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The effect of equal-channel angular pressing (ECAP) in quasi-continuous mode on the structure formation
and mechanical and functional properties of a near-equiatomic Ti-Ni shape memory alloy (SMA) was
studied in this work. ECAP with channel intersection angles of 110� and 120� was carried out at a
temperature of 350-450 �C for 2-7 passes. Optimum deformation temperatures of ECAP in quasi-contin-
uous mode are determined as 400 �C for ECAP with a channel intersection angle of 120� and 450 �C for
110�. ECAP with a channel intersection angle of 110� at a temperature of 450 �C yields high values of
strength (yield stress ry = 1,090 MPa, ultimate tensile strength rd = 1,150 MPa) and functional (maximum
value of completely recoverable strain of 7.5% after ECAP and 8.4% after the addition of post-deformation
annealing (PDA) at 400 �C for 1 h) characteristics. With the increase in the deformation temperature of
quasi-continuous ECAP with a channel intersection angle of 110� from 350 to 450 �C, structure-mor-
phological transformation in Ti-Ni SMA occurs. The shape of structural elements (grains and subgrains)
changes from elongated to equiaxed; the size of the structural elements increases from less than 100 nm to
100-250 nm.
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1. Introduction

The successful application of Ti-Ni-based shape memory
alloys (SMAs) in various fields of engineering and medicine
requires a rational combination of modern production tech-
nologies and methods of controlling functional characteristics,
allowing one to fully implement the capabilities of these alloys
(Ref 1-9). An increase in the combination of mechanical and
functional properties of Ti-Ni SMA is associated with the
formation of an ultrafine-grained (UFG) structure (Ref 10-14).
For the formation of an UFG structure in various materials, a
severe plastic deformation (SPD) is generally used (Ref 15-17).
In the study (Ref 18), it was determined that the formation of a
completely nanocrystalline structure provides the highest
combination of mechanical and functional properties in Ti-Ni
SMAs. These results were obtained on thin films, produced by
a multi-pass cold rolling. Recently, in the study (Ref 19-21) the
possibility of the formation a nanocrystalline structure in the

bulk sample with the size of 1 cm3 using MaxStrain deforma-
tion scheme was shown. However, for the industrial application
of nanocrystalline Ti-Ni-based SMA the size of sample must be
increased. Currently, one of the most promising methods for the
formation of a UFG structure in bulk samples of various alloys,
including SMA, is equal-channel angular pressing (ECAP) (Ref
22-27). According to (Ref 28, 29), after ECAP in a conven-
tional mode with a channel intersection angle of 110� at
deformation temperatures from 450 to 350 �C in 8-12 passes,
generally, an equiaxial UFG submicrocrystalline structure of
B2-austenite was formed in Ti-50.0-50.6 at %Ni SMA. The
grain/subgrain size ranged from 200 to 300 nm, while in the
initial recrystallized state before ECAP, the grain size was about
20 to 30 microns. The perspectives of application of ECAP in
quasi-continuous mode (without pauses and the intermediate
heating of the sample between passes) for obtaining bulk Ti-Ni
SMA samples with a nanocrystalline structure were shown in
(Ref 30). The application of quasi-continuous ECAP with a
channel intersection angle of 120� at a temperature of 400 �C in
seven passes allows the formation of a mixed nanograined and
nanosubgrained structure with an average size of structural
elements of 103±5 nm and increases the maximum completely
recoverable strain up to 9.5%. In contrast, after the conven-
tional ECAP mode (with pauses and the intermediate heating of
the sample between passes) with a channel intersection angle of
120� at a temperature of 450 �C for twenty passes, only the
submicrocrystalline structure with an average size of structural
elements of 171±10 nm and a maximum completely recover-
able strain of 7.2% was obtained (Ref 30). A schematic
representation of the ECAP process in the quasi-continuous and
conventional modes is shown in Fig. 1.

For the further expansion of possibilities of the quasi-
continuous ECAP application, the effect of change of the main
ECAP parameters, such as deformation temperature and strain,
on the evolution of the structure and properties of Ti-Ni SMAs
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must be studied. For this purpose, at the first stage of the work,
to investigate the possibilities of additional structure refine-
ment, a quasi-continuous ECAP mode with a channel inter-
section angle of 120� was used, and the deformation
temperature was lowered from 400 to 350 �C. At the second
stage, the possibility of the quasi-continuous ECAP application
with a channel intersection angle of 110� and a temperature
range of 350-450 �C was studied. This angle was chosen for
the comparison with previous experience of the application of
ECAP in conventional mode (Ref 28, 29).

