Au Uniform
Elongation, A Elongation to Failure) of Ti and TNTZ

Sample E (GPa) YS (MPa) UTS (MPa) Au (Pct) A (Pct)

Micro-Ti 107.8 ± 4.1 321 ± 1 434 ± 1 10.1 ± 0.2 37.3 ± 1.2
CR Ti 106.8 ± 3.3 679 ± 17 840 ± 13 2.8 ± 0.1 14.3 ± 0.3
Micro-TNTZ 62.0 ± 0.2 306 ± 4 505 ± 4 20.1 ± 0.1 31.4 ± 0.1
CR TNTZ 52.3 ± 0.4 446 ± 3 713 ± 1 2.2 ± 0.1 12.9 ± 0.3

Fig. 5—EBSD microtexture analysis of micro- and CR TNTZ alloy.
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detected during XRD analysis (Figure 3). Thereby, we
claim that the decrease of TNTZ elastic modulus
reported in this study is related to the combined effect
of texture evolution and increased volume fraction of
stress-induced martensite a¢¢. With pure Ti, changes in
stiffness were not observed after multiple-pass cold
rolling. Although the elastic modulus value is governed
mainly by the chemical and phase composition, intro-
ducing a large number of structural defects can also
influence stiffness. Deformation-induced reduction of
stiffness (c.a. 13 pct) was observed for Ti subjected to
HE with clearly formatted nanosized grains.[63] Hence,
it can be assumed that in the case of a-phased Ti, this
effect is associated with the large number of well-
defined high-angle grain boundaries (HAGB), which
were not observed in the CR Ti investigated in this
study.

Summing up, the process of multiple-pass cold rolling
substantially increases the mechanical strength of Ti
Grade 2 and TNTZ alloy. The UTS value for cold-rolled
materials was close to Ti6Al4V alloy, commonly used
for load-bearing applications.[11] Moreover, large plastic
deformation results in the reduction of TNTZ stiffness
(E = 52.3 ± 0.4 GPa) which is getting closer to the

Young’s modulus of bone (10 to 30 GPa).[7] Enhanced
mechanical strength combined with low stiffness is an
essential factor in terms of highly loaded implants, such
as miniaturized dental replacements which are in contact
with bone tissue.

C. Surface Characterization

Substantial changes in the microstructure induced by
large plastic deformation can also be responsible for
differences in surface morphology and chemical compo-
sition. Although surfaces were polished to a mirror
finish with a silica suspension (widely used in the
preparation of Ti biomedical materials), LM observa-
tions with DIC mode revealed differences in surface
topography (Figure 6). This effect is associated with
large plastic deformation introducing a huge number of
structural defects, which acts as privileged sites for oxide
layer formation. Deformation-induced differences in
surface nano-topography were observed and described
quantitatively for commercially pure Ti subjected to
ECAP.[64] The surfaces of the polished samples
(Figure 6) were subsequently characterized in terms of
their chemical composition by XPS.

Fig. 6—Mirror-like polished surfaces prepared for XPS and corrosion tests observed by optical microscope with differential interference contrast
(DIC) (a) micro-Ti, (b) micro-TNTZ, (c) CR Ti, and (d) CR TNTZ.
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XPS analysis performed for Ti samples revealed that
multiple-pass cold rolling led to the formation of a more
stoichiometric oxide layer on Ti surface, as was demon-
strated by the higher fraction of TiO2 in the case of CR
Ti (Table III). An increased fraction of TiO2 induced by
large plastic deformation was also observed for Ti
Grade 2[65] and Ti Grade 4[64] subjected to ECAP and
was associated with better corrosion properties in
chloride-rich solutions.[65] Detection of metallic Ti
indicates that the air-formed oxide layer demonstrates
nanometric thickness, as was confirmed by AES mea-
surements in our previous study.[66] Moreover, assuming
that the oxidation state of Ti changes gradually from
Ti(IV) to metallic Ti,[30,64] the air-formed passive layer is
believed to be slightly thicker for CR Ti than for
micro-Ti. The greater thickness of the oxide layer was
claimed to be the reason for the higher Ti corrosion
resistance after other large deformation processes.[33,67]

