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Equal channel angular pressing (ECAP) is one of the most effective
processes for the production of metals with ultra-fine grains (UFG)
and nano-crystalline (NC) structures. Commercially pure titanium
(CP-Ti) known for its excellent biocompatibility, has high potential
for use in medical applications as an implant material. The low
static and dynamic strength of CP-Ti are weaknesses of this
material that can be remedied by applying ECAP to create UFG
microstructures. One of the most important parameters in choosing
a material for implantation is its corrosion resistance in human
body plasma. In this study, the corrosion behavior of primary
coarse grained (CG) and ultra-fine grained CP-Ti produced by
ECAP was investigated and compared in simulated body fluid
(SBF) through the extraction of the TAFEL curve. The results
demonstrated that the corrosion resistance of CP-Ti in the UFG
state was improved by seven times compared to the initial CG state.
This improvement can be attributed to increased passivation ability
resulting from rapid mechanical formation of a stable and strong
passive oxide film of TiO2 on UFG surface of CP-Ti relative to CG.
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1 Introduction

Today, titanium and its alloys are widely used in various industries. Positive properties such as
low density, high specific strength, low elastic modulus, excellent corrosion resistance, good
biocompatibility, durability at high temperatures, acceptable casting capability and good
welding capability have made titanium being one of the most popular and widely used metals
in the automotive and aerospace industries and in biomedical industry for orthopedic and dental
implants [1-4]. The Ti-6Al-4V titanium alloy is one of the most common and widely used
titanium alloys which has a significant percentage of aluminum and vanadium elements. It has
been proven that these elements are toxic similar to other alloying elements such as nickel,
cobalt and chromium. Long-term ion releasine can lead to neurological diseases, Alzheimer,
cancer, dermatitis, bone softening and other health issues [1, 3, 5]. Therefore, the demand for
the replacement of commercially pure titanium (CP-Ti) for titanium alloys in biomedical
applications has increased due to its lower alloying elements and lower cost [3, 6]. The main
disadvantage of CP-Ti is its low mechanical strength compared to titanium alloys such as Ti-
6Al-4V, hence CP-Ti is not widely utilized in the industry [1].

Among the many methods of severe plastic deformation (SPD), equal channel angular pressing
(ECAP) is one of the most effective and widely used techniques [7]. Using this technique, large
scale metallic work-pieces with relatively homogeneous ultra-fine grain (UFG) and nano-
crystalline (NC) structures with high-angle grain boundaries (HAGBSs) can be produced [7, 8].
In this method, by applying high strains on the coarse grain (CG) metal and creating a high
density of dislocations and rearranging them to form the new grain boundaries, grains with size
in the range of micrometers or nanometers are created, and low-angle grain boundaries
(LAGBs) develop to HAGBs. Therefore, the static and dynamic strength of the material
increases sharply according to Hall-Petch theory [7, 9].

Biocompatibility is one of the most important parameters in using a material in medical
applications especially as an implant material. The study of the biocompatibility of UFG CP-
Ti and bone cohesion due to surface topology, has been extensively performed, all of which
have shown improved biocompatibility, improved bone cohesion, better cell adhesion and cell
proliferation in UFG than primary CG states. It has been proved that this can be related to the
higher surface and grain boundary energy in UFG relative CG titanium and even Ti-6Al-4V
alloy [10-16].

Corrosion resistance in the body environment affects on the biocompatibility of a material [10,
17]. In vitro investigations, simulated body fluid (SBF) or Hank’s solution is used as a fluid
similar to human body plasma for corrosion testing [18]. A review of the literatures has shown
that few studies have been conducted on the comparison of the corrosion resistance of UFG
with CG CP-Ti in the electrolyte of the SBF. All studies have shown that UFG CP-Ti has several
times higher corrosion resistance than primary CG CP-Ti, and this is due to the formation of
quicker passivation and strong oxide films of TiO2 on the surface of the ultra-fine grain pure
titanium [10, 16, 19-22].

