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Abstract

The application of the Equal Channel Angular Pressing (ECAP) process imposes severe
plastic strains on the metallic billet. As a result of these imposed strains, the initially
coarse grains are transformed into ultra-fined or nanostructured grains, and beneficial
microstructural evolutions occur in the texture of the material, which lead to
improvements in mechanical properties. In this study, commercially pure titanium
(CP-Ti) BT1-0, as a hard-to-deform material, was placed inside a casing made of pure
copper and subjected to four passes of warm ECAP at a temperature of 250°C in a 135°
channel using route Bc, accompanied by the application of back pressure through
extrusion in the end of die. The simultaneous effect of back pressure and the casing on
the grain structure and mechanical properties of the target material, i.e., CP-Ti, was
evaluated. Experimental results showed that the grain size was refined from 49 pm in
the initial annealed state to 710 nm after four ECAP passes. The compressive yield and
ultimate strength, and also compressive elongation changed from 267 MPa, 899 MPa,
and 51.8 mm/mm in the non-ECAPed condition to 958 MPa, 1375 MPa, and 30.7
mm/mm after ECAP processes, corresponding to increases of 359% and 153%, and a
decrease of 59%, respectively. The average Vickers hardness also increased from 163
Hyv in the initial annealed state to 289 Hyv after four ECAP passes, representing a 77%
enhancement.
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1. Introduction

Titanium and its alloys are widely used in various
industries such as aerospace, automotive, and
biomedical due to advantages including low
density, high specific strength, excellent corrosion
resistance, low elastic modulus, high temperature
resistance, good castability and weldability,
relatively low cost, and most importantly,
outstanding biocompatibility [1].

Metals and alloys such as titanium and magnesium,
which possess a hexagonal close-packed crystal
structure, as well as precipitation-hardenable alloys
such as aluminum 7075, are considered hard-to-
deform metals due to their low formability at low

temperatures and even at room temperature [2, 3].
When processes such as ECAP with high strains are
applied to these metals at low temperatures, surface
and subsurface defects, cracking, and fragmentation
occur as a result of unstable plastic flow [4].
Previous studies have shown that these defects in
the ECAP process can be mitigated by increasing
the die channel angle, increasing the processing
temperature, reducing the pressing speed, using a
bimetallic sample with a casing, applying back
pressure, and controlled annealing [5, 6].

In summary, in this research, warm ECAP at 250°C
and a die channel angle of 135° was applied to BT1-
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0 CP-Ti inserted into a copper casing. By using an
extrusion designed at the exit end of the channel
(reducing the diameter from 15 mm to 10 mm) and
placing a billet of pure aluminum in it, during the
ECAP process, the extrusion force of the secondary
material imposed a hydrostatic pressure referred to
as back pressure on the titanium sample. The ECAP
process was performed for four passes using route
Bc, and the microstructure, compressive strength,
and hardness were evaluated to investigate the
simultaneous effects of warm temperature, back
pressure, and the casing on the workability of CP-
Ti. The compressive strength property was selected
in order to examine the strength of the ultrafine-
grained CP-Ti produced for potential application in
compression-loaded components such as dental
implants. The implementation of warm casing
ECAP on CP-Ti accompanied by the simultaneous
application of back pressure through the innovative
method of end extrusion, resulting in successful
execution of four passes of ECAP at 135° and the
achievement of an ultrafine-grained structure with
enhanced mechanical properties, represents the
significant objectives and novelties of this study.

2. Materials and Experimental procedure

In this study, rods of CP-Ti BT1-0 were used as the
core metal or billet and were press-fitted into tubular
casings made of pure copper. For the back pressure
material, a rod of pure Al 1070 was used due to its
softness and easier plastic flow. In this method, to
apply back pressure, an extrusion with a diameter
reduction was designed at the exit end of the die
channel. The force required to perform the extrusion
results in a reaction force being applied to the ECAP
specimen, known as back pressure [7].

The ECAP process was carried out at a warm
temperature (not hot) of 250°C [8] using a hydraulic
press with ram speed of 9 mm/s. The process was
performed for up to four passes following route Bc
[9]. After removing the casing from the processed
material, it was observed that the four passes had
been successfully applied, and no macroscopic
evidence of surface cracks, subsurface defects, or
noticeable fracture was present on the surface of the
CP-Ti. Therefore, the titanium billet before ECAP
and after the four passes of ECAP was subjected to
mechanical and microstructural characterization.
The microstructure  evolution, compression

behavior and hardness of CP-Ti BT1-0 before and
after the warm ECAP process under simultaneous
application of back pressure and casing confinement
was investigated according to the ASTM standards.

3. Results and Discussion

The microstructure of CP-Ti BT1-0 before and after
four passes of casing ECAP accompanied by back
pressure was examined using optical microscopy
and is shown in Figure 1. A noticeable grain size
reduction is clearly observable qualitatively in the
images. The output of the MIP software indicates
that the grain size decreased from 49 um in the
initial annealed state to 0.71 um (equivalent to 710
nm), which confirms the ultrafine-grained structure
of the material resulting from severe plastic
deformation. Grain refinement accompanied by
grain elongation along the flow direction indicates
the application of a high-strain deformation process,
which transformed the initially equiaxed grains into
elongated secondary grains.