Based on this information, the purpose of this work is
defined as a comparative study of the cumulative effect of
channel geometry, temperature, and strain degree on the
evolution of the structure during ECAP in a quasi-continuous
mode as well as the determination of the prospects of ECAP
application for the formation of a completely nanocrystalline
structure and the development of the highest possible combi-
nation of the mechanical and functional properties of Ti-Ni
SMA.

2. Materials and Methods

A hot-rolled rod with a diameter of 20 mm and a length of
90 mm from near-equiatomic Ti-50.1 at.% Ni SMA, supplied
by industrial center MATEK-SMA Ltd., was used as a billet for
ECAP processing. The state of the sample after annealing at
750 �C for 30 min and cooling in water served as a reference
treatment (RT) and was applied to all samples before ECAP
(the starting temperature of forward martensitic transformation
Ms = 38 �C). The accumulated true strain after ECAP was

calculated using the following equation: e ¼ 2=
ffiffiffiffi

3�
p

ctg u=2ð Þ,
where u is the channel intersection angle. The studied regimes
of quasi-continuous ECAP and post-deformation annealing
(PDA) are shown in Table 1.

Before the first ECAP pass, each sample was heated to the
deformation temperature in the electric furnace chamber and
then immediately transferred to the ECAP container, prelimi-

narily heated to the required temperature that was maintained
and controlled by the thermocouple placed on the depth of 4 cm
from the container surface close to the matrix. Samples for all
the applied research methods (Fig. 2) were cut from the
workpiece after ECAP using the electrical erosion cutting
machine as well as on a disk cutoff machine.

The samples for the determination of properties were
polished and chemically pickled in an acid solution HF +
HNO3 + H2O2 with a ratio of 1:3:6 for removing the hardened
layer. The samples for the TEM analysis were cut from the
workpiece after ECAP at the half radius from the edge in
perpendicular direction. Thin foil specimen for TEM analysis
was obtained via the mechanical polishing of precut disks from
0.5-0.3 mm to 0.1 mm. Further disks were thinned via
electrolytic polishing in an acid solution HCLO4 + CH3COOH.

After ECAP processing, PDA at a temperature of 400 �C for
1 h was applied. The application of PDA as a final operation of
thermomechanical treatment (TMT) is justified, first, by the
necessity to ensure the effectiveness of subsequent operations
for inducing the required operational (‘‘remembered’’) shape
and temperature range of shape recovery and, second, by the
need to analyze the stability of the structure and properties
obtained after TMT. The Vickers hardness measurements were
carried out at room temperature using a LECOM 400-A tester
under a load of 1 N and a dwell time of 10 sec. Not less than ten
indentations were performed for each sample. The phase
composition was studied using the Ultima IV Rigaku x-ray
diffractometer in CuKa radiation in the 2H angle range from
35� to 47� at room temperature. An investigation of the
microstructure was performed using a JEM-2100 transmission
electron microscope at an accelerating voltage of 200 kV. The
mechanical properties were determined at room temperature by
the uniaxial tensile tests using the universal tensile machine
INSTRON 3382 with a deformation rate of 2 mm/min. The
obtained stress–strain diagrams were used to determine the
following parameters: critical stress for martensite reorientation
(or transformation yield stress) rcr, dislocation (conventional)
yield stress ry, ultimate tensile strength rd, yield plateau strain
epl, difference between dislocation and transformation yield

Fig. 1. Schematic representation of the ECAP process in quasi-continuous and conventional modes
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stresses Dr = ry � rcr, and relative elongation to failure d.
Characteristic temperatures of forward (start and finish temper-
atures Ms, Mf,) and reverse (start and finish temperatures As,
Af,) martensitic transformations were estimated by differential
scanning calorimetry (DSC) method using a Mettler-Toledo
calorimeter in the cooling-heating cycle at a rate of 10 K/min.
Recoverable strain (er) and maximum completely recoverable
strain (emax

r;1 ) were estimated via a thermomechanical method
using a bending mode for strain inducement. A detailed
description of the thermomechanical method was provided in
an earlier study (Ref 31). The error limits of the reported values
are as follows: for r ±15 MPa, for HV ±9, for d ±1.4%, and
for emax

r;1 ±0.3%.

