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Ni-rich TiNi alloys were subjected to the effect of multiple equal channel angular extrusion (ECAE)
treatments by B¢ path at 500 °C. The characteristics of R phase transformation in aging treatment were dis-
similar in the appearance and the temperature range to those counterparts induced by ECAE treatments.
The fine lens-like shape Ti3Ni4 particles precipitated mainly in the regions of near grain boundaries and

on the tangled grain boundaries after ECAE treatments. The effects and mechanisms of aging treatments
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and ECAE treatments on R phase transformation behaviors and Ti3Ni4 precipitates were investigated and
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1. Introduction

As one of the high strain processing ways, equal channel angular
extrusion (ECAE) technique has been applied in the production of
various ultrafine-grained materials [1-9]. The main ECAE advan-
tage is that imposes a high plastic deformation during pressing
without reducing the cross sectional area of working billets. Met-
als/alloys with the unique combinations of mechanical properties
and ultrafine grains can be produced successfully by ECAE tech-
nique.

Recently, there were the extensive interests in the ECAE
research, and many successful applications have been reported
for various metal and alloy materials with ultrafine grains, such
as TiNi alloys [10-17], TiAl and TiNb alloys [18,19],Ti [20-22], Mg
and Cu alloys [23,24] etc. Among these ultrafine grain materials,
Ni-rich TiNi alloys have many applications in engineering and med-
ical fields for their superior properties, such as the shape memory
effect (SME) and the pseudoelasticity (PE) [11,25]. The SME and
PE properties, which related to martensite phase transformation,
were extensively studied in scientific and technological fields [26].
It is well known that Ni-rich TiNi alloys exist three different phases,
the B2 parent phase, the B19’ phase and the R phase [27,28]. Three
phase transformations can happen possible, which correspond
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to B2 <+ B19’ transformation, B2 <> R transformation and R < B19’
transformation, respectively. Therefore, different combinations of
these phase transformations can be observed under various tech-
nological processes [28].

R transformation can be introduced by different methods such
as annealing after cold working [29], adding Al or Fe elements in
TiNi alloys [30,31]. For Ni-rich TiNi alloys, both aging treatment
[32,33] and ECAE treatments [13,14] could lead to the R phase
transformation. To date, the mechanism of R phase transformation
in Ni-rich TiNi alloys with the aging treatment and the following
multiple ECAE treatments are seldom studied systematically. It is
still inconclusive whether R transformation in ECAE treatments is
induced by ECAE or the aging treatment on TiNi billets before ECAE.
In this study, the R phase transformation behaviors of Ni-rich TiNi
alloys after aging treatment and subsequent multiple ECAE treat-
ments at warm 500°C by B¢ path are investigated. The reasons
and differences of the special R phase transformation behaviors
and Ti3Niy4 precipitates of positions and appearances with different
ECAE treatments are also discussed. This investigation will be help-
ful for better understanding the R phase transformation behaviors
of Ni-rich TiNi alloys after aging and ECAE treatments.

2. Experimental details

The initially hot forged Ni-rich Ti-50.9 at.% Ni alloy (nominal composition) rods
with an initial average grain size of ~70 pum were annealed at 850 °C for 1 h (Fig. 3a),
and then quenched into water quickly (solution treatment). The inner contact angle
(@) and the arc of curvature (¥) at the outer point of contact between channels of


dx.doi.org/10.1016/j.jallcom.2011.03.062
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zxn100@gmail.com
mailto:cyxie@sjtu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.03.062

X. Zhang et al. / Journal of Alloys and Compounds 509 (2011) 6296-6301 6297

4
(a) B19'—=B2
Ap=22.58'C
0 A
=
B
_% Heating
=~ —
S -8 -—
T Cooling
Mp=-30.50"
12 1 BI9=——R R~——p2 P 1842C
T T T T T T T T T
-80 -40 0 40 80
Temperature (°C)
4
1© . BI9Y—B2
Ap=22.11"C——=
0 4
=
£ 41
z
=} .
= Heating
T -8 - —=
=>) -
1 < Cooling
Ly [Mp=-3465C Rp— 18.10°C
B19'=—R R B2
T T T T T T T T T
-80 -40 0 40 80

Temperature (°C)

4
|y Ap=23.00c —BLE=7B2
04
z
g 4
E Heating
B —_—
5 .
T Cooling
Mp=-29.31°C
— Rp=18.58"C
12 BI9=—R p .55 P
T T T T T T T T T
-80 -40 0 40 80
. Temperature (°C)
d
{@ B19'—= B2
o Ap=22.67C
z
E 4]
g .
= Heating
3 8- Cooling
1Mp=-32.31°
-12 B19'=—R R~—B2 Rp= 1886C
—8I0 ' —éiO ' (I) ' 4I0 ' 8IO

Temperature (°C)

Fig. 1. DSC curves of Ti-50.9 at.% Ni alloy with the aging treatment at 500 °C for 20 min before ECAE treatments at 500 °C by B¢ path: (a) first pass; (b) second pass; (c) fourth

pass; (d) eighth pass.

the die were both 90°. It was well known that an effective strain of ~1 produced
in the single pass of ECAE treatments. The hard-to-deformed Ti-50.9 at.% Ni alloy
required a good plasticity to prevent cracking and fracture during ECAE treatments.
For this reason, TiNi billets with dimensions of 10 mm x 10 mm x 140 mm need to
be processed at 500 °C by B¢ path (the billet was rotated by 90° either clockwise or
anti-clockwise). And during every ECAE process, the billets were preheated at 500 °C
for 20 min. The heated billets surfaces convenient solidified and coated with fluid
graphitic lubricant. Graphitic lubricant can minimize the friction, prevent cracking
and avoid the surface oxidation of working billets during the ECAE processes. More-
over, the ECAE processes cannot be considered as a thermo-mechanical treatment
because the whole duration time of ECAE treatments is less than 10s under the
8 mmy/s constant velocity of ECAE processes.