In 2020, Dong et al. investigated the effect of NaCl and Ringer solution on CP-Ti and Ti-6Al-
7Nb alloy titanium in both CG and UFG states. The results of the study showed that the
corrosion behavior in UFG state is significantly improved compared to CG state [23]. In 2024,
Chuvildeev et al. [24] investigated the corrosion-fatigue strength of the fine-grained near-o
alloy Ti-5Al-2V in a 3% aqueous NaCl solution, as well as its resistance to hot salt corrosion.
Cold rotary swaging was found to enhance the depth of intergranular corrosion defects, while
recrystallization annealing improved the corrosion resistance of the Ti-5Al-2V titanium alloy.
Maleki-Ghaleh et al. in 2014, using polarization and electrochemical impedance tests in a SBF
environment at 37°C on UFG CP-Ti produced by ECAP, showed that corrosion resistance and
biological behavior in UFG compared to CG state were remarkably improved [10]. Comparison
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of the corrosion behavior of CG and UFG CP-Ti has been performed in different solutions. The
effect of annealing on the corrosion behavior of UFG CP-Ti was investigated by Kim et al. in
2014 in 0.5 M H2SO04 solution using potentiodynamic polarization and weight loss methods.
The results showed that annealing after introducing SPD can make a suitable combination of
high strength and high corrosion resistance while maintaining an ultra-fine grain size [25]. Otadi
et al. [26] employed a combination of techniques to enhance the corrosion performance of
commercially pure titanium. These techniques included grain refinement through equal channel
angular pressing, two-step anodization to create titanium oxide nanotube coatings, annealing at
450°C and 570°C, and immersion in simulated body fluid to form a hydroxyapatite film coating.
The corrosion behavior was assessed using potentiodynamic polarization tests and
electrochemical impedance spectroscopy. The results demonstrated that grain refinement and
the successive surface modifications significantly influenced the corrosion performance. The
effect of grain size and texture on the corrosion behavior of CP-Ti in SBF was investigated by
Gurao et al. in 2013. The results proved that the optimal combination of microstructure and
crystallographic texture leads to improved strength and higher corrosion resistance after
applying the SPD process [27]. Zheng et al. in 2011, applied ECAP on CP-Ti and then created
a hierarchical porous surface using sandblasting, acid etching, and alkali treatment techniques.
Corrosion test of this material in SBF showed that there is no pitting corrosion in UFG CP-Ti
with the modified surface and the corrosion rate was very low [28]. Mendes Filho et al. in 2010,
subjected grade (2) CP-Ti to hot and cold ECAP and proved that there was no noticeable
difference between the corrosion behavior of the initial annealed material and the ECAPed
material in NaCl solution. In this study, the potentiodynamic polarization method was used for
investigation of corrosion properties [19]. The effect of grain size and texture on the corrosion
properties of CP-Ti was studied by Hoseini et al. in 2009 in NaCl aqueous solution. The
investigation of corrosion behavior using electrochemical impedance spectroscopy
demonstrated that corrosion resistance increases significantly with decreasing grain size [22].
Balakrishnan et al. in 2008, using the TAFEL extrapolation method, showed that the corrosion
resistance of UFG Ti in SBF medium is ten times greater than CG-Ti. In this research, the
ECAP method was utilized to achieve the UFG microstructure [21]. In 2024, Nair and Swaroop
[29] investigated laser shock peening of the medical-grade Ti-6Al-7Nb titanium alloy without
coating. They subsequently examined the role of the oxide layer formed and the microstructural
changes related to biocorrosion in simulated body fluid. The results indicated that under the 6
GW/cm? condition, a high dislocation density, a significant fraction of high-angle grain
boundaries, and a refined B phase present beneath the oxide layer serve as sites for passivation,
contributing to enhanced anti-biocorrosion capabilities. Balyanov et al. in 2004 demonstrated
that UFG alloy titanium by SPD processes has higher corrosion resistance than its initial state
in acidic HCI and H2SOg4 solutions. Rapid passivation of UFG Ti and impurity segregation to
grain boundaries in CG were cited as reasons for the better corrosion behavior of UFG Ti than
CG Ti [30]. In the latest research conducted by Fakhri et al. in 2024 [31], the fluoride-induced
corrosion performance of UFG CP-Ti was investigated. The ultrafine titanium was produced
by ECAP process combined with ultrasonic vibrations. The results demonstrated that a
significant improvement in mechanical properties and corrosion behavior after applying U-
ECAP. It was also observed that the film on the 3 passes ECAPed samples was denser and more
uniform, and at least twice as thick as the non-ECAP samples.