3. Results and Discussion

3.1 The ECAP Procedure

Quasi-continuous ECAP with a channel intersection angle
of 120� at lowered deformation temperatures, to 350 �C and
380 �C, allows only three and four passes to be carried out,
respectively, with sample fragmentation in the last pass
(Fig. 3). Previously, quasi-continuous ECAP was successfully
conducted at a temperature of 400 �C for seven passes without
sample damage (Ref 30). Sample destruction, after a compar-
atively small number of passes at a lowered deformation
temperature, reveals the necessity of processing of quasi-

continuous ECAP with a channel intersection angle of 120� at a
temperature not lower than 400 �C.

The first application of quasi-continuous ECAP with a
channel intersection angle of 110� was carried out at a
temperature of 450 �C. Seven passes were successfully con-
ducted without sample destruction. The eighth pass was not
conducted because of the high probability of sample failure
owing to the appearance of visible surface defects on the front
end of the sample and, in addition, the considerable increase in
pressure indication in the press hydraulic system. The lowering
of the deformation temperature to 400 �C leads to crack
formation during the third pass of quasi-continuous ECAP. At a
deformation temperature of 350 �C, only two passes were
carried out because of the high risk of the sample breaking
during the next pass for the previously mentioned reasons.
Images of the samples after ECAP in quasi-continuous mode
with a channel intersection angle of 110� are shown in Fig. 4.

3.2 X-ray Diffraction Analysis

The results of x-ray diffraction analysis of the samples after
various regimes of ECAP in quasi-continuous mode are
presented as diffractogram excerpts in the 2H angle range—in-
cluding the most intensive lines of B2-austenite, the interme-
diate rhombohedral R-phase, and monoclinic B19¢-
martensite—in Fig. 5.

After ECAP with u = 120� both at 350 �C and 380 �C, x-
ray lines of B19¢-martensite and the R-phase are observed.
Some amount of residual B2-austenite may be present, but

Table 1. Studied regimes of quasi-continuous ECAP

No.

ECAP Annealing

Temperature,
�C

Number of
passes

Accumulated true strain
(e)

Channel intersection
angle, � Notation

Temperature,
�C

Time,
min

1 350 3 2.01 120 ECAP3350 350, 400 60
2 380 4 2.68 120 ECAP4380 350, 400 60
3 350 2 1.62 110 ECAP2350 400 60
4 400 3 2.43 110 ECAP3400 400 60
5 450 7 5.67 110 ECAP7450 400 60

Fig. 2. Image of samples, cut from the workpiece after ECAP, for
determination of mechanical and functional properties

Fig. 3. Images of samples after ECAP at deformation temperatures
of 350 �C and 380 �C with a channel intersection angle of 120� in
three and four passes, respectively
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{110}B2 austenite lines are not visualized clearly because of the
overlapping of {330}R and {3 30}R intermediate R-phase lines.
PDA leads to the increase in the B19¢-martensite amount. It
should also be noted that after ECAP at 350 �C, the R-phase
amount is much higher than that after ECAP at 380 �C.

X-ray diffraction analyses of the samples after ECAP with a
channel intersection angle of 110� reveal that at room
temperature, the x-ray lines of B19¢-martensite, the intermedi-
ate R-phase, and B2-austenite are all present. The R-phase
amount is higher than the amount of B19¢-martensite compared
to ECAP with u = 120� (Ref 30). This may be associated with
the increase in deformation hardening and the corresponding
increase in B2 fi R transformation temperatures in conditions
of a more rigid deformation regime. With the increased number
of passes, the intensity of the R-phase lines also increases.
Furthermore, after ECAP at 350 �C, a wider and unsplit peak of
the R-phase indicates a lower degree of rhombohedricity

(higher a angle) of the R-phase than after other studied regimes
of ECAP. This, in turn, indirectly indicates a decrease in the
temperature range of the forward martensitic transformation
R fi B19¢ because of an increase in lattice defectness.

An evaluation of martensite x-ray line width after cooling to
room temperature is extremely difficult because of its weak.
Therefore, to compare lattice defectness after ECAP with
different intersection angles, the martensite amount was
increased via cooling in liquid nitrogen and reheating to room
temperature (Fig. 4c). The results of the x-ray (111)B19’ line
width evaluation are shown in Table 2.