As with pure Ti, TiO2 is the main component of the
passive layer formed on the TNTZ surface. Oxides of
alloying elements (Nb2O5, Ta2O5, and ZrO2) were also
found and the lower oxidation states of Nb, Ta, and Zr
were detected in significantly smaller amounts
(Table IV). In contrast to Ti, no significant differences
were observed in the fraction of particular oxides for
TNTZ after the cold-rolling process. This suggests that
the oxides of alloying elements stabilize the TiO2 passive
layer, resulting in it being less susceptible to rebuilding
due to the introduction of a great density of structural
defects. Moreover, a similar fraction of the metallic
form of particular alloying elements suggests that there
is virtually no difference between the thickness of the
passive layer formed on micro- and CR TNTZ.
XPS analysis was repeated after 168 hours of samples

immersion in the fluoridated artificial saliva (Tables V,
VI). Detection of additional F 1s peak at the binding

Table III. Chemical Composition of the Oxide Layers Formed on the Ti Grade 2 Surface (Mirror-Like Polished Surface)

Peak BE Peak Chemical State Pct in Oxide Layer At. Pct

Micro-Ti Ti2p3 458.8 TiO2 67.4 Ti 23.7
O 48.4
C 25.5
N 1.2
Si 1.2

453.9 Ti metal 12.9
456.2 TiO 11.7
457.5 Ti2O3 8.0

CR Ti Ti2p3 458.8 TiO2 74.9 Ti 22.9
O 48.1
C 26.2
N 0.9
Si 1.9

453.7 Ti metal 10.1
455.2 TiO 6.7
456.8 Ti2O3 8.3

Table IV. Chemical Composition of the Oxide Layers Formed on TNTZ Surface (Mirror-Like Polished Surface)

Peak BE Peak Chemical State Pct in Passive Layer At. Pct

Micro-TNTZ Ti2p3 458.7 TiO2 41.2 Ti 16.4
Nb 7.7
Ta 2.3
Zr 0.5
O 49.5
C 20.9
Si 2.7

453.5 Ti metal 5.9
455.6 TiO 7.0
457.3 Ti2O3 7.0

Nb3d5 207.1 Nb2O5 23.2
201.8 Nb metal 5.6

Zr3d5 182.2 ZrO2 1.5
177.9 Zr metal 0.3

Ta4f7 25.5 Ta2O5 3.1
20.9 Ta metal 4.0
24.6 TaO2 1.3

CR TNTZ Ti2p3 458.8 TiO2 40.5 Ti 14.8
Nb 7.0
Ta 1.8
Zr 0.3
O 45.7
C 24.7
Si 5.8

453.6 Ti metal 7.4
456.0 TiO 7.1
457.4 Ti2O3 6.7

Nb3d5 207.1 Nb2O5 22.8
201.8 Nb metal 6.6

Zr3d5 182.2 ZrO2 1.2
178.0 Zr metal 0.2

Ta4f7 25.5 Ta2O5 3.7
20.8 Ta metal 2.8
24.2 TaO2 1.1
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energy around 685 eV indicates the presence of hexaflu-
orotitanate complex compound (Na2TiF6) which is
formed owing to the interactions between titanium
oxide layer and fluorides.[41,68] For pure Ti (micro-Ti
and CR Ti), the amount of this complex in the surface
was around 1 pct while for TNTZ alloy (micro- and CR
TNTZ) around 0.5 pct. Another changes induced by
materials immersion are associated with the percentage
amount of Ti and alloying elements on particular
oxidation states. For micro-Ti, it was found that 168
hours of immersion in fluoridated saliva led to increase
the amount of TiO2 with simultaneous decrease of
metallic Ti (Tables III, V). This can be associated with
the passive layer thickening in the solution. In contrast,
for CR Ti virtually, no change in the amount of metallic
Ti was observed after its immersion in fluoridated saliva.
This indicates that the passive layer formed on CR Ti is
stable in the solution. In case of TNTZ alloy, 168 hours
of immersion resulted in the increase amount of Nb2O5

