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Abstract: A review on severe plastic deformation (SPD) technique of equal channel angular pressing (ECAP) process of
commercially pure titanium (CP-Ti) alloys was presented with a major emphasize on the influence of ECAP parameters that include
channel and curvature angles, processing route, temperature of operation, pressing speed, internal heating, number of pass through
the die and back pressure. Various ECAP characteristics such as microstructure, strain inhomogeneity and mechanical properties are
considered to achieve the maximum homogeneity, equilibrium grain refinement and mechanical improvement of CRB-Ti.
Investigations show that a pressing speed of 1-3 mm/s at 450 °C with route B¢ along with channel and curvature angles of 90° and
20° respectively with backpressure can lead to the most homogeneous ultrafine microstructure.
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1 Introduction

Titanium-based alloys with high specific strength
play a significant role in various industries. Their
excellent corrosion resistance, durability at elevated
temperature, high specific strength, acceptable castability,
good weldability, excellent biocompatibility [1] and
lower density have introduced them as one of the
ever-increasing interesting materials in automotive,
aerospace and predominantly in biomedical as dental
implants [1-8]. It is prevalent to add some alloying
elements to hexagonal close packed (HCP) materials for
improving their mechanical properties [9—14]; however,
because most of the common alloying elements used in
Ti alloys, such as Al and V in the popular Ti—6Al-4V
alloy, are toxic [6,15] and may cause some illnesses,
there is a high demand to use commercially pure (CP-Ti)
Ti [3,16,17]. As a rule of thumb, the microstructure and
mechanical properties of materials should meet some
requirements to make them suitable for use as structural
biomaterials to replace hard tissues[18—21]. Among all
severe plastic deformation (SPD) methods [22—31],
ECAP process (came to operation in Russia during the
1970s by SEGAL et al [32,33]) is conventional to

produce homogeneous ultrafine grain microstructure
with high angle grain boundaries [3,6,14,34—48], which
helps to enhance the mechanical properties of materials
and improve their adhesion to living cells and their
proliferation [1,8,49]. Ultrafine-grained structure can
result in lower friction coefficient and higher wear
resistance. This is mainly due to the reduction of the
adhesion component of friction coefficient [50]. Unlike
many other ways of ultra-fine grain materials
production [51], it can produce large bulk materials with
acceptable density [22,35,52—57]. In ECAP process, one
can apply various uniform strains on the material while
preserving the original dimensions [36—38,58,59]
reaching elevated strength and ductility [60]. Titanium,
like other HCP metals [9], demonstrates low ductility,
especially at lower temperatures due to their limited
number of slip systems [6]. These alloys are categorized
as difficult-to- work alloys [3,61-64]. Previous studies
indicate that the ECAP processes of these alloys have
been carried out at relatively high temperatures, low
pressing speeds and high die angles. ECAP process is
widely used for grain refinement of Ti, Cu, Ni, Mg, Al
and Fe alloys [22,64—73].

It is conventional to develop nanostructure of CP-Ti
for medical use by combining ECAP with a wide range
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of metal forming techniques including extrusion, rolling
or forging [16,49,74]. VALIEV and RUSLAN [75]
showed that a combination of ECAP and thermo
mechanical treatment (TMT) on CP-Ti can lead to grain
refinement from 300—400 nm to 100 nm after ECAP.
This combination can improve the strength of material
with the decreased ductility.

2 ECAP process

Although there are many reports of using the ECAP
process for metallic powder consolidation [76—81], we
emphasize here the grain refinement of solid metals.
Figure 1 illustrates the principle of ECAP schematically.
Two channels meet each other with a channel angle of ¢
and curvature angle of ¥. To avoid the grinding between
each pass, it is conventional to design the entrance
channel of the die bigger than its exit channel [82]. A
sample, in the form of rod or bar can be pressed into the
die [49]. The sample experiences a simple shear strain
while passing through the mentioned angles. This
process can be repeated several times to reach the desired
microstructure.

