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Introduction

Titanium is a widely used material in dentistry and the 
biomedical field due to its mechanical properties, corrosion 
resistance and biocompatibility [1]. Despite its high reactivity, 
titanium spontaneously forms a passive oxide layer when 
exposed to air or water, providing durability and stability to 
the material [2]. However, exposure to oral environments, 
especially those containing fluorides, can trigger corrosive 
processes that compromise its structural integrity and, 
consequently, its clinical efficacy [1,3]. Recent studies have 
highlighted the importance of understanding the corrosion 

mechanisms of titanium in fluoride-containing solutions due 
to the direct impact on the osseointegration process and the 
durability of biomedical implants [1,2,4–7].

Fluoride ions are aggressive ions that can degrade the 
protective oxide layer formed on titanium and its alloys. This 
degradation can be influenced by variables such as fluoride 
concentration, pH of the environment, material selection and 
passive film formation [5,8–11]. Studies show that the corrosive 
behavior of titanium is sensitive to changes in environmental 
conditions, therefore optimizing fluoride content and 
understanding its interactions remain crucial to ensuring 
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This study investigated the effect of annealing temperature on the microstructure and electrochemical behavior of commercially pure 
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the material's long-term performance [8,12–17].Considering 
the importance of titanium and its alloys in dental implants 
and other biomedical applications, as well as the prevalence 
of fluoride in oral hygiene products [18], investigation of 
frictional corrosion behavior of commercially pure (CP) 
titanium in artificial saliva with varying concentrations of 
fluoride ions is very important. Higher fluoride concentrations 
were associated with an increased corrosion rate and more 
significant surface damage to the material.

The chemical stability and biocompatibility of titanium 
results from the formation of a highly protective passive film 
on the surface [9,19]. As demonstrated in a recent study, the 
annealing temperature governs two critical microstructural 
phenomena in cold-rolled CP Ti: grain growth and phase 
transformation. While lower temperatures induce recovery 
and partial recrystallization. Annealing at higher temperatures 
(above 700 °C) leads to substantial grain growth. Crucially, 
rapid cooling from these elevated temperatures promotes 
the precipitation of the metastable acicular α’ (alpha-
prime) martensite phase [20]. These specific microstructural 
changes—grain coarsening and martensitic transformation—
directly influence the thermodynamic stability of the passive 
film and, consequently, the corrosion rate of the metal [21,22].

In this context, the integrity of titanium in fluoride-containing 
environments is governed by a complex interdependence 
of microstructural and electrochemical factors. While the 
impact of grain size and crystallographic texture on corrosion 
resistance is well-established in current literature [20,23–
26], a critical gap remains regarding the electrochemical 
implications of thermally induced phase transformations, 
specifically the influence of the metastable α′ (alpha-prime) 
martensite phase. Distinguishing itself from conventional 
approaches, the present work systematically elucidates the 
correlation between annealing temperature, the evolution 
of the microstructural matrix, including recovered and 
recrystallized states to α′-phase precipitation, as well as the 
thermodynamic stability of the passive film in fluoridated 
artificial saliva. The results presented herein aim not only 
to fill this data scarcity but also to establish guidelines for 
microstructural design through thermal processing, ensuring 
superior clinical performance in biomedical devices.

Experimental Procedure

Sample preparation

The CP titanium strip was supplied in a hot-rolled and 
homogenized condition with a thickness of 4.62 mm. Table 1 

shows its chemical composition. A sample measuring 141 × 77.3 
× 4.62 mm was cold rolled using a Fröhling laboratory rolling 
mill at a speed of 6.25 m/min. The reduction was achieved in 
12 passes, reaching 66%, resulting in a final thickness of 1.56 
mm. Strips 10 mm wide were cut from the cold-rolled strip 
and annealed for 30 min at temperatures of 400°C, 500°C, 
600°C, 700°C, 800°C, and 900°C in a Linn ElektroThermelectric 
furnace, followed by rapid quenching in agitated water, at 
approximately 300ºC/s. Temperatures were chosen from 
the parameters of beginning of recrystallization and phase 
transformation, which occurs between 500°C-600°C, so an 
initial lower value was due, and a higher 900°C, respectively.

Microstructural and mechanical characterization

The samples for X-ray diffraction (XRD) analysis were 
prepared using conventional metallography, ending with a 
final polish with 1 μm diamond paste. Afterward, the samples 
were removed from the mounting material. The analysis was 
conducted using a Panalytical Empyrean diffractometer with 
Cu(Kα) radiation (λ=0.15418 nm), scanning angles from 20° to 
100° with a reading time of 0.01 s⁻¹.