and Ta2O5 oxides (Table VI). This is in agreement with
the results obtained for binary Ti–Nb alloy for which a
decline of Ti to Nb ratio was observed after immersion
in artificial saliva (with and without fluorides).[69] For
TNTZ alloy (in both microcrystalline and cold-rolled
states), analysis of surface chemical composition by XPS
was supplemented by EDS evaluation (Figure 7). Per-
forming this experiments was necessary to establish the
distribution of alloying elements which can influenced
corrosion behavior. EDS analysis revealed that in case
of both analyzed TNTZ materials, distribution of
alloying elements was rather homogenous (Figure 7).

D. Corrosion Response

Corrosion response of Ti and TNTZ alloy was
evaluated on the basis of the results of OCP monitoring
for 20 hours, EIS tests performed twice: after 20 and 168
hours of immersion in fluoridated saliva and PD
measurements performed after the second EIS tests
(170 hours after immersion in the solution). For
micro-Ti, the OCP value increased by c.a. 0.2 V while
for CR Ti by c.a. 0.15 V during immersion in fluoridated
saliva (Figure 8). It can be associated with the progres-
sive build-up of Ti oxides layers in the solution.
Regardless the microstructure, for TNTZ alloy, virtually
no changes in OCP were observed (OCP value increased
for about 0.05 V after 20 hours of immersion).

For all of tested materials, a single maximum was
detected on the phase angle part of Bode spectra
(Figures 9(a) and (b)), which suggests that the oxide
layer formed on their surfaces is homogeneous in
structure. For this reason, an electrical circuit with the
single time constant Rs(RpQp) was selected to analyze
the EIS data (Figure 9(c)). Rs represents the resistance of
the fluoridated solution while Rp represents the passive
layer resistance. Qp is the constant phase element (CPE)
of which parameters (n and Yp) describe the degree of
surface homogeneity and the ability to accumulate
electrical charge on the Ti or TNTZ/solution interface.
The electrical circuit selected in this study is commonly
used to designate the EIS parameters for Ti-based
materials in physiological solutions.[27,70] For all of the

fitting data, v2 values were less than 0.05. Designated
values of CPE parameter (Yp) were in the range of 10�5

X�1 cm�2 sn , which is a typical for passive layers formed
on Ti and its alloys tested in the biomedical solu-
tions.[71,72] According to the EIS spectra (Figure 9(a))
and Rp values (Figure 9(d)), microcrystalline TNTZ
alloy demonstrated the best corrosion resistance 20
hours after immersion in fluoridated saliva. The Rp

value designated for micro-TNTZ was approximately
twice as high as those for micro-Ti. This underlines the
beneficial effect of the valve alloying elements (Nb, Ta,
Zr) on the stability of Ti passive layers in the presence of
fluorides. Superior corrosion resistance in fluoridated
medium induced by the presence of valve alloying
elements such as Nb and Ta was previously reported for
binary[73] as well as ternary[74] Ti biomedical alloys. This
could be associated with the higher valences of Nb and
Ta compared to Ti and hence the ability to form oxides
with higher oxidation states (Nb2O5, Ta2O5). The
presence of such oxides stabilizes the Ti passive layer
by compensating for the lack of negative charge in the
passive layer induced by the fraction of Ti3+ and Ti2+