Plunger
Sample

)

Pressed sample

Fig. 1 Schematic of ECAP process [83]

During the deformation process, some flow lines
appear in the material with their direction highly
dependent on the position of the specimen. Figure 2
shows a CP-Ti sample in the middle of the 4th pass (i.e.,
upper left side and lower right side of the sample
experienced 3 and 4 passes respectively, 3P and 4P) and
different parts of the sample are labeled by 4 to H.
Figure 3 reveals the higher magnification of 4 different
positions of the sample. White arrows help us to follow
the direction of the flow lines. These lines show that the
radius of the flow lines increases gradually from some
parts near the channel angle (position E, Fig. 3(b)) to the
center of the specimen (position F, Fig. 3(c)). It has a
horizontal U shape at the position G [3]. Complicated
flow lines appear close to the surface of the specimen

due to the effect of friction. Further analysis shows that
grain refinement (i.e., applied strain) strongly depends on
these positions [58] with the center of the billet
exhibiting the most homogeneous microstructure.

L;m RO’ Theoretical shear plane
; g -

Fig. 2 Cross section of CP-Ti (The left and right sides of shear
zone experienced 3 and 4 passes respectively [3])

3 Experimental

Experimental parameters play a critical role in
altering the microstructure, strain inhomogeneity and
mechanical properties of the ECAP-processed materials,
as explained below [49,68,74,84].

3.1 Channel and curvature angles

Channel angle (¢) and curvature angle (¥), shown
in Fig. 4(a), play a significant role in the total applied
stress/strain during ECAP [49,68]. The lower the angles,
the higher the imposed strain per pass [64,85]. The
previous studies show that ¢=90°—120° and ¥=0-20° are
the most practical angles for various alloys such as
titanium [6,59,65,86—88]. According to Eq. (1) [85],
these angles result in an approximate strain of 0.5-1.0 in
the first pass [68,85,89] (Fig. 4(b)).

Ey =%{200t(§+%)+¥’cosec{%+%ﬂ (1)

where N is the number of pass and ¢y is the total amount
of strain after N passes.

3.2 Processing routes

Processing routes can directly influence the
microstructure [22,55,84,90]. During multiple ECAP
passes, it is possible to rotate the sample along its
longitudinal direction [35]. Among four different routes,
demonstrated in Fig. 5, B¢ is the most conventional one
to reach a homogeneous microstructure for most
alloys [34,35,57,65,68,90-92], such as CP-Ti [5,16,35,59,
62,87,93,94], where the sample is rotated by 90° in the
same direction between each passes [90]. In route A there
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Fig. 4 Angles in ECAP (a) (¢is the angle of intersection of two channels and ¥ is the angle subtended by the arc of curvature at the

point of intersection [85] and variation of equivalent strain of single pass, with channel angles of 45°—~180° and curvature angles of
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Fig. 5 Four processing routes in ECAP [90]
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is no rotation, B, has a rotation of 90° in alternate
direction between passes and in route C the sample
should experience a rotation of 180° between
consecutive passes [49,85,92,94].

Previous studies show that various processing
routes can activate different slip systems which lead to a
wide range of microstructures. Figure 6 shows slip
systems in X, Y and Z planes and the numbers 1, 2, 3 and
4 are related to the first, second, third and fourth passes
respectively. It is clear that some routes are redundant
strain processes. For example, in route C, the strain after
every even number of process is restored. Route B¢ has

2nd pass Ist pass

(a) Route A
3 2

N\ f-

(c) Route B

similar situation and slip in the third and fourth passes
can cancel the slip of the first and second passes
respectively [49].

