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Abstract: Equal channel angular pressing (ECAP) is one of the most effective processes to produce ultra-fine grain (UFG) and
nanocrystalline (NC) materials. Because the commercially pure titanium exhibits excellent biocompatibility properties, it has a
significant potential to be utilized as an implant material. The low static and dynamic strengths of the pure titanium are one of the
weaknesses of this material. This defect can be removed by applying the ECAP process on the pure titanium. In this work, the
commercially pure titanium Grade 2 (CP-Ti of Grade 2) was pressed at room temperature by the ECAP process via a channel angle
of 135° for 3 passes. The microstructural analysis and mechanical tests such as tensile test, hardness test, three-point bending test and
Charpy impact test were all carried out on the ECAPed CP-Ti through 3 passes. The microstructural evolution reveals that by
applying the ECAP process, coarse grain (CG) structure develops to UFG/NC structure. Moreover, the results of the mechanical tests
show that the process significantly increases the yield and ultimate tensile strengths, bending strength, hardness and fracture

toughness of the commercially pure titanium so that it can be used as a replacement for metallic alloys used as biomaterials.
Key words: commercially pure titanium; equal channel angular pressing; tensile strength; bending strength; fracture toughness

1 Introduction

Biomaterials are either artificial or natural materials
which are used to make the structures or implants so that
they can be utilized as a replacement for lost/disease
biological structures. Biomaterials could be from
ceramics, polymers, composite materials and metals [1].
The design and selection of biomaterials depend on their
medical applications. A biomaterial has to possess
the attributes of suitable properties, excellent
biocompatibility, high corrosion resistance, high wear
resistance and osteointegration [2]. 70%—80% of
implants are made of metallic biomaterials. The low
density, elastic modulus close to the hard tissue, high
static and dynamic strengths, excellent specific strength,
suitable ductility, high fracture toughness and acceptable
wear resistance are some of the desired properties for
biomaterials [2,3]. Usually, metallic implants are made
of 316L stainless steel, cobalt—chromium (Co—Cr)
alloys, titanium and its alloys. Among them, titanium and
its alloys exhibit higher biocompatibility properties,
corrosion resistance and specific strength as compared to

the other mentioned materials [2—7].

Nowadays, titanium and its alloys are broadly used
in various industries. Some positive properties such as
low density, high specific strength, low elastic modulus,
excellent corrosion resistance, excellent biocompatibility,
durability at elevated temperatures, acceptable castability
and good weldability make titanium one of the most
favorable and usable metals in the automotive industry,
aerospace and biomedical as orthopedic and dental
implants [2,8,9]. One of the improving methods of the
mechanical properties is to add alloying elements to the
metals such as titanium with hexagonal close packed
(HCP) crystal system [10]. The Ti—6Al-4V alloy is one
of the most prevalent and applicable alloys of titanium
which has a significant percentage of aluminum (Al) and
vanadium (V) [2,9]. It has been proved that these
elements similar to some other alloying elements such as
nickel (Ni), cobalt (Co), chrome (Cr) are toxic and by ion
releasing in a long term cause neuropathy diseases,
Alzheimer disease, carcinogenicity, dermatitis and
osteomalacia [9,11]. Therefore, the demand for replacing
the commercially pure titanium (CP-Ti), in which the
amount of alloying elements is negligible and also has
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lower cost, instead of titanium alloys in biomedical
applications is increasing [9,12]. The main disadvantage
of the CP-Ti is its low mechanical strength as compared
to the titanium alloys such as Ti—6Al—4V. In fact, this
disadvantage is one of the most primary reasons for not
widespread using in different industries, which leads to
using titanium alloys instead of the CP-Ti [2].

In accordance with the Hall-Petch equation
(Eq. (1)), in crystalline materials for example metals,
the yield stress, as a criterion for the strength of
polycrystalline materials, increases dramatically by grain
refinement [13]

o=ogtked )

where oy is the yield stress, oy is the friction stress, &y is
the constant of yielding, and d is the grain size.