It should be noted that very limited research has been done on the fundamental understanding
of the effect of grain size and consequently grain refinement on the corrosion resistance of metal
alloys. It is essentially emphasized that the effect of grain refinement is a very complicated
phenomenon and generally active, passive and or active-passive responses have been observed
in various materials in different media. It has been proven that other factors such as internal
stresses and strains, the effects of precipitate size, texture type and or method of applying
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processes can be more influential factors than grain size. However, generally has been found
that grain refining increases the corrosion resistance of magnesium and titanium alloys. In the
case of other materials, a permanent effect was not observed and grain refinement depending
on the process of its creation and the corrosive medium, led to an increase or decrease in
corrosion resistance. However, research has demonstrated that the main reason for the
improvement of corrosion resistance in UFG metals depends on the improvement of the
formation and adhesion of the passive film due to the increase in density of grain boundaries
[32, 33].

A review of the literature has shown that few investigations were conducted on the corrosion
behavior of UFG CP-Ti in the SBF. Most of this research has focused on applying hot/warm
SPD processes on titanium and its alloys. In this study, by applying cold ECAP process at
ambient temperature on grade (2) commercial pure titanium and creating an ultra-fine grain
microstructure, TAFEL test method is used to evaluate and compare the corrosion resistance of
this material in UFG and CG states in the SBF environment.

2 Material and experimental procedures
2.1 Materials

The specimen used in the present experiments was a bimetallic work-piece. Reducing the
pressing force, improving the mechanical properties, increasing the homogeneity of the
deformation and increasing the distribution uniformity of effective strain are the reasons for
using bimetallic specimens [34-37]. Grade (2) commercially pure titanium rods were inserted
as core material or billets into the aluminum 7075 casing with an interference fit. The schematic
view and dimensions of the used bimetallic specimen are shown in Figure (1). Chemical
composition of Grade (2) CP-Ti and Al-7075 obtained by emission spectrometry; are presented
in Table (1).

In order to stabilize and homogenize the microstructure and eliminate the residual stresses, CP-
Ti was annealed at 800 °C for one hour and then cooled in air and in a shut-off furnace [38, 39].
Al-7075 was also annealed at 415 °C for one hour and cooled in a shut-off furnace [34]. Using
this heat treatment, an equiaxed and homogenous microstructure with an average coarse grain
size of 55 pm for CP-Ti was achieved.

15 mm
100 mm

< <>

Casing (A17075)

10 mm

Figure 1 Schematic illustration and dimensions of the bimetallic rod specimen for ECAP
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Table 1 Chemical composition of grade (2) CP-Ti and Al-7075 alloy (Yowt)

Fe C N H O
Grade 2 CP-Ti
Base 0.02 0.02 0.03 0.001 0.06
Al Zn Mg Cu Fe Si Cr Mn
Al-7075

Base 5.78 2.73 1.47 0.36 0.34 0.21 0.05

2.2  ECAP process

The ECAP process was performed at room temperature using a hydraulic press with a nominal
capacity of 60 tons and a ram speed of 9 mm/s. To conduct the ECAP, a die with channel
circular cross-section channel with diameter of 15 mm, a channel angle of 135°, and a corner
angle of 20° was used. In each separate pass, a strain about 0.46 was applied to the bimetallic
specimen [7].

Figure 2 Schematic and real illustrations of EéAP die with bimetallic specimen including CP-Ti as billet and
Al-7075 as casing

e ;,

Figure 3 Bimetallic specimens, before and after 1 to 3 passes of ECAP
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Figure (2) shows a schematic and real view of the used ECAP die. To reduce the friction force
between specimens and die wall, a lubricant with the brand name of MOLYKOTE ® 1000
PASTE was utilized. Firstly, specimens were subjected to four passes in the route Bc by ECAP.
This route was chosen because it leads to the rapid formation of homogeneous/equiaxed ultra-
fine grain microstructure with high-angle grain boundaries [40, 41]. After removing the casing
from the CP-Ti billets, cracks were observed on the upper surface of the specimen after fourth
pass. Therefore, in order to produce intact ultra-fine grain specimens without cracking, all
bimetallic specimens were pressed up to the third pass at ambient temperature with the B¢ route
and all experimental tests were performed on un-ECAPed and ECAPed specimens in passes 1,
2 and 3. Figure (3) shows the bimetallic specimen before and after ECAP.