SHIN et al [59] revealed the dependency of
processing routes on active slip systems in CP-Ti. They
showed that {1011} is the primary twinning deformation
after the first pass [59,63]. By the end of the second pass
in route A, deformation is controlled by basal slip and
micro-twinning, and in route B, prism slip is active while
in route C, there are prism and pyramidal slip systems
with alternating twin bands. Figure 7(a) shows the
microstructure of CP-Ti after the first pass. The flow line

4 3 2 1
(b) R:oute B, -.
2 1
"f )"'r-
z 7 2
v . / - /

(d) Route C

Fig. 6 Active slip system on X, Y and Z planes due to various processing routes [49]

Fig. 7 Optical microstructures of CP-Ti after first pass (a) and second pass (b) in route A, second pass in route B (c), and second pass
in route C (d) [59]

¥ o
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has an inclination of 30° to the longitudinal direction.
After the second pass, the microstructure becomes highly
dependent on the processing route. In route A, a higher
amount of inclination with more homogeneous line space
appears (Fig. 7(b)). Figure 7(c) demonstrates the
micrograph of the material after the second pass with
route B. Flow lines have essentially the same alignment
as for the first pass although the line spacing is decreased.
The second pass of route C produces more homogeneous
microstructure because of the restoration of the shear
deformation after every even pass (Fig. 7(d)) [59].

Figure 8 reveals the transmission electron
microscopy (TEM) microstructure of CP-Ti after the first
pass with corresponding selected area diffraction (SAD)
pattern. Some parallel bands with a width of ~0.07 pm
are clear. These bands are finer than slip bands appeared
in cubic metals [59,67,95,96] and have lower dislocation
density [59,95] . The SAD pattern (Fig. 8(b)) shows that
the zone axis of [TZTO] has a mirror spot with respect
to the (1011) plane which introduces adjacent bands as
twin structure of {IOT 1} . This indicates that unlike
cubic materials [59,94,97-99], the CP-Ti deforms
primarily via twinning mechanism [59].

TEM microstructure of CP-Ti proves the evidence
of some differences between various processing routes

Fig. 8 TEM microstructure of CP-Ti after first pass (a) and
corresponding SAD pattern (b) [59]

after the second pass. Figure 9(a) shows a reduction in
the width of the twin band after the second pass by route
A. Although the SAD pattern reveals a small rotation of
the band after the second pass, the twin planes are still
{1011} . TEM microstructure of titanium after the
second pass of route B is completely different (Fig. 9(b))
and instead of layers (mentioned in route A), there are
some equiaxed grains with high dislocation density. The
SAD pattern with clustered diffraction spots reveals that
these grains have low angle grain boundaries [100]. After
the second pass via route C, the {1011} twin plane is

Fig. 9 TEM microstructure with corresponding SAD pattern for
CP-Ti after second pass via route A (a), route B (b) and route C

(c) [59]
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slightly misaligned (but less than that in route A) and
dislocation density is highly increased (Fig. 9(c)) [59].
Various studies show that although there is always a
mixture of low and high angle grain boundaries, the ratio
of high angle to low angle grain boundaries increases
with increased number of passes.

3.3 Temperature of operation

As a rule of thumb, ECAP is easier at elevated
temperatures. However, higher temperatures can raise the
rate of recovery and consequently, the dislocation
annihilation will be more extensive leading to low angle
grain boundary formation [91,101,102]. Increasing the
temperature can increase the grain size as well [62,69,91,
101-103] and decrease the dislocation density which
leads to lower strength improvement [16,93]. The
maximum ultrafine grain microstructure is reachable at
lower temperatures due to the inhibition of possible
recrystallization [62]. The lower temperatures can easily
provide smaller grain size [62] and high-angle grain
boundaries [49] which result in superior mechanical
properties [62]. Previous studies showed that, segmented
failures can happen for CP-Ti under cold work condition
[64]. SEMIATIN et al [64] showed that failure occurs at
room temperature at all strain rates (i.e., from 0.025 to
25 mm/s) with a channel angle of 90° (Fig. 10). Although
there are studies performed at room temperatures (with
high channel angle and low pressing speed) [4,63,93,
104], various investigations show that carrying out
ECAP at a temperature of 450 °C can lead to fully dense
CP-Ti with ultrafine grains [16,17,87,100,105,106]
(There is almost no recrystallization at this temperature)
[106]. Figure 11 shows the influence of the temperature
on the microstructure and grain size. CP-Ti processed at
450 °C for 8 passes has a grain size of 1.0 um while at
590 °C a grain size of 4.8 um is obtained.