The Future Tech FM700 instrument was used for Vickers 
microhardness tests. Twenty indentations per sample were 
performed, applying a load of 500 gf for 10 s. For microstructural 
characterization, SEM analysis was performed on samples that 
underwent conventional metallographic preparation and 
were etched with Kroll's etchant. Representative samples were 
analyzed via electron backscatter diffraction (EBSD). The data 
were post-processed using EDAX OIM Analysis™ software. 
EBSD examinations were conducted using a JEOL JSM 7100F 
FEG SEM.

The micro and substructure after cold-rolled and annealing 
was examined by TEM (JEOL JEM-2100Plus) with a potential 
of 200 kV. The TEM foils were prepared, in the rolling plane, 
by mechanical thinning followed by conventional twinjet 
electropolishing Strüers® Tenupol-5 working at a voltage of 20 
V under liquid nitrogen cooling, close to -20°C. The electrolyte 
contained 5 vol.% of perchloric acid and 95 vol.% of ethanol.

Electrochemical tests

Samples were mounted in epoxy resin after establishing 
electrical contact with a copper wire. Prior to analysis, the 
working electrodes were prepared by sequentially grinding 
with abrasives of 100, 240, 320, 400, and 600 mesh, followed 
by cleaning with alcohol and rinsing with water. The junction 
between the sample and resin was carefully sealed with 
Araldite epoxy glue to avoid crevice formation.

Elements C H N O Fe Ti

CP Ti 0.023 <0.015 0.0009 0.0028 0.170 Bal.

Table 1. Chemical composition of the CP Ti sheet (wt.%).
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Electrochemical tests were conducted using a conventional 
three-electrode cell. The reference electrode was saturated 
Ag/AgCl, and the counter electrode was platinum. Three 
independent specimens were used for each experimental 
condition (n = 3), and the electrochemical tests were 
performed individually on each specimen. The parameters 
obtained from the polarization curves and electrochemical 
impedance spectroscopy measurements were determined for 
each replicate, and the results are reported as mean ± standard 
deviation. Measurements were carried out using an AUTOLAB 
PGSTAT302N potentiostat coupled with an FRA32M frequency 
response analyzer. Before the tests, each sample was exposed 
to a fluorinated agent-topical application of 1.23% fluoride 
gel (pH 3.5) for 8 min and then immersed in artificial saliva 
solution pH 5.8. Table 2 below presents the composition of 
the artificial saliva solution.

For potentiodynamic polarization (PP) tests, the open circuit 
potential (OCP) was determined after 1 h of immersion, and 
the scan was performed in the range of -500mVAg/AgCl to 1200 
mVAg/AgCl at a scan rate of 1 mV/s. The polarization tests were 
conducted at 25°C. In the case of electrochemical impedance 
spectroscopy (EIS) tests, the samples were immersed for 0, 24, 
48, and 72 h in artificial saliva at 37°C, and, after each immersion 
time, the samples were subjected to EIS test in the frequency 
range of 10 kHz to 10 mHz, with a perturbation potential of 
10 mV and 10 points per decade. The temperature of 37°C 
was selected to represent a condition close to physiological 
temperature. Therefore, the polarization and EIS results were 
considered complementary evaluations of the electrochemical 
behavior, considering the difference in temperature between 
the experimental protocols. The impedance data were modeled 
using NOVA software, version 2.1.

Results and Discussion

X-Ray diffraction analysis

The diffraction patterns for the CP Ti sample in the as-
received condition and another cold-rolled 66% (CR) as well 
as annealed at 900°C for 30 min are presented in Figures 1a 
and 1b.

Only the α phase of the metal was identified, whose crystalline 
structure is defined as hexagonal close-packed (HCP). The β 
phase (CCC), if present in the alloy, does not appear in the X-ray 
diffraction pattern due to its low volume fraction. Along this 
line, the martensite phase (α′) has a crystalline structure very 
similar to the α phase and did not appear in the XRD pattern.

Microstructural analysis

Scanning electron microscopy-EBSD analysis

The inverse pole figure (IPF) and image quality (IQ) maps 
shown in Figures 2a–2d illustrate the microstructure of CP 
titanium in as-received condition (a,b) and after cold rolling 
with 66% reduction (c,d).The α phase constitutes the entire 
microstructure and exhibits equiaxed grain morphology, as 
seen in Figures 2a and 2b. Upon applying cold deformation, 
the grains become elongated and flattened along the 
rolling direction (RD), gradually transitioning into a fibrous 
microstructure, as depicted in Figures 2c and 2d [27].

Figures 3a–3f present SEM micrographs of samples as-
received (OM), and cold-rolled 66% and annealed for 30 min 
at 400°C, 600°C, 700°C, and 900 ºC. A very fine distribution 
of α-phase grains is observed after annealing at 400°C. 
Considering that the micrographs in Figures 3b–3d are 
shown at the same magnification, the recrystallization and 
grain growth of the metal are evident. In this context, the 
ease of grain growth is clear, as highlighted in Figures 3e 
and 3f. Recrystallized nuclei are already visible at annealing 
temperature of 400°C, as shown in Figure 3b evidenced by 
red circles.