ions in the oxide layer.[75–77] Nb2O5 and Ta2O5 were
found to stabilize passive layers formed on Ti-based
materials and reduce the tendency for local damage,
which can be induced by the incorporation of F� ions
through the passive layer. Similar observations were
reported for ZrO2 oxides. Although Zr demonstrates the
same valency as Ti, ZrO2 is claimed to stabilize Ti oxide
layers and enhance corrosion properties of Ti-based
materials.[78,79] Apart from virtually no differences in the
surface chemical composition, subjecting TNTZ to
multiple-pass cold rolling led to a lowering of its
corrosion resistance evaluated 20 hours after immersion
(Figures 9(a) and (d); Table VII). According to the
literature, introducing structural defects to Ti b alloys
enhances the stability of the oxide layers formed on their
surface in non-aggressive solutions such as simulated
body fluid (SBF).[80,81] However, this observation was
not confirmed in the presence of relatively high concen-
trations of fluoride ions, as can be found in commer-
cially available toothpastes.[27] In contrast to TNTZ
alloy, subjecting pure Ti to cold-rolling process resulted
in the enhancement of its corrosion resistance
(Figures 9(a) and (d); Table VII). This can be associated
with the higher fraction of stable TiO2 oxide within the
air-formed passive layer on CR Ti compared to
micro-Ti (Table III). It can be concluded that both
introducing valve alloying elements and high number of
structural defects enhance the corrosion resistance of Ti
after shorter immersion time (20 hours) in fluoridated
medium. However, this beneficial effect is not
synergistic.
For all of the samples, the fitting data revealed

increased corrosion resistance after prolonged exposure
to fluoridated medium, which is essential in terms of
dental applications (Figure 9(d)). The EIS results show
that this enhancement was most pronounced for CR Ti,
which demonstrated the best long-term corrosion prop-
erties (Figures 9(b) and (d); Table VII). It was found
that after 168 hours of immersion, CR Ti demonstrated
the highest Rp value and the lowest value of Yp which
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indicates increased passivity.[33,82] The beneficial effect
of grain refinement on the long-term corrosion response
in biomedical solutions was also observed for Ti Grade
2 subjected to accumulative roll bonding (ARB).[26] The
growth of Rp value with the immersion time reported by
Fattah-Alhosseini et al.[26] was significantly greater for
ARB-treated Ti than for its microcrystalline counter-
part. The reason for the observed differences could
derived from the effect of the high density of structural
defects on Ti oxide layer evolution in the fluoridated
medium (Tables III, V). XPS studies performed for the
CR Ti revealed virtually no changes in the percentage

amount of particular Ti oxides as well as metallic Ti
after 168 hours of its immersion in fluoridated saliva
(Tables III, V). Therefore, it can be assumed that the
oxide layer formed on CR Ti was stable during its
immersion in the solution. For micro-Ti, the decrease of
the amount of metallic Ti was observed after 168 hours
of exposure to fluoridated medium. This indicates that
the passive layer formed on its surface had the tendency
to further growth (Tables III, V). It can be the reason of
the corrosion resistance enhancement observed for
micro-Ti after prolong exposure in the fluoridated saliva
(Figure 9(d)). However, the passive layer which built-up

Table V. Chemical Composition of the Oxide Layers Formed on the Ti Surface (After 168 h of Immersion in Artificial Saliva +
1500 ppm F2)

Peak BE Peak Chemical State Pct in Surface At. Pct

Micro-Ti Ti2p3 459.0 TiO2 74.2 Ti 21.3
O 43.5
C 29.7
Ca 0.6
N 0.7
F 0.9
rest 3.4

453.9 Ti metal 7.5
455.5 TiO 10.6
457.2 Ti2O3 7.7

F 1s 687.4 C–F (0.1) —
685.2 F complex/fluorides (0.7)

CR Ti Ti2p3 459.0 TiO2 74.8 Ti 23.4
O 46.8
C 22.5
N 2.8
F 1.2
rest 3.4

453.8 Ti metal 9.0
455.5 TiO 9.4
457.1 Ti2O3 6.7

F 1s 688.2 C–F (0.2) —
685.3 F complex/fluorides (1.1)