2.3 Experimental tests
= Microstructural observations

An Olympus BX60M optical microscope was used to examine changes in microstructure of
CP-Ti before and after ECAP and to demonstrate grain refinement. Metallographic samples
were cut from the middle of the billet and perpendicular to the pressing direction for
microstructure analysis. Then, samples were ground using 100-2000 grit SiC papers and
polished automatically to mirror-like finishes using 0.3 mm alumina particles. These samples
were then etched to show grain boundaries by immersing them for up to 70 seconds in a solution
containing distilled water, hydrofluoric acid, and hydrogen peroxide [H20 (100 mL) +
H202(35%) (5 mL) + HF (2 mL)]. The average grain size was determined from microstructural
images by a line intercept method using MIP (Microstructural Image Processing) software
according to ASTM E 112-96 standard.

] Vickers hardness test

The values of the Vickers micro-hardness (Hv) at the center of studied sections according to
ASTM E 92 standard and using a Buehler micro-hardness tester with a load of 1 kgf and a dwell
time of 15 s were measured. In order to achieve a high degree of accuracy, each reported micro-
hardness value was at least the average of five separate measurements.

= Corrosion test

The corrosion test was performed to compare the corrosion resistance of Grade (2) CP-Ti in
both un-ECAPed (CG) state and three-pass ECAPed state (UFG) in simulated body fluid (SBF).
For this purpose, corrosion test specimens were prepared as cubes with a test surface of 5x5
mm? and then hot pressed in mounting resin to prepare the surface. Then, a hole with an
approximate diameter of 3 mm was made from the back of the mount to the back surface of the
sample, and a very small screw was inserted in that hole so that the end of the screw was in
contact with the back of the mounted sample, without any mechanical pressure. A thin electrical
wire was then connected to the screw head so that the sample could be in the current path
between the electrode and the electrolyte. Subsequently, each of these two mounted specimens
was ground and polished to a mirror-like finished surface before corrosion testing similar to
surface preparation for the hardness test. After washing in distilled water, those were
automatically washed for 30 minutes using an ultrasonic cleaning device (Whaledant/BioSonic
UC100 Dental Ultrasonic Cleaner) in acetone liquid to remove any surface contamination [21].
In this study, simulated body fluid (SBF) was considered as the electrolyte. This liquid was
made according to Kokubo method [42] with ionic composition similar to human body plasma
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and in accordance with the conditions and compounds presented in Table (2). This liquid was
used as a freshly prepared solution for each corrosion test. A three-electrode electrochemical
cell was set up to perform the corrosion test and measure the corrosion rate by TAFEL
extrapolation. These three electrodes, including working electrode (WE), reference electrode
(RE) or saturated calomel electrode (SCE), and an auxiliary electrode (AE) or neutral or counter
(CE), were connected to the Gill AC V5 automatic potentiostat device (Gill AC Version 5,
ACM Instruments, UK) and the device was connected to its software environment on the
computer. The potentiostat device controls the voltage between WE and RE and transmits it to
the software environment.

In this study, the auxiliary electrode was made of platinum and has an area of 2 cm?. The
working electrode was connected to the screw attached to Ti sample via an electric current
conductor wire. The area of studied polished CP-Ti is 25 mm?, which is directly exposed to
SBF solution. During the test, the temperature of the SBF solution was kept at 37£1°C to
perform corrosion at temperatures close to normal human body temperature. By placing the
Becher of the electrochemical cell in the temperature controlled bath, the temperature of the
cell can be adjusted and kept constant at any time. A constant open circuit potential (OCP) was
established between the sample and the reference electrode for 30 minutes to obtain the
appropriate range of applied potentials for corrosion. Subsequently, the potentiodynamic
technique was used to obtain the current density diagram (current per unit area) versus the
potential or TAFEL polarization diagram [21].

The TAFEL test was performed in the voltage range of -800 mV to + 800 mV with a scan rate
of 1 mV/s. The amount of corrosion current obtained by the TAFEL technique indicates the
corrosion rate. So that, more corrosion current density indicates the higher corrosion rate or
lower corrosion resistance. These tests were repeated three times for each sample in freshly
prepared electrolyte and in each replication, the surfaces of samples prepared completely
according to the mentioned conditions.