Severe plastic deformation (SPD) is known as one
of the most important and common techniques in order to
significantly reduce the gain size as well as to achieve
bulk UFG/NC materials [14—16]. In this technique, grain
sizes in sub-micrometer and nanometer ranges are
generated via applying high strains on coarse-grained
(CG) materials, producing a high density of dislocations
together with re-arranging them to form new grain
boundaries. Consequently, the static and dynamic
strengths of the material increase intensively [13,14].
The enhancements of the corrosion resistance and
biocompatibility [17-19], [20,21],
materials adhesion capability to living cells and their
proliferation [13,22,23] are some benefits of the use of
UFG/NC materials in the biomedical sciences.

Among methods of the SPD, the equal channel
angular pressing (ECAP) is one of the most effective and
applicable  techniques [13,24,25]. This  process
introduced by SEGAL et al [26], can produce relatively
large work-piece of homogeneous UFG/NC structures
with high angle grain boundary in a reasonable geometry
using simple tools [13,25,27]. During the ECAP process,
a metallic sample is pressed through an intersecting
channel with the same cross-sections and the material is
subjected to a simple shear stress and an intense plastic
strain is applied to the material as a result. The angle
between two channels (die angle) and the fillet angle
(corner angle) are defined by ¢ and v, respectively [28].
Because the billet cross-section does not change after the
process, it is possible to repeat the process on that billet
in different routes of A, Ba, B¢ and C. Each repetition is
called a pass. The applied equivalent strain (e.,) after N
passes of the ECAP is expressed by Eq. (2) [13,29,30]:

Eeq :%{ZCot((p;l//jﬂ/lcs{wTwﬂ 2)

Metals and alloys with HCP crystal system such as
titanium (Ti) and magnesium (Mg) as well as

wear resistance

age-hardenable alloys such as aluminum 7075
demonstrate little ductility especially at room and low
temperatures due to the limited number of independent
slip systems. These alloys are categorized as
difficult-to-work alloys [31-34]. If cold work, e.g.,
ECAP at low temperatures, is applied on these alloys, the
cracking and segmentation will occur due to the material
unstable flow [31,34,35]. The conducted researches on
applying the ECAP process on these alloys indicate that
the mentioned problems could be resolved by increasing
the die angle and processing temperature, decreasing
pressing speed, using back pressure and controlled
annealing [13,33,34,36,37].

Titanium and its alloys, similar to the other HCP
metals, are very difficult to have plastic deformation at
room temperature. Therefore, Ti billets require to be
ECAPed at relatively high temperatures, i.e., 473—863 K,
to reduce the deformation resistance [38,39]. Several
researches have been carried out to fabricate the UFG
CP-Ti at high temperatures [40—44]. Since the plastic
deformation at room temperature (cold work) suppresses
the recrystallization and grain growth [45], the ECAP at
room temperature as compared to high temperatures is
more effective for refining the grain size to UFG/NC
scale and is also more convenient in operation. Hence, it
is tried to obtain the UFG/NC CP-Ti at room temperature
by modifying and conditions changing in the ECAP
process [13,46].

A few investigations have been conducted on
applying the ECAP process on the CP-Ti at room
temperature (see Table 1), which merely include
evaluating the microstructure of UFG CP-Ti fabricated
using the ECAP [47—49] and also investigation of the
mechanical behavior of material including tensile and
compression behaviors [47,50], fatigue behavior [51],
hardness [46,50] and the hardness homogeneity [52]. In
these studies, the static and dynamic strengths as well as
the material hardness have been enhanced significantly.
The corrosion resistance of the produced UFG CP-Ti via
the ECAP has also been investigated and the
improvement of the corrosion behavior has been
observed [18,53]. Recently, in order to analyze the
workability of the CP-Ti during the ECAP, the finite
element simulation has been used and the optimal
workpiece geometry for the ECAP at room temperature
has been designed by investigation of damage factor and
strain rate distribution [46]. Table 1 shows a summary of
the studies carried out on ECAP process on the CP-Ti at
room temperature. The CP-Ti grade, ECAP conditions
and the investigated items are shown.