Figures 3d and 3e provide a closer look at the microstructure 
of samples annealed at 700°C using higher magnification. 
Additionally, Figure 3c, 3e, and 3f illustrates the microstructure 
of the sample after annealing containing the α′-martensite.

In view of the potential precipitation of the β phase above 
600°C (Figure 4), the SEM micrographs in Figures 3, 5, and 6 
can be interpreted in terms of the massive transformation β → 
α′, which occurred during quenching of the material annealed 

Table 2. Composition of artificial saliva.

Components Concentration (g/L)

NaCl 0.40

KCl 0.40

CaCl2.2H2O 0.795

NaH2PO4.2H2O 0.780

Na2S.9H2O 0.005

CO(NH2)2 1.0



Marcelino SFS, Fonseca ME, Santos DB, Sicupira DC. Effect of Annealing Temperature on Electrochemical Behavior 
of Commercially Pure Titanium with α′-Martensite in Solution Containing Fluoride Ions. Arch Dent. 2026;8(1):12–26.

Arch Dent. 2026
Volume 8, Issue 1 15

Figure 1. X-ray diffraction pattern referring to the sample of CP Ti (a) as-received, (b) cold rolled 66% and annealed at 900°C for 30 min.
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Figure 2. SEM-EBSD micrographs (IPF, IQ) of CP Ti samples: (a,b) as-received, (c,d) cold-rolled 66% (RD: Rolling Direction).
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Figure 3. (a) Optical micrograph of the sample as-received. SEM micrographs of CP Ti samples cold-rolled 66% and annealed for 30 min at 
(b) 400°C, (c) 600°C, (d,e) 700°C, and (f) 900°C.
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Figure 4. Phase diagram calculated using ThermoCalcTM software based on the chemical composition of the metal (Table 1).
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above 600°C, as illustrated in Figure 4, region where the phases 
(α + β) coexist. According to Table 1, the Fe content in the 
metal is 0.17%. This 600°C condition (Figure 4) exceeded the 
initial temperature for β phase formation and, therefore, water 
quenching resulted in a martensitic transformation (Figures 
3c). In Ti, the differences in crystalline structure between the 
α and α′ phases are relatively small, making them difficult to 
distinguish using EBSD or X-ray diffraction techniques. This 
explains some possible indexing errors between the two 
phases in the EBSD maps shown in Figures 2, 5 and 6 [28]. 
In this context, Figure 1 (XRD) confirms that no β phase is 
present, even in the sample annealed at 900°C. 

Figure 5a-cillustrate images obtained via the EBSD technique 
for CP Ti after annealing. Very fine grains were generated due to 
cold deformation and annealing at a low temperature of 400°C 
and 500°C for 30 min, Figure 5a and b. This thermomechanical 
treatment allowed the onset of recovery and recrystallization, 
with equiaxed grains (black circle) shown in Figure 5b. Many 
shear bands are observed in Figures 2d, 5a, and 5b, and 
white areas, Figure 2d. These regions correspond to areas of 
lower plastic deformation during cold rolling [27] and exhibit 
delayed recrystallization. A heterogeneous microstructure is 
observed. Furthermore, deformation twins were not detected 

after cold rolling. These can be formed at the beginning of the 
rolling process, that is with a reduction lower than 40% [27].

Annealing at higher temperatures, 600°C (Figure 5c), reveals 
a recrystallized microstructure, while at 700°C to 900°C, 
significant grain growth occurs, as shown in Figures 6a–6c.

Substructure analysis by transmission electron microscopy

Figures 7a–7f depicted the TEM micrographs (bright field 
image in the rolling plane of the sheet) corresponding to CP 
Ti cold-rolled 66% and annealed samples at 400°C, 600°C, and 
800°C for 30 min. 

Dislocations in high concentration were observed in the 
microstructure of cold-rolled CP Ti sample in Figure 7a. Grains 
were not very well defined, and grain boundaries were not 
sharp due to internal stress after cold deformation, but a 
cellular substructure and even subgrains were formed. Figure 
7b shows circles of diffraction spots observed in diffraction 
patterns. The rings in the diffraction patterns were quite 
broken, indicating the presence of subgrains with low-angle 
grain boundaries (Figure 7b). The selected area diffraction 
pattern showed elongated spots or arcs for the (0002) 
reflection, indicating a preferential (0002) orientation [29].