Figure (4) shows a real view of a three-electrode electrochemical cell. As is clear; the mounted
specimen is suspended so that the surface of the titanium specimen is fully exposed to the
electrolyte SBF solution. The thermometer is placed next to the three electrodes to instantly
check the test temperature during the test period. The complete setup of the electrochemical test
for determining the corrosion behavior of CP-Ti before (CG) and after applying 3 passes of
ECAP (UFG) was also demonstrated in Figure (5).

Table 2 Reagents for preparing 1 litter of SBF with PH 7.4 [18]

Order Reagent Amount (g/l)
1 NaCl 7.996 g
2 NaHCOs3 0.350 g
3 KCI 0.224 ¢
4 K2HPO43H:0 0.228 ¢
5 MgCl.6H20 0.305¢
6 1 M-HCI 40.0 ml
7 CaCl; 0.278 ¢
8 Na>SOa4 0.071g
9 (CH20H)sCNH: 6.057 ¢
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Reference Electrode (RE)
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Figure 5 Real view of the three electrodes electrochemical cell setup used for corrosion testing
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3 Results and discussion
3.1 Microstructure

Grade (2) CP-Ti microstructures obtained from an optical microscope, before and after ECAP
process up to three passes, were shown in Figure (6). These microscopic images clearly show
grain refinement and elongated microstructure due to cold severe plastic deformation. The
average grain size decreased from 55 um for initial annealed CP-Ti to 11, 3 and 0.65 um after
the first, second and third passes of introducing ECAP, respectively. As can be seen, the grains
become smaller as the number of ECAP passes increases. After the first pass, the parallel shear
bands consist of a high density of dislocation, more complex bands at the intersection of two
different directions, and a high density of twins, parallel to the elongated structure, were
generated. The development of low-angle grain boundaries to high-angle grain boundaries
always occurs after the first pass of ECAP in metals with hexagonal closed pack (hcp) crystal
lattice structures such as titanium [7, 43-45]. At higher passes, complex banded structures are
formed and with increasing number of passes, coarse and elongated grains do not become more
elongated, but a uniform microstructure is formed without the presence of banded structures
[43, 44].

3.2 Hardness

Vickers microhardness of Grade (2) CP-Ti billets was measured before and after the ECAP
process at BC route. These tests were performed at the cross-sectional surface of the ECAPed
specimens after 1 to 3 passes. The results demonstrated that, Vickers microhardness from HV
153 for un-ECAPed specimen was enhanced to HV 193, HV 215 and HV 247 for specimens
after applying 1, 2 and 3 passes of ECAP, respectively. It can be seen that, the microhardness
of Grade (2) CP-Ti increased significantly after a single pass of ECAP process and increasing
the pass number lead to improvement of hardness value. This result is due to grain refinement
and microstructural evolution resulting from cold working imposed by ECAP [46, 47]. It can
be expected that with increasing hardness due to the application of ECAP, the static strength of
this material, such as tensile strength will also increase [48].

3.3 Corrosion resistance in SBF

In this research, un-ECAPed (CG) and ECAPed up to 3 passes (UFG) CP-Ti were tested for
corrosion at 37°C in a SBF electrolyte solution. By extracting the TAFEL curve, the corrosion
current density (nA/cm?), which represents the corrosion rate and consequently the corrosion
resistance; was reported. Figure (7) shows the potential curve in terms of the logarithm of the
corrosion current density, which indicates the corrosion rate by the TAFEL extrapolation
method. The results that can be obtained from this diagram include anodic slope, cathodic slope
and corrosion current density. These results were presented in Table (3). The anodic slope
represents the linear slope of a branch of the curve that loses electrons and moves toward a
positive potential, and the cathodic slope represents the linear slope of a branch of the curve
that moves toward a negative potential with electrons receiving.

AR AT e 2 2 g Skl o \ e, P i i ’ { SRR D ]
Figure 6 OM images of microstructures (a) before and after ECAP process (b) Pass 1, (¢) Pass 2 and (d) Pass 3
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The intersection point of these two linear slopes (cathodic and the anodic TAFEL slopes) that
are true at least on one decade (10™*to 10™, n € N) of logarithms of current intensity, introduces
the corrosion current density. As is clear from the results; the amount of corrosion current
density in CG state is 0.37 pA/cm? and in UFG state is 0.053 pA/cm?. Therefore, it can be
concluded that the corrosion resistance of CP-Ti after grain refining by the ECAP process has
been increased approximately 7 times compared to the primary annealed CP-Ti.