In most studies on the applying of ECAP process on
CP-Ti at room temperature, the static mechanical
properties such as the tensile and compression strengths
and the hardness of UFG CP-Ti have been investigated
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Table 1 Summary of ECAP processing of CP-Ti at room temperature

Reza NASERYI, et al/Trans. Nonferrous Met. Soc. China 27(2017) 1964—1975

ECAP condition Investigated item
. . . D i .
Material Die Number Static strength ynamie . Finite
Speed/ Back . T strength Strain . Ref.
grade angle/ Route  of o Microstructure (Compression . Hardness . . . Corrosion element
(mm-s™') pressure . (Fatigue distribution . .
©) passes & tensile test) simulation
test)

2 9 Bc 2 - - . . - - - - - [47]
2 9 A 4 0.12 . . . - o - - - [50]
2 120 - 1 1 - - - - . . - . [46]
1 9% C 4 3.5 - ° ° - . - - - [52,54,55]
1 120 Be 4 - - o o o - - - - [51]
2 110 - 1 - - . - - - - - - [49]
4 120 - 1 0.8 - . - - o - - - [48]
2 135 Bc 2 0.0505 - ° ° - . - - - [56,57]
2 120 - 1 0.083 - . . - . - ° - [18,53]
1 120 Be 8 2 - . . - o - - - [58]
2 120 Be 4 - - . . - o - - - [59]
- 120 - 1 0.5 - . ° - . - - - [60]

* Being researched; — Without being researched

as some of the most important properties of biomaterials
and no study has been devoted to understanding of the
ductility of material and fracture energy. In this study, the
Grade 2 CP-Ti was deformed by an ECAP process for
3 passes without cracking at the B¢ route and room
temperature. To study the ductility of the UFG CP-Ti,
tensile, three-point bending and Charpy impact tests
were performed.

2 Experimental

2.1 Materials

The material used in the present study is a
bimetallic workpiece. The reduction of the pressing load,
enhancement of mechanical properties, increasing of
deformation homogeneity and uniformity of the effective
strain distribution are the reasons for using the bimetallic
specimen [32,61]. The Grade 2 CP-Ti rods, as a core or
billet material, are inserted into casings made of Al-7075
with an The schematic view and
dimensions of the bimetallic specimen are shown in
Fig. 1. The chemical compositions of the CP-Ti
(Grade 2) and AI-7075 alloys obtained by the emission
spectrometry method are also listed in Tables 2 and 3,
respectively. To stabilize the microstructure, obtain the
microstructure homogeneity and remove all residual
stresses [47], the CP-Ti is annealed at 800 °C for 1 h and
cooled in air in the shut-off furnace [62]. Al-7075 is also
annealed at 415 °C for 1 h and cooled outside the
furnace [32]. An equiaxed microstructure with an
average coarse grain (CG) size of ~55 um, is obtained

interference fit.

using the described procedure, as shown in Fig. 2.

Table 2 Chemical
fraction, %)

Fe C N H o Ti

composition of Grade 2 CP-Ti (mass

0.02 0.02 0.03 0.001 0.06 Bal.

Table 3 Chemical composition of Al-7075 alloy (mass
fraction, %)

Zn Mg Cu Fe Si Cr Mn Al
578 273 147 036 034 021 0.05 Bal
100 mm 1omm
Billet (Grade 2 CP-Ti)
Casing (Al-7075) 10 mm

Fig. 1 Schematic illustration and dimensions of bimetallic rod
specimen for ECAP

Fig. 2 Optical microstructure of CP-Ti after annealing
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2.2 ECAP process

The ECAP processing at room temperature is
conducted using a hydraulic press with a nominal
capacity of 60 t at a ram speed of 9 mm/s. To perform the
ECAP process, a die with a circular cross-section, a
channel diameter of 15 mm, a channel angle of 135° and
a corner angle of 20° is used. It can be proved from
Eq. (2) that a strain of ~0.46 is imposed on the bimetallic
specimen for each separate pass. Figure 3 shows the used
ECAP process die and its set-up. To reduce the friction
force between the specimen and the die wall, a lubricant,
with the trade name of MOLYKOTE 1000 PASTE
(Copper, graphite and white solids) is used. Firstly, the
specimens are processed for 4 passes using the ECAP
route B¢ [63] in which the specimen is rotated 90° in the
same direction at each pass. This processing route is
selected because it leads to the most expeditious
formation of the homogeneous and reasonably equiaxed
UFG/NC microstructures with a majority of grain
boundaries having high angles of misorientation [64,65].
After removing the Al-7075 casings from titanium billets
by sawing, cracks are observed on the upper surface of
titanium billet in the 4th pass. To produce the UFG
specimens without any defects and cracking, all the
bimetallic specimens are pressed for 3 passes with Bc
route at room temperature and all the following
experimental tests on the un-ECAPed/ECAPed
specimens are performed for passes 1 to 3. Figure 4
depicts the bimetallic specimens before and after the
ECAP process and also the optical macroscopic image of
the surface cracks in the 4th pass. In order to observe the
surface cracks, the Olympus SZX9 optical microscope is
used.