Figure 1: Optical microscopy (OM) images of CP-Ti BT1-0, (a)
without ECAP (initial annealed condition), and (b) after four
passes of warm casing ECAP with back pressure.



49  Evaluation of mechanical properties of ...

Reza Naseri

The engineering stress—strain curves obtained from
the compression tests are presented in Figure 2. The
results show that with the application of ECAP
accompanied by the casing and back pressure,
increasing the number of passes from 1 to 4
increases the compressive yield and ultimate
strength of the material, while the percentage of
compressive strain decreases. The yield strength
(MPa), ultimate strength (MPa), and compressive
strain (%) change from 267, 899, and 51.8% in the
non-ECAPed condition to 958, 1375, and 30.7%,
respectively, after four ECAP passes. As can be
seen, increases of 153% and 359% were obtained in
the compressive yield and ultimate strengths,
respectively, along with a decrease of 59% in
compressive strain. The trend of variations in yield
strength, ultimate strength, and compressive strain
during the compression tests can be observed in
Figure 3.
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Figure 2: Engineering stress—strain curves from the compression
test of CP-Ti BT1-0 before and after 1 to 4 passes of warm casing
ECAP with back pressure.
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Figure 3: Variation trends of yield strength, ultimate strength,
and compressive strain of CP-Ti BT1-0 during the compression
test after four passes of the casing ECAP process with back
pressure.

The prepared specimens were subjected to Vickers
microhardness testing before and after 1 to 4 passes
of the ECAP process. The results showed that
increasing the number of passes increased the
average hardness across the mid-section of the
billet, and the hardness values increased from 163
Vickers (Hv) for the non-ECAPed (initial annealed)
state to 223, 252, 278, and 289 Vickers for passes 1
through 4, respectively. A 77% increase is evident
from the non-ECAPed state to the four-pass ECAP
state. Figure 4 shows the hardness evolution of CP-
Ti BT1-0 before and after the ECAP passes.
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Figure 4: Trends of Vickers microhardness increase in BT1-0
samples before and after 1 to 4 passes of warm casing ECAP with
back pressure.

The improvement in mechanical properties,
including strength and hardness, can be attributed to
the simultaneous effects of severe plastic
deformation by warm ECAP, the use of the casing,
and the application of back pressure in optimizing
microstructural evolutions and increasing the rate of
ultrafine grain formation. In addition to the
increased imposed plastic strain and the resulting
significant grain refinement, optimized
microstructural transformations (including the
formation of mechanical twins, shear bands,
lamellar structures, and complex band intersections,
as well as increased dislocation density,
accumulation, and the increased fraction of high-
angle grain boundaries) due to severe plastic
deformation by ECAP lead to improved mechanical
properties, which are further enhanced by the use of
the casing and back pressure [7, 10].

4. Conclusion

e The successful application of four ECAP passes
on CP-Ti, resulting in an approximate total
average strain of about 1.84 in this hard-to-deform
material without observable defects or noticeable



Journal of Science and Technology in Mechanical Engineering

Vol. 04, No. 02, 2025 50

damage, indicates an improvement in the
workability of the material due to the
simultaneous application of back pressure and the
use of a casing. This effect is mainly attributed to
the increase in hydrostatic pressure and the
reduction of fracture-related stress effects.

e Microstructural analyses showed that the grains
transformed from the initially coarse equiaxed
state (49 um) to an ultrafine elongated secondary
structure (710 nm).

e Evaluation of the stress—strain curves from
compression testing on the initially annealed
titanium samples and those processed through 1 to
4 ECAP passes indicates a significant
enhancement in compressive yield and ultimate
strength, along with a relative decrease in
compressive strain. Quantitatively, the yield
strength (MPa), ultimate strength (MPa), and
compressive strain (%) changed from 267, 899,
and 51.8% in the non-ECAPed (annealed) state to
958, 1375, and 30.7%, respectively, after four
ECAP passes, corresponding to increases of 359%
and 153% in yield and ultimate strengths, and a
decrease of 59% in compressive strain.

e The Vickers microhardness assessment of the
mid-section of the titanium billets showed that the
average hardness value increased from 163 Hv in
the initial annealed state to 289 Hv after four
ECAP passes, representing a 77% improvement.
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1 Age Hardening

12 Difficult-to-work alloys

13 Casing

14 Back pressure

15 Hot ECAP (0.5 Tm<T<0.8 Tm, Tm: Melting temperature)

16 Dynamic recrystallization

17 Warm ECAP (0.3 Tm<T<0.5 Tm, Tm: Melting temperature)
18 Cold ECAP (RT: Room temperature)

19 Dynamic recovery

20 Hydrostatic stress

! Equal Channel Angular Pressing (ECAP)
2 Severe Plastic Deformation (SPD)

3 Pass

4 Coarse grain (CG)

5 Ultra-Fine Grains (UFG)

6 Nano-Crystalline (NC)

7 Low Angle Grain Boundaries (LAGBs)

8 High Angle Grain Boundaries (HAGBs)
° Dislocations

10 Hexagonal Close Packed (HCP)
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! Covered Tube Casing (CTC)
2 Workability
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