Enhancement of the corrosion resistance of CP-Ti in UFG state relative to CG state can be
attributed to an increase of passivation ability as a result of the rapid mechanical formation of
a stable and strong passive oxide film of titanium dioxide (TiO2) on the UFG surface relative
to CG CP-Ti. CG corrosion in SBF is mainly due to the decomposition of the weak passive
oxide film TiO by CI- ions as a result of localized corrosion. Thus, it has been observed the
failure of this film in some areas of the surface, has increased the pitting corrosion. But in the
case of UFG, high-density grain boundaries help to increase the interfacial adherence of the
passive oxide film. This is due to the oxide protrusions penetrating into the grain boundaries,
similar to so-called oxide pegs in some ferrous alloys; which leads to a significant increase in
corrosion resistance [21, 22]. Studies have also shown that the presence of more residual
compressive stress at the UFG surface due to the introduction of the ECAP process, can help
reduce the corrosion rate and thus improve corrosion resistance. In addition, it has been
demonstrated that the presence of pressure around micro defects delays the local entry of
hydrogen and reduces the possibility of hydrogen embrittlement and makes the rupture of the
passive oxide film harder [21, 49].
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Figure 7 TAFEL extraction curve for CP-Ti in two states CG (Un-ECAPed) and UFG (After pass 3)
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Table 3 Electrochemical properties of CP-Ti in two states CG (Un-ECAPed) and UFG (After pass 3)

Corrosion Current Cathodic TAFEL Anodic TAFEL
Density (nA/cm?) Slope (mV/decade)  Slope (mV/decade)

CG (Un-ECAPed) 0.370 -136 321
UFG (After Pass 3) 0.053 -164 193

Grade (2) CP-Ti

On the other hand, the improvement of corrosion behavior in UFG state compared to CG state
in SBF, in addition to grain size, is also attributed to changes in crystallographic texture [22,
27]. The increased density of crystalline defects on the surface of the ECAPed samples is
responsible for this issue. The microstructural developments induced by this process
predominantly influence the anodic reactions occurring on the metal surface. For the annealed
sample, the surface initially exhibits fully active behavior during anodic polarization. For the
3-pass sample, the trend differs from the other samples. In this case, the conditions for the
formation of a corrosion film are established. Additionally, the sample exhibits relatively active
behavior, with continued polarization accompanied by an increase in anodic current density.
An important point about this sample is that the anodic current density is lower than that of un-
ECAPed samples. In other words, during the anodic polarization of the 3-pass ECAPed sample
within this potential range, more favorable protection conditions may exist compared to other
samples due to the products formed on the surface [31].

4 Conclusions

In this research, the ECAP process was applied at ambient temperature on commercially pure
titanium (CP-Ti) for up to three passes and the primary annealed coarse grain (CG) structure
was changed to ultra-fine grained structures (UFG). The study of microstructure, hardness and
corrosion in simulated body fluid (SBF) was performed on this material before and after three
passes of ECAP and the following results were obtained:

e The grain size decreased from 55 pum in annealed CG state, to 11, 3 and 0.65 um after
applying 1, 2 and 3 passes of ECAP, respectively. The results show that after applying three
passes of ECAP process at ambient temperature in the channel of 135°, an ultra-fine grain
microstructure with an average grain size of 650 nm can be achieved.

e The microVickers (Hv) hardness tests were conducted on CP-Ti before and after imposing
the three passes of ECAP and the results showed that the Vickers hardness of this material
increased from 153 Hv for the primary CG state to 193, 215 and 247 Hv after applying 1, 2,
and 3 passes of ECAP, respectively. This indicates that the hardness of the material has
increased significantly by applying the cold ECAP process.

e To determine the corrosion behavior of this material before and after applying the ECAP
process, the TAFEL curve extraction was used and the corrosion current density, which
represents the corrosion rate and consequently corrosion resistance, was reported. The
amount of the corrosion current density was 0.37 pA/cm? before ECAP (CG) and 0.053
nA/cm? after the third pass of ECAP (UFG). Therefore, it was concluded that the corrosion
resistance in the simulated body fluid after grain refinement by ECAP has increased almost
seven times compared to the primary coarse grain pure titanium.
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