3.4 Pressing speed
Pressing speed can strongly
deformation mechanism of CP-Ti. Titanium alloys with

influence the

25 mm
Fig. 10 CP-Ti samples after ECAP process at room temperature
and channel angle of 90° with different pressing speeds of
0.025 mm/s (a), 0.25 mm/s (b) and 25.0 mm/s (c) [64]

Fig. 11 EBSD microstructures of CP-Ti after 8 passes at
450 °C (a) and 590 °C (b) [106]

HCP crystal structure can deform by twinning or slip
mechanism depending on external conditions (such as
strain, temperature and strain rate) and microstructure
(such as grain size) [16,107]. KIM et al [107] showed
that a decrease in the pressing speed from 2.8 mm/s to
0.8 mm/s on the ECAP process of pure Ti at 450 °C can
increase dislocation density in the twin bands which
makes a transition from twinning to dislocation slip
mechanism. Figure 12 shows no evident of micro twins
at low pressing speeds.

3.5 Internal heating

During ECAP, the internal temperature of the die
increases. This effect is more prominent in stronger
materials [49] and at higher pressing speeds [108]. The
effect of internal heating on CP-Ti ECAP process has not
been reported but it could result in in-situ annealing.

3.6 Number of passes through die

ECAP process has the advantage of increasing the
amount of strain by increasing the number of passes
while the original cross section remains unchanged [55].
Increasing the number of passes can lead to strong grain
size refinement [74]. After the first pass, a pure shear
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pressing speed of 2.8 mm/s (a) and 0.8 mm/s (b) [107]

deformation occurs in CP-Ti alloys and grains get
elongated in longitudinal direction [93]. Investigations at
different temperatures [88,93] show appearance of a
large number of twins in the elongation direction after
the first pass (Fig. 13) [93]. The existence of twinning
depends on initial grain size, pressing speed and
interstitial impurity of the material [6]. After some passes,
ductility and strength increase simultaneously. This
phenomenon is due to the increased fraction of high
angle grain boundaries and the improved homogeneity of
the microstructures [88,109]. Figure 14 depicts
appearance of low angle bands after the first pass. By
increasing the number of passes, the width of shear
bands decreases [59,93]. In next steps, differently
oriented shear bands meet each other and some cells
appear, leading to sub-grain formation. Sub-grains wall
contains a large number of dislocations and SAD
patterns reveal that these new grains have high angle
grain boundaries [93] (Fig. 15).

During high temperature deformation of high
stacking ~ fault  metals, dynamic
recrystallization will occur, which is an important
mechanism of grain refinement. Based on the previous
studies, CP-Ti can reach its equilibrium grain refinement
and saturated mechanical properties after 4 to 6 passes at
temperatures of 200—450 °C [17,88] depending on the
initial grain size, processing route and plane direction
(transverse or longitudinal). It has been reported
that grain coarsening appears after 8 passes [4,17,35,
106,107].

continuous

Fig. 13 Microstructures of CP-Ti: (a) As-received; (b) After one
pass at room temperature [93]

Fig. 14 TEM analysis of CP-Ti after one pass: (a) Shear bands;
(b) SAD pattern [93]

It is conventional to lubricate samples with graphite
[87,93] or MoS, [6,16,63—65,74,87] between each pass
or employing a die with movable wall to minimize
friction between the billet and die walls [110—114].
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Fig. 15 TEM microstructure and SAD pattern of CP-Ti after
four passes [93]

3.7 Backpressure

Back pressure plays a critical role in ECAP process
of low ductility alloys [56,57,115]. Although increasing
the number of passes up to an optimum number can raise
the total strain leading to improvement of mechanical
properties, it is practically impossible to apply a large
number of passes in difficult-to-work alloys [36]. In fact,
during ECAP, after a few passes, cracks appear on the
sample [6,60]. The number of passes depends upon the
material. Increasing the temperature, because of the
possible recrystallization, is not a practical solution [62].
It is also not recommended to increase the angle of the
die corner, since it decreases the total amount of plastic
deformation [58]. Application of back pressure during
ECAP has been introduced as an alternative way to
improve the properties of the materials. Under
backpressure, materials have shown to be able to tolerate
more passes. As soon as the billet passed the angles, the
compressive mean stress changes to tensile (leading to
crack initiation), while in the presence of backpressure, a
negative (compressive) stress is applied during the whole
process [115]. This compressive hydrostatic pressure
causes a shear stress and by comparison, such a stress
generates less damage [56,57] due to application of
uniform stress—strain state in the material [116].