Based on the obtained results, despite an increase in the
deformation temperature of 50 �C, the lattice distortion degree
after ECAP7 with a channel intersection angle of 110� is higher
than that after ECAP7 with a channel intersection angle of
120�. The decrease in the channel intersection angle from 120�
to 110� and the associated increase in the true accumulated
strain after one pass from e = 0.67 to e = 0.81 lead to an
increase in lattice distortion and, from this point of view, allow
the deformation temperature to increase from 400 to 450 �C
with corresponding increase in deformation hardening.

3.2.1 Transmission Electron Microscopy. An TEM
study of the resultant structure and phase composition of the
Ti-Ni near-equiatomic alloy was carried out after quasi-
continuous ECAP with a channel intersection angle of 110�
in a temperature range of 350-450�C. A structure analysis of
the samples after ECAP with a channel intersection angle of
120� was not conducted since, as will be shown further, the
obtained combination of mechanical and functional properties
(especially maximum completely recoverable strain value) is
lower compared with that previously studied (Ref 30) on the
quasi-continuous ECAP regime in seven passes at a temper-
ature of 400 �C. As a result, bright and dark field images and
electron diffraction patterns were obtained, which are shown in
Fig. 6, 7, 8.

Figure 6(a) and (b) shows the alloy structure obtained after
quasi-continuous ECAP with a channel intersection angle of
110� at a deformation temperature of 350 �C in two passes (e =
1.62). The number of passes is determined by the appearance of
clearly observed fracture zones (surface cracks) and the high
probability of sample fragmentation during the next pass. An
analysis of the bright and dark field images reveals deformation
bands that are elongated perpendicularly to the sample axis.

Fig. 4. Images of samples after ECAP in quasi-continuous mode
with a channel intersection angle of 110�: ECAP7450 (a), ECAP3400
(b), and ECAP2350 (c)

Fig. 5. X-ray diffractograms of Ti-Ni SMA after ECAP with channel intersection angle u = 120� at 350 �C and 380 �C and PDA at 350 �C
and 400 �C, 1 h (a), after ECAP with u = 110� at 450 �C, 400 �C, and 350 �C and PDA at 400 �C, 1 h (b), and after ECAP7 with u = 110�
and 120� at 450 �C and 400 �C, respectively, and PDA at 400 �C, 1 h, after cooling in liquid nitrogen (c)
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The deformation bands contain equiaxed and ellipsoidal
structure elements; the main axis of the ellipsoidal structure
elements is also perpendicular to the sample axis direction.
Based on the dark field images, the deformation bands have an
alternating crystallographic orientation and contain a developed
dislocation substructure with a very high density of free (not
involved in boundaries and subboundaries) dislocations (�1011

cm�2). The average transverse size of the structural elements
after ECAP with a channel intersection angle of 110� at a
temperature of 350 �C for two passes is less than 100 nm. An
analysis of the dark field images shows that these structure
elements are subgrains (with low-angle misorientation) and
grains (with high-angle misorientation). An analysis of the
diffraction patterns reveals the existence of all three main
phases in the sample after studied treatment: B2-austenite and
B19¢-, R-martensites. The representative reflections of these
three phases are indicated in the electron diffraction pattern
(Fig. 6a). The identification of the B2-phase in the electron
diffraction pattern must be noted. In the x-ray diffraction

patterns, this phase could not directly identified given the
superimposition of x-ray lines of the R-phase on the lines of the
B2-phase. In the electron diffraction pattern, the reflexes of
these two phases are azimuthally shifted relative to each other
and can be reliably identified despite the low radial resolution
compared to the x-ray diffraction pattern. Electron diffraction
patterns have an annular shape, typical for the formation of
nanocrystalline structures. The relative position of individual
reflections or groups of reflections of the one electron
diffraction pattern ring indicates the presence of both low-
angle and high-angle misorientations, thereby confirming the
conclusion based on the analysis of the dark field images.