V 4O
:

Fig. 3 Hydraulic press set-up (a) and ECAP die with channel
angle (¢) of 135° and corner angle () of 20°(b)

2.3 Experimental tests

In order to investigate the mechanical properties of
CG/UFG CP-Ti, the tensile, three-point bending, Charpy
impact and Vickers microhardness tests are conducted.

The microstructure evaluation and comparison of the
grain size are also performed on the un-ECAPed and
ECAPed samples.

e

Fig. 4 Bimetallic specimens before ECAP process (a), after
ECAP process (b), and optical macroscopic image of surface
cracks after 4th pass ECAP (¢)

To investigate the microstructural changes of pure
titanium before and after ECAP and grain refinement
confirmation, the Olympus BX60M optical microscope
(OM) and LEO 1450VP scanning electron microscope
(SEM) with the voltage of 20 kV are used. The
metallographic samples for microstructure analysis are
cut from the center of the ECAP billets and
perpendicular to the pressing direction. Afterwards, they
are ground using 100, 400, 600, 1000, 1200 and 2000
grit SiC papers and then automatically polished to
mirror-like finishes with mechanical polishing using
0.3 um alumina. These areas are then etched to reveal the
grain boundaries via immersing in a solution containing
2 mL HF, 5 mL H,0, (35%) and 100 mL water up to 70 s.
The average grain size is determined by the line intercept
method and wusing image analysis software MIP
(Microstructural Image Processing) according to ASTM
E 112-96 standard from the obtained microstructural
images.

The mechanical strengths of CG and UFG CP-Ti are
characterized by uniaxial tension test on a Zwick-Z250
universal testing machine. The round tension test
specimens are machined from the center of billet when
the longitudinal axes are set parallel to the ECAP
pressing direction. The tensile test is carried out
according to the ASTM E 8M-00 standard on the
small-size specimens with the gage length, effective
diameter, radius of fillet and length of reduced section of
30, 6, 6 and 36 mm, respectively. Each specimen is
pulled to failure in tension at room temperature and a
constant rate of cross-head displacement at an initial
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strain rate of 0.001 s™' [51,56]. These tests are used to
determine the yield strength (o), the ultimate tensile
strength (o,) and elongation to failure (J) of CG and
UFG CP-Ti. The values of the Vickers microhardness
(HV) at the center of studied sections are measured using
a Buehler microhardness tester with a load of 9.8 N and a
dwell time of 15 s according to ASTM E 92 standard. To
achieve a high degree of accuracy, each reported
microhardness datum is at least the average of five
separate measurements.

According to the ASTM E 290-97a standard, the
bending test is a simple way to evaluate the quality of
materials and their ability during continuous bend. In this
test, the material ability in resisting against the cracking
or other surface irregularities is investigated. The
three-point bending test is made by supporting the
specimen on radiused supports and applying a force
through a plunger midway between two supports until
the desired bend is formed. In Fig. 5, the C, r, ¢, w, L and
F are the distance between the lower supports, radius of
the end of plunger, beam specimen thickness, beam
specimen width, beam length and applied load,
respectively. The values of C, r, t, w and L are 43, 5, 3.8,
5 and 75 mm, respectively.

Force, F

Specimen l

0

| |
F2 F2

L
Fig. 5 Schematic fixture for three-point bending test

In this study, the bending specimens with the length
of 75 mm, width of 5 mm and thickness of 3.8 mm are
made using the un-ECAPed and ECAPed billets
processed through 1, 2 and 3 passes. Three-point bending
tests are performed on a Zwick-Z250 universal testing
machine using a cross-head velocity of 1 mm/min [66] at

room temperature in according with the ASTM E
290-97a standard. The three-point bending set-up is
shown in Fig. 6. Figure 7 illustrates the bending
specimens before and after the bending test.