In summary, backpressure can influence the
microstructure and final shape of the billet as follows:

1) Improve the uniformity of the material which
leads to enhanced mechanical properties [58];

2) Increase the level of strain at each single pass and
consequently improve the plastic deformation [58];

3) Enhance the workability (the total number of
passes that the billet can tolerate without flaw initiation)
[49,115];

4) Reduce the pore size and damage accumulation
produced during the ECAP process [56,117];

5) Omit the corner gap (Dead zone, Fig. 16) [49,55,
58,115].

Fig. 16 Gap appearing between die and specimen in absence of
backpressure [115]

In spite of the above advantages, high levels of
backpressure may cause strain accumulation around the
corner, which leads to a severe localized deformation and
less strain uniformity [58].

During last two decades, many numerical
investigations have been done on the influence of a wide
range of ECAP parameters on the final characteristics of
the material [55,92,112,118—124]. SON et al [58] tried to
simulate three types of applying backpressure (Fig. 17)
on CP-Ti. In type I, type II and type III, a frictional
force, a plunger and a movable die apply backpressure to
the work-piece, respectively.

Figure 18 shows the influence of various amounts
of frictional force on strain accumulation of the
specimen. Although by increasing the severity of the
frictional condition, there is almost no corner gap, a large

(a) (b)

(c)

=

Fig. 17 Schematic illustration of three different types of backpressure: (a) Type I; (b) Type II; (¢) Type III [58]
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amount of strain accumulation around the corner will
appear, leading to inhomogeneity in the material [58].
The influence of various amounts of type II backpressure
on strain distribution of CP-Ti is illustrated in Fig. 19,
where it is clear that by increasing the amount of
backpressure, there is still some strain accumulation;
however, it is less than that in type 1. Figure 20 shows the
effect of type III backpressure on strain distribution of
CP-Ti and it is clearly seen that this kind of backpressure
has the advantage of more uniformity of the material.
This strain homogeneity could be reachable due to a
reduction in the friction force between the billet and die
caused by die sliding [58].

Previous studies show that it is more conventional
to use the type II backpressure. Figure 21 shows a second
punch method, where P; is the pressing force and P,
(P,<Py) is backpressure. A computer controlled back
pressure (Fig. 22) has been an area of research interest

Fig. 20 Strain distribution due to type III backpressure (¢=90°, ¥=0° and m=0.05): (a) 100

during the last decade [49]. This technology has the
advantage of controlling forward and backward pressure
and velocity of punches [49]. By contrast, employing
plunger is superior to applying frictional force between
the work-piece and die. It has been validated by
numerical investigations [125].

4 Conclusions

During the last two decades, ECAP process,
patented by SEGAL et al [32,33], developed rapidly in
various industries. Nowadays, it is one of the most
significant SPD methods of improving mechanical
properties of CP-Ti, which leads to higher
biocompatibility of titanium alloys.

Previous studies show that employing a die with
channel angle of 90° and curvature angle of 0°-20°along
with operation temperature of around 450 °C, pressing

1.40 2.98 2.
MPa; (b) 200 MPa; (¢) 300 MPa [58]
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Fig. 21 Schematic illustration of ECAP die with backpressure
(Py and P, are pressing force and backpressure force
respectively. Y is the channel angle [49])

Fig. 22 Computer control equipment to apply backpressure
during ECAP process with die curvature angle of 90° [57]

speed of 1-3 mm/s, route Bc and an appropriate
backpressure can lead to optimum mechanical properties
and microstructural homogeneities in CP-Ti.
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