The increase in the deformation temperature of quasi-
continuous ECAP to 400 �C decreases the deformation resis-
tance and allows the true accumulated strain to increase to e =
2.43 by adding one more pass. An analysis of the correspond-
ing electron micrograph images in Fig. 7 shows that the size of
the structure elements distinctly increases and lies in the range
from 50 nm to 150 nm. The elongation of grains/subgrains is

Table 2. X-ray line (111)B19’ width after various ECAP regimes measured after cooling in liquid nitrogen and reheating
to RT

ECAP regimes Channel intersection angle u, � B111 (�2h)

RT … 0.52±0.03
ECAP7450 110 0.98±0.05
ECAP7450 + 400 �C , 1 h 110 0.95±0.05
ECAP7400 120 0.80±0.05
ECAP7400 + 400 �C , 1 h 120 0.78±0.05

Fig. 6. Microstructure of Ti-Ni near-equiatomic SMA after ECAP with a channel intersection angle of 110� at 350 �C for two passes (a, b).
Transmission electron microscopy: bright and dark field images and electron diffraction patterns

3100—Volume 30(4) April 2021 Journal of Materials Engineering and Performance



maintained but less noticeable compared with those during
deformation at 350 �C. The phase composition (B2-austenite
and B19¢-, R-martensites) is stable. The free dislocation density

remains high. The annular shape of the electron diffraction
patterns becomes less pronounced because of the decrease in
the azimuthal smearing of the phase reflections, which indicates

Fig. 7. Microstructure of Ti-Ni near-equiatomic SMA after ECAP with a channel intersection angle of 110� at 400 �C for three passes (a, b).
Transmission electron microscopy: bright and dark field images and electron diffraction patterns

Fig. 8. Microstructure of Ti-Ni near-equiatomic SMA after ECAP with a channel intersection angle of 110� at 450 �C for seven passes (a, b).
Transmission electron microscopy: bright and dark field images and electron diffraction patterns
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a decrease in the local lattice distortion because of some
decrease in its defect density.

An additional increase in the deformation temperature to
450 �C leads to the enhancement of ductility of the alloy; seven
passes of ECAP with a channel intersection angle of 110� (e =
5.67) do not result in sample fragmentation. Applying this
ECAP regime leads to the growth of structural elements to 100-
250 nm and some decrease in dislocation density, i.e., to a
general lowering of lattice defectness compared to previous
treatments (Fig. 8). A transition from a mostly elongated
grain/subgrain structure to a predominantly equiaxed structure
is observed. The reflections of all three phases are identified in
the electron diffraction patterns: B2-austenite and B19¢-, R-
martensite.

Thus, the electron microscopy analysis reveals that within
the studied temperature-deformation conditions of quasi-con-
tinuous ECAP with a channel intersection angle of 110�, the
determining factor with the strongest effect on morphology, the
size of the structure elements, and the degree of lattice
defectness is deformation temperature. The following results
of the deformation temperature�s effect on the structure
formation in the near-equiatomic Ti-Ni alloy in conditions of
quasi-continuous ECAP with a channel intersection angle of
110� are defined; with the increase in the deformation
temperature from 350 to 450 �C, the morphology of the
structure elements (grains and subgrains) changes from elon-
gated to equiaxed, the size of the structure elements increases
from less than 100 nm to 100-250 nm, and the free dislocation
density decreases while remaining within the same order of
magnitude.

3.3 Mechanical and Functional Properties

The results of the Vickers hardness tests after the ECAP
regimes with channel intersection angles of 120� and 110� and
PDA are shown in Fig. 9.

The hardness values after ECAP with u = 120� in three and
four passes at 350 �C and 380 �C, respectively, are lower than
after ECAP at 400 �C in seven passes. After ECAP with u =
110�, the maximum hardness value (254 HV) is obtained after
ECAP in seven passes at 450 �C. However, this value is
considerably lower compared with that after ECAP in seven
passes with u = 120� at 400 �C. Low hardness values after
ECAP with u = 110� are associated with changes in the phase
composition of the alloy at room temperature. Measurements in
the R-phase state near the starting temperature of forward
martensitic transformation Ms reveal a decrease in hardness
value given the increase of plasticity mechanism in the
contribution of the stress-induced R fi B19¢ transformation
mechanism to the overall deformation process. PDA at 400 �C
for 1 h does not lead to a significant (more than 10 HV)
decrease in hardness value after the studied ECAP regimes,
which indicates the stability of the obtained structure.