The impact toughness of the CG/UFG CP-Ti is
evaluated by measuring the total absorbed energy using
Charpy impact test before and after 1, 2 and 3 passes of
ECAP process. Charpy V-notch test specimens are
prepared according to ASTM E 23-02a standard and
machined from the center of ECAP billets with
longitudinal axes set parallel to the process direction.
The size of the test specimens is 5 mm x 5 mm in
cross-section and 55 mm in length, with a V-notch in the
middle of specimen. A 45° groove is machined on the
longitudinal plane in the middle of the specimen with a
depth of 1 mm and a radius of 0.25 mm at the root.
Schematic geometry and dimensions of Charpy impact
test are demonstrated in Fig. 8. The impact test is
conducted at room temperature on a Charpy impact test
machine including software for measuring the absorbed
energy of the materials with the maximum capacity of
200 J. Each impact experiment is also repeated on three
subsequent specimens. Figure 9 shows the specimens
before and after Charpy impact test. Fracture surfaces of
specimens after impact test are examined using Olympus
SZX9 optical microscope.

Fig. 6 Set-up for three-point bending test

Fig. 7 Appearance of bending specimens before (a) and after (b) three-point bending test
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g
. ¢
55 mm L [1mm*
0.25 mm rad 5 mm
45°

Fig. 8 Schematic geometry and dimensions of Charpy impact

test specimens
3 Results and discussion
3.1 Microstructure

The microstructures of the Grade 2 CP-Ti before
and after applying the ECAP process for 3 passes are

(a)

presented in Figs. 10 and 11 which are the images
obtained by the optical microscope and electron
microscope in the back scatter mode, respectively. These
images clearly reveal the grain refinement and elongated
microstructure due to the cold severe plastic deformation.
The magnitude of the average grain size (d) evolved
from 55 pm in the un-ECAPed material down to 11 pm,
3 um and 650 nm after 1, 2 and 3 passes, respectively. It
can be easily observed from Figs. 10 and 11 that the
grains are refined with increasing the number of ECAP
passes. Figure 10 shows the OM images of the CG and
UFG CP-Ti, which demonstrates the microstructures
consisting of closely equiaxed and elongated grains.
During the ECAP process, pure shear deformation
is imposed on the grains which are elongated along the

Fig. 9 Appearance of specimens before (a) and after (b) Charpy impact test
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Fig. 11 SEM images of specimens before and after ECAP process: (a) 0 pass; (b) 1 pass; (c) 2 passes; (d) 3 passes

direction of pure shear line in the intersection of channels.

It can be observed from Figs. 10 and 11 that the cold
plastic  deformation refines the initial
microstructures and causes a large number of twins and
macro-twins in grains. The direction of these twins is
closely parallel to the elongation direction of the
material [49,59]. Furthermore, it has been observed that
by applying the ECAP process at room temperature a
high density of dislocations and twins are formed, which
lead to the significant improvement of mechanical
properties of the material [60]. After the first pass,
parallel shear bands containing high densities of
dislocations, more complex bands in the intersection of
two different directions and high density of twins lying
parallel to the elongated microstructure are generated.
The development of low-angle grain boundaries
(LAGBs) to high-angle grain boundaries (HAGBSs)
occurs after a single pass in HCP metals like pure
titanium [13,54,58,67]. After more passes, a complex
banded structure is formed and the elongated and coarse
grains do not get longer as the number of passes
increases. In fact, by increasing the number of passes, the
uniform microstructures without banded structures are
produced [54,58].

severe

3.2 Tensile strength

All of the tensile samples are tested in tension to
failure at room temperature. The engineering stress—
strain curves of the un-ECAPed and ECAPed CP-Ti
covered with Al-7075 tube are shown in Fig. 12. The
magnitudes of yield (oy) and ultimate (o) tensile strength
and elongation to failure (d) for unpressed and pressed
samples for 3 passes by route B¢ are listed in Table 4. As

800
/_.,\ \/Pass 3
S l/ AN
% 600 - / . /-\(Pass 2
2 / )7 S Pass
= /o SR
w a00f /7 1
£ ) :
3 / {
£ 1/ ! un-ECAPed
L%" 200} ¥ :
0 0.1 02 03 0.4

Engineering strain
Fig. 12 Engineering stress—strain curves for un-ECAPed and
ECAPed CP-Ti samples for 1-3 passes