Figure 5. EBSD images of CP titanium. (a,b) IPF. Sample cold-rolled 66% and annealed for 30 min at (a) 400°C, (b) 500°C, (c) 600°C.
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Figure 6. EBSD images (IPF maps) of CP Ti for samples in the as-received condition, cold-rolled, and annealed for 30 min at (a) 700°C, (b) 
800°C, and (c) 900°C. Grains containing annealing twins appear in (c).
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The application of cold deformation of coarse-grained Ti was 
accompanied by the formation of dislocation substructures 
such as dislocation clusters, dense dislocations walls and 
cellular network, and fragmented substructures [30], as 
illustrated in Figures 7b. For the sample, annealed at 400°C, 
the substructure is only recovered, Figure 7c, so the cold-
rolled state still remains. A specific feature of this structure 
is a significant density of dislocations and small angle sub 
boundaries, which ensure a high level of the long range fields 
of internal stresses.

After annealing at 600°C for 30 min, most equiaxed subgrains 
of 200 nm reveal the characteristics of recrystallized and 
dislocation free fine grains, but some of them still retain a high 
dislocation density (Figure 7d).

There were significant changes in the substructure after 

annealing at 600°C when compared to cold-rolled and 
annealed at 400°C conditions. In this sense, the decrease of 
spreading of diffraction spots in the SAED patterns with the 
increase of annealing temperature suggested a decrease 
of internal stresses, which means ordering of the defect 
substructure [30]. This decrease meant the removal of 
dislocations into sinks at grain boundaries and annihilation 
of opposite sign dislocations, while the ordering of the defect 
structure means the arrangement of dislocations in subgrains 
structure (Figure 7b).

Micrographs obtained by TEM of the sample cold-rolled 66% 
and annealed at 800°C for 30 min are illustrated in Figures 
7e and 7f. Some dislocation arrangements persist in the 
substructure after annealing. A triple junction of high-angle 
grain boundaries is shown in Figure 7e. The crystal lattice is 
identified in Figure 7. These correspond to (HCP) α+α’ phases.

Figure 7. Micrographs obtained in TEM of the sample (a) cold-rolled with 66% reduction, (b) electron diffraction pattern of central region 
showed in (a). Sample of cold-rolled 66% and annealed at (c) 400°C, (d) 600°C, (e) 800°C for 30 min, (f) SADP of central region showed in (e).
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Mechanical property evaluation

Figure 8 shows the Vickers microhardness (HV) values for CP 
Ti samples annealed between 400°C and 1000°C for 30 min. 
The results indicate that CP Ti exhibits higher hardness in the 
annealed condition compared to the as-received sample. 
The first increase in hardness occurred due to the plastic 
deformation imposed on the metal during cold rolling 66%. 
Hardening was observed from the as-received condition, 
167HV, to cold rolling with 66% reduction, 239HV. This work 
hardening was caused by an increase in crystal lattice defects, 
such as dislocations, vacancies, and lattice distortion [27–30]. 
At the initial annealing temperature of 400°C (224 HV), the 
primary process observed is static recovery. However, some 
nuclei of incipient recrystallization were found, as shown 
in Figure 3b. Recrystallization of the metal increases at 
600°C (Figure 5c) and becomes more pronounced at 700°C 
(Figure 6a). At temperatures above 800°C, significant grain 
growth occurs, as seen in Figures 6a–6c, and hardness values 
are leveled (Figure 8). The microhardness values should 
decrease as a function of the increase in temperature due 
to recrystallization and grain growth that occur in the alloy. 
However, these values stabilize and increase drastically for 
higher temperatures, 1000°C (Figure 8). The sample annealed 
at 1000°C was used as a reference, since its microstructure 
is basically formed by α′-martensite. Its microhardness 
corresponds to 200HV. That is, the hardness of the martensitic 
alloy is greater than that of the dual-phase alloy (α+α′). 
The increase in the volume fraction of α′-martensite as the 
annealing temperature increases can be seen in Figure 3, i.e., 
the areas of light gray tone increase with this temperature.

Electrochemical behavior

Table 3 and Figure 9 present the results of the polarization 
tests performed on the samples. Based on the obtained curves, 
Tafel extrapolation was performed to estimate electrochemical 
parameters, including corrosion potential (Ecorr), corrosion 
current density (Icorr), and passivation current density (Ipass).

The electrochemical behavior of commercially pure titanium 
(CP Ti) is influenced by its microstructure, which is modified 
by cold rolling and subsequent annealing treatments. In this 
study, samples subjected to heat treatments between 400 and 
900°C were evaluated in order to correlate the microstructural 
changes with the parameters obtained from the polarization 
tests. The results demonstrate that the electrochemical 
response depends on the parameter considered. Among the 
investigated conditions, CR900 exhibited the lowest mean 
Icorr value (1.40 ± 0.18 µA/cm²), whereas CR600 and CR800 
presented the lowest Ipass value (8.95 ± 0.20 µA/cm² and 9.1 
± 1.1 µA/cm², respectively). Therefore, the Icorr and Ipass results 
do not indicate a single condition as superior with respect to 
all aspects of the electrochemical response.