Table VI. Chemical Composition of the Oxide Layers Formed on the TNTZ Surface (After 168 h of Immersion in Artificial
Saliva + 1500 ppm F2)

Peak BE Peak Chemical State Pct in Surface At. Pct

Micro-TNTZ Ti2p3 458.7 TiO2 38.7 Ti 10.9
Nb 6.5
Ta 2.4
Zr 0.3
O 40.5
C 26.2
F 8.0
Si 3.4
N 1.7

453.4 Ti metal 3.8
455.0 TiO 3.7
457.1 Ti2O3 7.9

Nb3d5 207.0 Nb2O5 27.8
201.7 Nb metal 4.3

Zr3d5 182.1 ZrO2 1.5
177.7 Zr metal 0.2

Ta4f7 25.6 Ta2O5 8.6
20.9 Ta metal 3.5

F1s 688.6 C–F (7.4) —
685.2 F complex/fluorides (0.6) —

CR TNTZ Ti2p3 458.8 TiO2 40.7 Ti 12.5
Nb 7.3
Ta 2.8
Zr 0.5
O 43.4
C 27.3
F 2.4
Si 2.0
N 1.7

453.7 Ti metal 4.9
455.8 TiO 4.3
457.2 Ti2O3 4.3

Nb3d5 207.2 Nb2O5 27.2
201.9 Nb metal 4.5

Zr3d5 182.3 ZrO2 1.8
178.0 Zr metal 0.2

Ta4f7 25.7 Ta2O5 8.0
21.1 Ta metal 4.2

F1s 688.8 C–F (2.1) —
685.0 F complex/fluorides (0.4) —
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on the micro-Ti surface in the fluoridated solution could
be more defective compared to the stable passive layer
formed on CR Ti. This can explain better corrosion
resistance observed for CR Ti. In contrast to Ti,
structural defects had no visible effect on the long-term
corrosion response of TNTZ alloy. The Rp values
designated for CR TNTZ and micro-TNTZ after longer
immersion time were comparable (Figure 9(d)). Similar
observations were reported for the Ti–24Nb–4Zr–8Sn
alloy. In this case, the lack of influence of nanostructure

on the corrosion response was observed in acidulated
artificial saliva enriched with a relatively high concen-
tration of fluorides (1000 ppm F�).[27] Interestingly,
irrespective of microstructure, TNTZ alloy did not
demonstrate enhanced corrosion resistance to micro-Ti
after 168 hours of immersion (Figures 9(b) and (d);
Table VII). Hence, it can be assumed that the presence
of the valve metals provides beneficial corrosion prop-
erties only in the case of short-term exposure to fluoride
ions. During longer immersion times, corrosion resis-
tance is governed mainly by the high number of
structural defects. However, it have to be noticed that
CR Ti demonstrated noticeably better corrosion prop-
erties compared to CR TNTZ. This indicates that the
beneficial effect of structural defects is hindered by the
presence of Nb2O5, Ta2O5, and ZrO2,

In order to confirm the conclusions drawn based on
EIS data, additional PD tests were performed after 170
hours of materials immersion in the fluoridated artificial
saliva (Figure 10(a)). Analysis of polarization curves
revealed that for all of materials, the corrosion potential
values (Ecorr) were in the range from � 0.5 to � 0.1 V vs.
Ag/AgCl electrode and the highest Ecorr value was found
for CR Ti. For all of the samples, the current density
was stabilized when the potential value exceeded about
+ 0.75 V vs. Ag/AgCl, and virtually no differences were
revealed in the values of current density in the passive
state (Figure 10(a)). To obtain a qualitative comparison

Fig. 7—Distribution of particular elements on the (a) micro-TNTZ and (b) CR TNTZ alloy surface (red line Ti, blue line Nb, yellow line Ta,
green line Zr) (Color figure online).