Table 4 Tensile properties of un-ECAPed and ECAPed CP-Ti
samples for 1-3 passes

Number of pass o,/MPa o/MPa 0%
0 174 396 38.7
1 183 531 20
2 216 613 18.9
3 273 715 19.5

it can be observed, a significant enhancement in the
tensile strength is obtained for the first pass and the
elongation decreases. In the second and third passes, the
strength increases gradually, but the elongation remains
nearly constant. In general, after 3 passes by ECAP, a
significant increase in the values of yield tensile strength
by 57% from 174 to 273 MPa, and ultimate tensile
strength by 81% from 396 to 715 MPa is obtained. There
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is also reasonable ductility of 19.5% elongation to failure
after 3 passes as compared to 38.7% in the un-ECAPed
CP-Ti. These results confirm that there are excellent
strengthening and also reasonable ductility after ECAP
process. Moreover, the results are in good agreement
with  previous studies [8,54,56,58,60,67]. The
improvement of the mechanical properties of UFG
structured metals, such as tensile strength and
microhardness, is due to applying the ECAP process.
Generally, by imposing the SPD process, the ultra-fined
grains and the high fraction of homogeneous equiaxed
microstructures and grain boundaries with high angles of
misorientation are produced, which lead to the
enhancement of static and dynamic mechanical
properties of metals and alloys [13,60,68]. Moreover,
using ECAP process at ambient temperature increases
the densities of dislocation and twins and also strain
hardening rate. Hence, the static mechanical properties of
CP-Ti such as tensile and bending strengths and hardness
are enhanced remarkably [60].

3.3 Vickers microhardness

Vickers microhardness measurements are performed
on the Grade 2 CP-Ti billets before and after the ECAP
process. These tests are carried out on the cross-sectional
surface of the ECAP samples after 1-3 passes. The effect
of pass number on average Vickers microhardness of the
ECAP processed CP-Ti samples by route B¢ is
represented in Fig. 13. In the present investigation,
an increase in Vickers microhardness from HV 153 to
HV 193, HV 215 and HV 247 after 1, 2 and 3 passes of
ECAP is obtained, respectively. Generally, the results of
the present study are consistent with the earlier
reports [56,58,60]. It is seen that the microhardness of
Grade 2 CP-Ti is increased significantly after 1 pass of
ECAP process and increasing the pass number leads to

230 247
215
200 - 193
E 153
2 150
()
[=]
=
2100}
o
S
=
50+
0
8 — [g\l on
5 Ay =% Ay
m
D
=]

Fig. 13 Average Vickers microhardness for un-ECAPed and
ECAPed Grade 2 CP-Ti specimens through 1-3 passes

the improvement of the hardness value. These superior
properties achieved after 3 passes of ECAP process at
room temperature reveal that increasing the densities of
the cold-work
SPD process and also the increasing of strain rate of
hardening [60].

dislocation and twins is due to

3.4 Bending strength

In order to investigate the bending strength and
ductility of Grade 2 CP-Ti specimens before and after the
ECAP process, three-point bending test is carried out at
room temperature. The bending stress—displacement
curves of un-ECAPed and ECAPed specimens for 1-3
passes at the displacement velocity of 1 mm/min under
three-point bending condition are displayed in Fig. 14.
To compare the bending strength, the displacement value
is considered constant and equal to 26 mm for all
specimens. Figure 14 shows that the required load for the
three-point bending test of bending samples and the
normal stress due to the bending increase by applying the
ECAP process and the number of passes. The values of
427, 756, 749 and 957 MPa represent the bending yield
strength and the values of 664, 867, 995 and 1275 MPa
denote the values of the bending ultimate strength of the
un-ECAPed and ECAPed material for the first to third
pass, respectively. In addition to the tensile strength, the
bending strength is also enhanced significantly which
can be attributed to the grain refinement, evolution into
an array of high-angle grain boundaries and the growing
densities of dislocation and twins [13,60].

1400
1200
£ 1000 f
S
g 800}
& 600
o
g 400}
M un-ECAPed
200
0 5 T I et I Dot Aok
Displacement/mm

Fig. 14 Bending stress—displacement curves of un-ECAPed and
ECAPed Grade 2 CP-Ti specimens for 1-3 passes

3.5 Charpy impact energy

The amount of the absorbed energy in the impact
test can indicate the impact toughness [5]. Fracture and
impact-toughness behaviors of metallic alloys are
important factors in ensuring the safety of the selected
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material in structural applications [4].