The lower passivation current density observed for CR600 
and CR800 suggests a favorable response of the material 
within the passive region. This behavior may be related 
to the microstructural evolution promoted by annealing, 
which reduces the density of defects introduced during cold 
deformation and promotes recrystallization. The reduction 
in defects, such as dislocations and high-energy regions, 
may modify the electrochemical activity of the surface, since 
these regions can act as preferential sites for corrosion-related 
processes [9,29].

Figure 8. Vickers microhardness of CP titanium for samples annealed between 400°C and 1000°C for 30 min, after cold rolling with 66% 
reduction. The hardness of the samples as-received (AR) and cold-rolled (CR) were also included in the results.
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The microstructural evolution observed between 400 and 
900°C is associated with recovery, recrystallization, and 
subsequent grain-size evolution, phenomena that modify 
the defect density and grain-boundary configuration. The 
formation and evolution of recrystallized structures in 
deformed titanium depend on the deformation history and 
heat-treatment temperature [26,30]. The CR400 and CR700 
conditions exhibited the highest mean Icorr values, 8.3 ± 1.1 
and 7.3 ± 1.0 µA/cm², respectively, whereas CR900 presented 
the lowest value, 1.40 ± 0.18 µA/cm². This behavior indicates 
that the reduction in Icorr does not follow a monotonic trend 
with increasing annealing temperature and, therefore, cannot 
be attributed exclusively to the degree of recrystallization or 
grain growth.

The microstructural evolution during annealing should 
therefore be considered together with the electrochemical 
response. At lower temperatures, such as 400°C, recovery and 
partial recrystallization may preserve part of the deformed 

structure and the defects associated with cold rolling. With 
increasing temperature, greater recrystallization and changes 
in grain size and morphology occur. In agreement with this 
evolution, annealing for 30 min between 400 and 900°C 
resulted in a reduction in microhardness compared with the 
cold-rolled condition, although the values remained slightly 
higher than those of the as-received condition. The most 
pronounced reduction in microhardness occurred at 700°C, 
associated with the formation of new recrystallized grains and 
subsequent changes in grain size, as shown in Figures 6a and 
7e [26,30].

In addition to the thermal variations investigated, partial 
recrystallization plays an important role in modifying the 
microstructure, including changes in grain-boundary 
configuration. These microstructural modifications may affect 
both the mechanical properties and the electrochemical 
response of CP Ti [26,29].

SAMPLE Icorr (µA/cm2) ECORR (V) IPASS(µA/cm2)

AR 3.10 ± 0.42 -0.52 ± 0.15 19.0 ± 10

CR 2.10 ± 0.25 -0.489 ± 0.066 15.4± 3.2

CR400 8.30 ± 1.1 -0.25 ± 0.15 21.0 ± 8.4

CR500 2.46 ± 0.32 -0.47 ± 0.12 19.7 ± 7.5

CR600 2.80 ± 0.18 -0.495 ± 0.071 8.9 ± 0.20

CR700 7.30 ± 1.0 -0.48 ± 0.12 14.8 ± 1.0

CR800 3.76 ± 0.51 -0.46 ± 0.11 9.1 ± 1.1

CR900 1.40 ± 0.18 -0.559 ± 0.073 19.9 ± 1.5

Table 3. Electrochemical data from polarization tests.

Figure 9. Potentiodynamic polarization curves.
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The observed electrochemical response is also related to 
the ability of CP Ti to form and maintain a passive oxide 
film. In environments simulating oral conditions, prolonged 
interaction between the titanium surface and the electrolyte 
may modify the electrochemical response of the material 
[15,32]. In this context, the lower Ipass values observed for 
CR600 and CR800 indicate a favorable response within the 
passive region, whereas the lowest Icorr observed for CR900 
does not follow the same trend as Ipass. Therefore, the effect 
of the heat treatment (largest volume fraction of α′) should 
be interpreted by considering the polarization parameters 
together with the EIS results.

Control of the annealing conditions is therefore important for 
modifying the microstructure of CP Ti and its electrochemical 
response. Changes in grain structure, recrystallization 
state, and defect density promoted by heat treatment 
may modify the interaction between the metallic surface 
and the electrolyte and, consequently, the formation and 
stability of the passive film [9,15,29,32]. In this context, the 
polarization and EIS results should be considered together, 
since they provide complementary information regarding the 
electrochemical response of the material.

The analysis and fitting of the EIS spectra were performed 
using Nova 2.1.7 software. The equivalent electrical circuit 
(EEC) proposed in Figure 10 was used to physically model 

the alloy/electrolyte interface. In this circuit, Rs represents the 
solution resistance (electrolyte) and Rf represents the passive 
film resistance (oxide film). A Constant Phase Element (CPE) 
was introduced to describe the capacitive response of the 
film, replacing an ideal capacitor to compensate for surface 
inhomogeneities and the non-ideal nature of the passive film.