DSC study shows that after RT, both forward and reverse
martensitic transformations pass through one stage: B2 fi B19¢
and B19¢ fi B2, respectively (Fig. 10). Their characteristic
transformation temperatures are as follows: Ms (start) = 40 �C,
Mp (peak) = 32 �C,Mf (finish) = 24 �C for the forward MT, and
As (start) = 52 �C, Ap (peak) = 67 �C, Af (finish) = 72 �C for the
reverse MT. The quasi-continuous ECAP entailed development
of internal stress fields, which resulted in splitting of the direct
MT into two stages: B2 fi R and R fi B19¢, with following
characteristic transformation temperatures: Rs (start) = 52 �C,
Rp (peak) = 36 �C, Rf (finish) = 17 �C for the former, and Ms

(start) = 24 �C, Mp (peak) = 2 �C,Mf (finish) = � 11 �C for the
latter. Thus, a considerable lowering of the B19¢-martensite
formation temperatures is observed as well. The reverse MT
range (As�Af) slightly shifts toward lower temperatures after
ECAP (As = 48 �C, Ap = 61 �C, Af = 65 �C). The described
changes in the MT kinetics correlate well with known results
for severely deformed and annealed Ti-Ni alloys (Ref 19).

Fig. 9. Hardness test results after various ECAP regimes and after ECAP + PDA at 400 �C, 1 h
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Representative stress–strain diagrams after ECAP with u =
110� are shown in Fig. 11. The main stress and strain
parameters rcr, ry, rd, epl, Dr, and d are schematically shown
in the inset to Fig. 11. The maximum completely recoverable
strain versus the ECAP regimes is shown in Fig. 12. Based on

the conducted research, a unifying Table 3 containing the
mechanical and functional properties after all the studied ECAP
regimes was compiled.

The mechanical behavior of the samples during the tensile
tests is typical for thermomechanically treated Ti-Ni near-
equiatomic alloys with the structure of martensite and the R-
phase. A less predominant inclined yield plateau is observed
because of the development of R fi B19¢ transformation under
the loading and reorientation of B19¢-martensite. The strength
characteristics after lowering the deformation temperature of
quasi-continuous ECAP to 350 �C and 380 �C with u = 120�
are slightly lower (ry of 50 MPa in average, rd of 100 MPa in
average) compared with the results, obtained after ECAP at
400 �C in more passes (Ref 30). With the decrease in the
channel intersection angle for all the studied ECAP regimes, an
increase in the dislocation yield stress to 1000 MPa and higher
is observed, which indicates an increase in deformation
hardening (Table 3). In the case of the identical regime for
both variants of the channel intersection angle of ECAP3400, ry
equals 1000 MPa for u = 110� against 855 MPa for u = 120�
(Ref 30). The critical stress for martensite reorientation rcr,
which is determined by the position of the deformation
temperature relative to the temperature Ms, in the case of u =
110�, has lower values of 90-150 MPa. Abnormally high
plasticity of d = 50-70% is a consequence of premartensitic
softening (Ref 32-35) because, as shown by the x-ray analysis
(Fig. 5), deformation at room temperature occurs in the
presence of the R-phase.

The highest value of Dr, which substantially determines a
resource of maximum completely recoverable strain (Ref 36),
for u = 110�, is 1,010 MPa after seven passes of ECAP and
PDA at 400 �C, 1 h. This is confirmed by the maximum value
of completely recoverable strain of 8.4% obtained after this
TMT regime. PDA at 400 �C leads to the increase in
recoverable strain given the lowering of the transformation
yield stress while retaining a high value of dislocation yield
stress and a corresponding increase in Dr. The maximum

Fig. 10. Calorimetric curves of Ti-Ni near-equiatomic SMA after
RT and ECAP7450

Fig. 11. Typical tensile diagrams of Ti-Ni near-equiatomic SMA after ECAP with a channel intersection angle of 110� at 350, 400, and 450 �C
for two, three, and seven passes, respectively
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completely recoverable strain after lowering the temperature of
quasi-continuous ECAP with u = 120� to 350 and 380 �C and
PDA at 400 �C, 1 h, is noticeably lower compared with ECAP
at 400 �C and PDA at 400 �C, 1 h, in more passes (6.7%
against 9.5%), which confirms insufficient structure refinement
because of sample fragmentation after quasi-continuous ECAP
at lowered deformation temperatures.