In the current study, the Charpy impact test is
conducted on the CG and UFG CP-Ti processed by cold
ECAP through 1-3 passes. The impact energy of these
materials is 17.6, 6.5, 9.8 and 15.9 J for CP-Ti after 0—3
passes, respectively. It is apparent from the obtained
results that the impact energy of CG Ti is higher than that
of the UFG CP-Ti. The CP-Ti after the first pass of
ECAP exhibits the least energy, however, by increasing
the number of passes the impact energy is enhanced, as
shown in Fig. 15. Moreover, the impact energy of CP-Ti
after 3 passes is nearly equal to that of un-ECAPed
material. Hence, the impact energy of CP-Ti can be
remained almost constant in higher passes at room
temperature. In fact, after the first pass, the strength of
material increases and the elongation decreases,
significantly. For the next passes, although the strength is
enhanced more, the elongation does not change
significantly [59]. The area under the stress—strain curve
can be a good criterion for the amount of the absorbed
impact energy which is more in the un-ECAPed CP-Ti
compared to the ECAPed CP-Ti because of the greater
elongation, as shown in Fig. 15. Moreover, by increasing
the number of ECAP passes, the ultimate strength
increases and the elongation remains almost constant, as
show in Fig. 12. In three-pass ECAPed specimen, the
impact energy is nearly equal to that of the un-ECAPed
specimen. This shows that by applying the ECAP process

on the CP-Ti, the strength increases while the impact
energy does not have significant variations compared to
the un-ECAPed material. The macroscopic images of the
fracture surfaces of Charpy impact test samples are
shown in Fig. 16. It is seen that the un-ECAPed
specimen is fractured in a ductile manner. However, the
fracture surface of the ECAPed samples in the first pass
is a typical brittle fracture surface. These images signify
brittle to ductile transition on the fracture surface of
ECAPed CP-Ti through 0-3 passes.

18

17.6 15.9
151
%12-
5 9.8
5 of
8 6.5
E ot
3_
0
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~ a a ]
S & & &
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5

Fig. 15 Impact energy of Grade 2 CP-Ti before and after ECAP
process up to 3 passes

Fig. 16 Macroscopic images of fracture surfaces of CP-Ti in Charpy impact test: (a) un-ECAPed; (b) Pass 1; (c) Pass 2; (d) Pass 3
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4 Conclusions

1) The Grade 2 CP-Ti is successfully processed
through up to 3 passes by the ECAP process at room
temperature using a die with a channel angle of 135° in
the route Bc. Because fine cracks are visible on the upper
surface of the billet after the 4th pass, all of the tests are
performed on the ECAPed billet for 3 passes.

2) The grain size of the CP-Ti decreases from
~55 pm under the un-ECAPed condition to ~11 pm,
3 um and 650 nm after 1, 2 and 3 passes of the ECAP,
respectively.

3) Both of the yield and ultimate tensile strengths in
the billet processed by ECAP are enhanced as compared
to the un-ECAPed CP-Ti. However, the elongation to
failure of ECAPed materials decreases. For the first to
the third ECAP, the elongation is nearly constant.
Actually, by applying the first pass of ECAP, the
elongation decreases and by increasing the number of
passes up to 3 passes, the elongation variations are
negligible.

4) The Vickers microhardness
increases by increasing the pass number.

5) The results of the three-point bending test show
that the yield and ultimate bending strengths increase
significantly by increasing the number of ECAP passes.
This fact indicates that the ductility and resistance
against the bending can be dramatically enhanced by
applying the ECAP process on the CP-Ti. It should be
noticed that the bending strength of the ECAPed CP-Ti
has not been investigated so far.

6) After performing the Charpy impact, it is
understood that the absorbed energy to fracture decreases
significantly by applying the first pass of the ECAP, but
by increasing the number of passes, the fracture
toughness increases. In the third pass, the fracture
toughness is almost equal to that of the un-ECAPed
material. The results of the impact test reveal that by
applying the ECAP process in the higher passes, it is
possible to keep the fracture toughness constant and even
to improve it. The study of the resistance against the
impact of ECAPed CP-Ti has also not been performed
yet.

considerably
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