Table 4 and Figure 11 present the impedance data 
obtained from electrochemical impedance spectroscopy (EIS) 
measurements. The modeling of the EIS data allowed for the 
determination of the film resistance (Rf ), which represents 
the protective capacity of the passive layer formed on the 
surface of CP Ti. The evolution of Rf over different immersion 
times provided information on the stability and degradation 
mechanisms of the passive film.

The influence of immersion on the electrochemical behavior 
of CP Ti is a determining factor in its application for medical 
and dental devices, particularly in simulated physiological 
environments. Electrochemical impedance spectroscopy 
(EIS) analysis provides a detailed understanding of corrosion 
mechanisms, and the stability of the passive layer formed on 
the material’s surface [32]. 

The microstructural evidence indicates that the 1000°C 
reference sample has a predominantly α′-martensitic 
structure. In addition, the acicular morphologies observed in 

Figure 10. Equivalent electrical circuit.

 
   
 

 
   

 

 
 

TIME 0 h 24 h 48 h 72 h

AR 0.088 ± 0.0060 4.88 ± 0.65 3.650 ± 0.051 4.01 ± 0.056

CR 2.38 ± 0.38 1.93 ± 0.29 3.05 ± 0.32 2.87 ± 0.39

CR400 0.098 ± 0.0040 7.16 ± 0.94 14.40 ± 0.14 25.10 ± 0.38

CR500 0.076 ± 0.0070 3.52 ± 0.36 13.70 ± 0.14 42.10 ± 0.58

CR600 0.156 ± 0.084 1.60 ± 2.2 0.76 ± 0.93 1.26 ± 0.15

CR700 1.39 ± 0.96 9.02 ± 0.29 10.60 ± 1.3 17.8 ± 2.3

CR800 0.209 ± 0.011 5.62 ± 0.50 7.20 ± 1.0 102 ± 12

CR900 0.847 ± 0.022 0.751 ± 0.013 0.532 ± 0.062 0.293 ± 0.010

Table 4. The Rf (MΩ⋅cm2) values determined from the modeling of electrochemical impedance spectroscopy (EIS) data represent the film 
resistance.
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samples annealed at higher temperatures (Figures 3 and 8) 
are consistent with an increased fraction of this phase. Overall, 
these findings indicate that the evolution of α′ martensite 
plays an important role in the electrochemical response 
observed under higher-temperature annealing conditions. 
Among the samples evaluated electrochemically, CR900 
exhibited the lowest Icorr (1.40 ± 0.18 µA/cm²). However, its 

Ipass (19.9 ± 1.5 µA/cm²) was higher than those of CR600 and 
CR800, while Rf decreased from 0.847 ± 0.022 MΩ·cm² at the 
beginning of immersion to 0.293 ± 0.010 MΩ·cm² after 72 h. 
This combination of results indicates that the electrochemical 
performance of CR900 depends on the parameter being 
considered. While CR900 exhibited the lowest corrosion current 
density, suggesting reduced corrosion kinetics, its passive-

Figure 11. Nyquist diagrams obtained from EIS tests: (a) AR, (b) CR, (c) CR 400, (d) CR 500, (e) CR 600, (f) CR 700, (g) CR 800, and (h) CR 900. 
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film resistance decreased during immersion, indicating a less 
favorable evolution of the passive layer. The microstructure 
developed at higher temperatures, including the possible 
contribution of α′-martensite, may be related to this behavior, 
which also reflects the interaction between phase morphology 
and passive-film stability. This interpretation is consistent with 
studies of laser-welded CP-Ti joints tested in simulated saliva 
[37], in which α′-martensite morphology was related to Icorr 
and charge-transfer resistance. In that system, the martensite-
containing fusion zone exhibited better corrosion performance 
than the base material. Taken together, these results indicate 
that the influence of α′ depends on its morphology and the 
microstructural context; therefore, it cannot be described as 
a uniform decrease in corrosion resistance or assessed using a 
single electrochemical parameter.

Prolonged immersion of CP Ti in biological media, such as 
artificial saliva and bodily fluids, significantly influences its 
electrochemical response. Initially, the formation of a titanium 
oxide (TiO₂) layer contributes to a high degree of passivation, 
reducing corrosion current density and increasing polarization 
resistance [15]. However, over time, continuous interaction 
with ions in the medium can lead to structural modifications 
of this layer, making it more susceptible to electrochemical 
degradation processes.

The film resistance (Rf ) was used to evaluate the evolution 
of the metal/electrolyte interface during immersion in 
artificial saliva. The evolution of this parameter is directly 
related to the microstructural modifications promoted by 
cold deformation and subsequent annealing treatments. As 
observed in the microstructural characterization (Figures 3, 
5, and 6), cold rolling produced a highly deformed structure, 
whereas increasing the annealing temperature promoted 
progressive changes in grain morphology, recrystallization 
state, and defect density. These microstructural modifications 
are relevant to the electrochemical response because regions 
associated with a high density of defects and increased 
internal energy may exhibit greater electrochemical activity 
and influence the formation and stability of the passive layer 
[9,26,29,30].