Fig. 8—Open circuit potential (OCP) evolution during 20 h of
immersion in artificial saliva + 1500 ppm F�.
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of the PD and EIS data, the polarization resistance
(Rpol) was designated by extrapolating the cathodic and
anodic branches of the polarization curves (Tafel
constants |bc| = 0.02 to 0.03 and |ba| = 0.06 to 0.08)
in the vicinity of the corrosion potential (Ecorr ± 20 mV).
Rpol values demonstrated a similar trend to Rp which
confirmed that the oxide layer formed on the surface of
CR Ti had the most protective properties (Figure 10(b)).

IV. SUMMARY AND CONCLUSIONS

This study presents a comparative evaluation of the
surface and mechanical properties of a and b-phased Ti
materials such as Ti Grade 2 and TNTZ alloy in terms
of their dental applications. The differences observed
were explained based on the microstructure and surface
chemical composition analysis. The results obtained in
this work were as follows:

Fig. 9—EIS studies performed (a) 20 h and (b) 168 h after immersion in artificial saliva + 1500 ppm F� (simulated curves are marked as black
lines), (c) equivalent circuit used to designate values of electrochemical parameters, and (d) charge transfer resistance designated from EIS data
which corresponds to passive layer resistance.

Table VII. Electrochemical Parameters Designated From EIS Tests Performed After 20 and 168 h of Immersion in Artificial
Saliva + 1500 ppm F2

Rp (MX cm2) Y1 (9 10�5 X�1 cm�2 sn) n

EIS 20 h micro-Ti 0.24 ± 0.070 6.11 ± 0.091 0.93
micro-TNTZ 0.56 ± 0.041 3.76 ± 0.041 0.92
CR Ti 0.49 ± 0.021 5.06 ± 0.054 0.94
CR TNTZ 0.30 ± 0.053 4.09 ± 0.065 0.92

EIS 168 h micro-Ti 1.76 ± 0.055 4.33 ± 0.870 0.95
micro-TNTZ 1.35 ± 0.050 2.97 ± 0.210 0.92
CR Ti 3.22 ± 0.461 2.53 ± 0.235 0.96
CR TNTZ 1.17 ± 0.299 3.35 ± 0.945 0.91
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1. Multiple-pass cold rolling resulted in significant
strengthening (93 and 41 pct increase of UTS for Ti
Grade 2 and TNTZ, respectively). The greater
increase of UTS reported for Ti Grade 2 could be
associated with the large fraction of transverse
dislocation boundaries in CR Ti which create more
difficulties for dislocation slip. Additionally, tex-
ture evolution during the cold-rolling of TNTZ
resulted in the reduction of the elastic modulus
value, which is beneficial in terms of dental
applications.

2. The susceptibility of the oxide layers to fluoride-in-
duced attack depends on the combined effect of the
presence of valve alloying elements and the high
density of structural defects. The addition of Nb,
Ta, and Zr stabilizes the oxide layer formed on Ti
surface and thereby enhances corrosion resistance
in the shorter immersion time. However, this
beneficial effect is countered to a certain extent by
the large fraction of structural defects.

3. A large number of structural defects increased the
passive layer resistance in case of pure Ti after both
shorter (20 hours) and longer (168 hours) immer-
sion time in the fluoridated saliva. However, this
effect was the most pronounced for prolong expo-
sure to fluoride-rich solution.

4. Both valve alloying elements and the high density of
structural defects enhance the corrosion resistance
of pure Ti materials in case of shorter exposure
times to fluoridated medium. However, these fac-
tors do not act in a synergistic manner. This aspect
should be factored in during future design of
modern dental materials. Although there is no
doubt that multiple-pass cold rolling enhance the
mechanical strength of Ti-based materials, the
influence of this process is not straightforward in
terms of surface properties in the aggressive condi-
tions found in the oral cavity.
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