An analysis of the deformation parameters, structure, and
properties of Ti-Ni near-equiatomic alloy after ECAP in quasi-
continuous mode allows one to conclude that for the production
of a defect free sample and the accumulation of a sufficient
strain with a decrease in the channel intersection angle to 110�,
it is reasonable to conduct ECAP at a temperature higher than
400 �C, more specifically at 450 �C. To obtain bulk nanos-
tructured semi-finished products of Ti-Ni SMA with improved
mechanical and functional properties, the most promising
regimes of TMT are quasi-continuous ECAP with channel
intersection angles of 120� and 110� in five to seven passes at

temperatures of 400 �C and 450 �C, respectively. ECAP with a
channel intersection angle of 110� allows one to obtain higher
values of strength characteristics and, after ECAP with a
channel intersection angle of 120�, a more uniform structure,
providing the highest value of completely recoverable strain of
9.5% after PDA is formed.

4. Conclusions

1. A comparative study of the effect of various technologi-
cal parameters of ECAP on the structure and properties
of Ti-Ni SMA confirms the advantage of the quasi-con-
tinuous ECAP application for the formation of a
nanocrystalline structure and a considerable improvement
of mechanical and functional characteristics and reveals

Fig. 12. Maximum completely recoverable strain of Ti-Ni near-equiatomic SMA after various ECAP regimes and PDA

Table 3. Mechanical and functional properties of Ti-Ni near-equiatomic SMA after various ECAP regimes

ECAP regime rcr, MPa ry, MPa Dr, MPa rd, MPa d, % HV, ea emax
r;1 , %

RT 100 430 330 700 28 176 2.0
ECAP3350120 170 900 730 1024 30 259 6.2
ECAP3350120 + 400 �C , 1 h 140 910 810 1018 25 244 6.7
ECAP4380120 150 915 750 1052 38 244 6
ECAP4380120 + 400 �C , 1 h 100 900 800 1035 37 233 6.7
ECAP2350110 125 870 745 1060 69 224 6.3
ECAP2350110 + 400 �C , 1 h 100 950 850 1070 70 222 6.7
ECAP3400110 150 1000 850 1020 52 238 7.1
ECAP3400110 + 400 �C , 1 h 120 1000 880 1050 49 237 7.5
ECAP7450110 100 1090 990 1150 50 254 7.5
ECAP7450110 + 400 �C , 1 h 90 1100 1010 1200 49 249 8.4
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optimum deformation temperatures as 400 �C for ECAP
with a channel intersection angle of 120� and 450 �C for
110�. ECAP at a temperature lower than 400 �C leads to
premature sample fragmentation and does not provide the
improvement of properties compared with ECAP at a
higher deformation temperature for more passes.

2. TEM study after quasi-continuous ECAP with a channel
intersection angle of 110� reveals that the deformation
temperature is a key factor affecting morphology, average
size of structure elements (grains and subgrains), and de-
gree of lattice defectness. The size of the structure ele-
ments increases from less than 100 to 100-250 nm, and
the dislocation density decreases, although remaining
within the same order of magnitude, as the deformation
temperature of quasi-continuous ECAP with a channel
intersection angle of 110� increases from 350 to 450 �C.

3. A mixed nanograined and submicrocrystalline structure
with high free dislocation density was formed in the bulk
sample of Ti-Ni near-equiatomic SMA after quasi-contin-
uous ECAP with a channel intersection angle of 110� in
seven passes at 450 �C. This structure provides the best
combination of mechanical and shape recovery properties
as compared to the reference treatment (RT): ultimate
tensile strength of 1,150 MPa, completely recoverable
strain of 7.5% versus 700 MPa and 2.0% after the RT.

4. The use of post-deformation annealing (PDA) at the
deformation temperature after ECAP as a final stage of
the thermomechanical treatment (TMT) eliminates exces-
sive deformation hardening, does not change the size of
the structural elements, and thus positively affects the
structure and functional properties of near-equiatomic Ti-
Ni SMAs: completely recoverable strain increases from
7.5 to 8.4%.

5. The most promising regimes of TMT for obtaining Ti-Ni
SMA with mixed grained/subgrained close to nanoscale
structure and improved mechanical and functional proper-
ties are quasi-continuous ECAP with channel intersection
angle from 110� to 120� in five to seven passes at a tem-
perature range of 400-450 �C.
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