The Rf values obtained at the different immersion times (0, 
24, 48, and 72 h) revealed that the electrochemical response 
was not static and exhibited distinct behaviors depending on 
the microstructural condition resulting from the annealing 
treatment. At the initial stage (0 h), the cold-rolled condition 
(CR) presented an Rf of 2.38 ± 0.38 MΩ·cm², whereas CR400, 
CR500, CR600, CR700, CR800, and CR900 presented lower 
values of 0.0980 ± 0.0040, 0.0760 ± 0.0070, 0.156 ± 0.084, 1.39 
± 0.96, 0.209 ± 0.011, and 0.847 ± 0.022 MΩ·cm², respectively. 
This initial difference indicates that the microstructural state 
produced by the thermomechanical processing already 
affects the electrochemical response of the interface prior to 
prolonged exposure to the electrolyte.

This behavior can be related to the microstructural 
evolution observed after annealing. At lower temperatures, 
the microstructures still exhibit features associated with the 
deformed condition, whereas increasing the temperature 
promotes progressive recovery and recrystallization, 
accompanied by changes in grain size and morphology, as 
observed in Figures 5 and 6. The reduction in defect density 
associated with recovery and recrystallization may modify the 
electrochemically active sites present at the surface, thereby 
affecting the interaction between the metal and the electrolyte 
[9,26,29,30]. Thus, the differences in the initial Rf values may 
be associated not only with the treatment temperature itself, 
but primarily with the microstructural state resulting from 
each annealing condition.

As the exposure time increased, a distinct evolution of 
the interfacial resistance was observed for the different 
conditions. After 24 h, the highest Rf values were obtained for 
CR700 (9.02 ± 0.29 MΩ·cm²) and CR400 (7.16 ± 0.94 MΩ·cm²), 
followed by CR800 (5.62 ± 0.50 MΩ·cm²). After 48 h, the values 
increased further for CR400 (14.40 ± 0.14 MΩ·cm²), CR500 
(13.70 ± 0.14 MΩ·cm²), CR700 (10.60 ± 1.38 MΩ·cm²), and 
CR800 (7.2 ± 1.0 MΩ·cm²). This increase in Rf during immersion 
suggests an evolution of the metal/electrolyte interface 
toward a condition with greater resistance to charge transfer 
and/or conduction through the passive region. In Ti systems, 
this behavior is consistent with the ability of the material to 
form and maintain a passive oxide layer when exposed to an 
aqueous electrolyte [15,32].

The CR800 condition exhibited the most pronounced 
behavior during immersion, reaching an Rf of 102 ± 12 MΩ·cm² 
after 72 h. This result is associated with the microstructure 
obtained after heat treatment at 800°C, which presents a 
higher degree of recrystallization and a grain structure distinct 
from those of the conditions treated at lower temperatures, 
as observed in the microstructural characterization (Figures 
5 and 6). The evolution toward a predominantly recrystallized 
microstructure, together with the reduction in deformation-
related defects, may favor a more homogeneous surface 
response during exposure to the electrolyte. Therefore, the 
high Rf observed for CR800 after 72 h may be related to the 
combination of its recrystallization state and the evolution of 
the passive interface during immersion.

The CR500 condition also deserves attention, since its Rf 
increased from 0.0760 ± 0.0070 MΩ·cm² at 0 h to 42.10 ± 0.59 
MΩ·cm² after 72 h. This pronounced increase occurred even 
though its microstructure still exhibited features associated 
with recovery and partial recrystallization, as observed in 
Figures 5 and 6. This result demonstrates that a partially 
recrystallized microstructure does not necessarily result in low 
interfacial resistance during prolonged exposure. Rather, the 
evolution of the surface in contact with the electrolyte may 
contribute to the progressive increase in Rf over time.
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CR600 exhibited a distinct evolution of Rf, with values of 
0.156 ± 0.084, 1.6 ± 2.2, 0.76 ± 0.93, and 1.26 ± 0.15 MΩ·cm² 
after 0, 24, 48, and 72 h, respectively. Although this condition 
presented the lowest Ipass value in the potentiodynamic 
polarization tests (8.95 ± 0.20 µA/cm²), its EIS response did not 
follow the same trend. This behavior reinforces that Ipass and 
Rf represent different aspects of the electrochemical response. 
The lower Ipass indicates a lower current density within the 
passive region during polarization, whereas Rf describes the 
resistive response of the interface during prolonged exposure 
to the electrolyte. Therefore, the combined interpretation of 
the results is necessary to establish the relationship between 
microstructure and electrochemical behavior.

The CR900 condition exhibited a different behavior from the 
other samples, with a continuous decrease in Rf during the 
immersion period, from 0.847 ± 0.022 MΩ·cm² at 0 h to 0.751 ± 
0.013, 0.532 ± 0.062, and 0.293 ± 0.010 MΩ·cm² after 24, 48, and 
72 h, respectively. This evolution may be associated with the 
microstructural changes promoted by the high-temperature 
treatment, including grain-size evolution and the structure 
obtained after cooling, as observed in the microstructural 
characterization. The high temperature treatment produces 
a microstructural condition significantly different from those 
obtained at intermediate temperatures, which may modify 
the interaction between the surface and the electrolyte and 
the evolution of the passive interface during immersion.

The relationship between the EIS results and the mechanical 
properties is also relevant. As shown in Figure 7, annealing 
promoted a reduction in microhardness relative to the cold-
rolled condition, associated with recovery and recrystallization 
of the deformed microstructure. The decrease in hardness 
therefore accompanies the evolution of the deformation state 
of the matrix and the reduction in defect density. However, 
the electrochemical response did not exhibit a monotonic 
trend with either microhardness or annealing temperature, 
indicating that the corrosion behavior results from the 
interaction among different microstructural characteristics 
and the evolution of the interface during electrolyte exposure 
[26,29].

When the EIS results are analyzed together with the 
polarization tests, different heat-treatment conditions 
exhibit distinct responses depending on the electrochemical 
parameter considered. CR900 presented the lowest Icorr (1.40 
± 0.18 µA/cm²), whereas CR600 presented the lowest Ipass 
(8.95 ± 0.20 µA/cm²). On the other hand, CR800 exhibited 
the highest Rf after 72 h of immersion (102 ± 12 MΩ·cm²), 
followed by CR500 (42.10 ± 0.59 MΩ·cm²) and CR400 (25.10 ± 
0.38 MΩ·cm²). These differences demonstrate that annealing 
temperature affects different mechanisms associated with 
the electrochemical response and that no single parameter is 
sufficient to describe the corrosion behavior of CP Ti.

Overall, the results indicate that the microstructural evolution 
promoted by annealing plays an important role in the 
electrochemical response of CP Ti. Recovery, recrystallization, 
changes in grain morphology and size, and the reduction in 
defect density modify the surface and interfacial conditions 
of the material, which is reflected in the evolution of Rf during 
immersion [9,26,29,30]. The formation and maintenance 
of the passive layer also play a fundamental role in this 
behavior, since titanium exhibits a high ability to passivate in 
aqueous environments [15,32]. Thus, the combined analysis 
of polarization, EIS, microstructural, and mechanical data 
demonstrates that the electrochemical behavior of CP Ti is 
governed by the interplay between the microstructural state 
generated by heat treatment and the evolution of the metal/
electrolyte interface during exposure.

Conclusions

This study demonstrated that the electrochemical behavior 
of commercially pure titanium (CP Ti) in a simulated 
oral environment is influenced by the microstructural 
modifications promoted by cold rolling and subsequent 
annealing treatments. The electrochemical analysis revealed 
distinct responses depending on the parameter considered. 
In the potentiodynamic polarization tests, CR900 exhibited 
the lowest mean Icorr value (1.40 ± 0.18 µA/cm²), whereas 
CR600 and CR800 showed the lowest Ipass values (8.95 ± 0.20 
and 9.1 ± 1.1 µA/cm², respectively). In the EIS measurements, 
CR800 exhibited the highest Rf after 72 h of immersion (102 ± 
12 MΩ·cm²), followed by CR500 and CR400.

From a metallurgical perspective, these differences are 
associated with the evolution of the deformation state, 
recovery and recrystallization, as well as changes in grain 
morphology and size. The microstructural evidence also 
indicates the formation of a predominantly α′-martensite 
structure in the 1000°C reference sample, together with 
acicular morphologies in the higher-temperature conditions. 
The response of CR900 illustrates the interaction between 
these changes and the electrochemical behavior: although it 
exhibited the lowest Icorr, this condition showed higher Ipass 
values than CR600 and CR800 and a decrease in Rf during 
immersion. Thus, the microstructural evolution associated 
with α′ may contribute to the passive-film response, together 
with recovery, recrystallization, grain growth, and defect 
density.

The results demonstrate that no annealing condition 
simultaneously maximized all the electrochemical parameters 
evaluated. CR600 and CR800 presented the lowest Ipass, 
CR900 the lowest Icorr, and CR800 the highest Rf after 72 h 
of immersion. Therefore, the selection of a heat treatment 
condition should consider the electrochemical parameter of 
interest and the intended application, based on a combined 
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analysis of the polarization, impedance, and microstructural 
results. Taken together, the findings show that α′-martensite 
formation is part of the microstructural evolution relevant to 
corrosion response, whose effect depends on the interaction 
between the phases present and passive-film stability.
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