For the differential scanning calorimeter (DSC) measurements, the metallo-
graphic examinations and transmission electron microscopy (TEM) observations,
the samples were cut from the longitudinal plane of deformed billets that parallel to
the extrusion direction of ECAE. The DSC measurements were carried out with heat-
ing and cooling rate 10°C/min and samples weights of DSC test were between 5 and
10 mg. The range of DSC test temperatures was in —90 to 100°C by using Diamond
DSC machine (PerkinElmer Company of American). The metallographic experiments
were performed with Zeiss optical microscope. Samples for TEM observation were
prepared by twin jet electro-polishing at —30°C and with manipulation voltage of
30V. The twin jet solution was H,SO4 and CH3OH mixture with a volume ratio of
1:4.TEM experiments were conducted on the JEM-2100F (JEOL) with an accelerating
voltage of 200 kV.

3. Results
3.1. DSC analyses

R phase transformation behaviors of Ti-50.9at.% Ni alloy
with aging treatment at 500°C for 20min and different ECAE
treatments were analyzed by DSC measurements, as shown in
Figs. 1 and 2, respectively. The phase transformation temperatures

of the martensite, R and austenite phase start (Ms, Rs, As), peak
(Mp, Rp, Ap) and finish (Mf, Rf, Af) temperature of Ti-50.9 at.% Ni
alloy with aging treatment and different ECAE passes were listed
in Table 1.

When the specimen was cooled from 100°C down to —90°C,
two exothermic peaks appeared obviously, which corresponded
to from the B2 — R phase and then from the R— B19’" martensite
phase transformation. The curves of B2 — R phase transformation
of aging treatment were very sharp and clear, as shown in Fig. 1.
It indicated that R phase transformation occurred in a very nar-
row temperature range. However, B2 — R phase transformation
of ECAE treatments occurred in a wider temperature extent, and
these broad and smooth curves were not very clear peaks (Fig. 2).
Additionally, only R phase transformation was observed even the
specimen was cooled till —150°C after the first ECAE pass (Fig. 2a).

When the specimen was heated from —-90°C up to 100°C,
only one endothermic peak appeared. It showed that the reverse
B19’ — R phase transformation and the subsequent reverse R — B2
martensite transformation overlapped together [34]. The very clear
and apparent DSC curves of aging treatment also revealed the
reverse transformation in a narrow temperature range (Fig. 1).
However, the broad reverse transformation curves of ECAE treat-
ments indicated that it occurred in a wider temperature range
(Fig. 2). Moreover, the Mp, Rp and Ap of aging treatments were
stable relatively (Table 1), and no obvious changes were happened
after the different ECAE treatments (Fig. 1). However, the Mp and
Ap after ECAE have a clear change along with the number of ECAE
treatment increases, which are inconsistent with those of aging
treatments.
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Fig. 2. DSC curves of Ti-50.9 at.% Ni alloy after ECAE treatments at 500 °C by B¢ path: (a) first pass; (b) second pass; (c) fourth pass; (d) eighth pass.

3.2. TEM and SAED observations of Ti3Niy precipitates

The detailed information of TizNi4 precipitates including precip-
itation regions and particles morphologies after ECAE treatments
were studied by TEM technique and the corresponding selected
area electron diffraction (SAED) patterns.

TisNiy precipitates keep the co-exist relationships with the
matrix. The 1/7(123)p, super-lattice spots can be observed in SAED
along the <321>p, reciprocal direction of the B2 parent phase
[35]. As the most important evidence of Ti3Niy precipitates, the
1/7(123)p; super-lattice spots confirm that Ti3Nig4 particles existed
in the corresponding regions.

The sample obtained after the eighth pass ECAE has a finer sub-
micron grains with an average grain size of about 300-400 nm
(Fig. 3b). Fig. 3c and d is the SAED patterns which corresponded to

Table 1

the selected area (marked A and B region in Fig. 3b, respectively).
The 1/3(111)p, super-lattice spots (marked with some white cir-
cles), accompanying with 1/7(123)g, super-lattice spots (marked
with some white squares bunched by a white line) of the eighth pass
ECAE sample also could be observed in the Fig. 3c. However, only
the 1/3(111)p; super-lattice spots can be observed in the Fig. 3d,
the 1/7(123)g, super-lattice spots were not observed in this region.
It revealed that there was no Ti3Niy4 precipitates in the B area. Fur-
thermore, there was R phase transformation formed in both Aand B
regions but Ti3Ni4 precipitates were formed mainly in the A region
of near grain boundaries and on the tangled grain boundaries after
ECAE treatments [13,28,36]. Based on the inhomogeneous distribu-
tion of Ti3Ni4 precipitates from TEM and SAED analyses of Fig. 3, the
matrix was divided into two specifically distinctive regions. For one
part, TisNig4 precipitates concentrated on the regions of near grain

Phase transformation temperature of Ti-50.9 at.% Ni alloy with the aging treatment at 500 °C for 20 min and after ECAE treatments at 500 °C by B¢ path.

Procedures (aging treatment) Temperature (°C)

Ms Mp Mf Rs Rp Rf As Ap Af

First ECAE -23.07 (30.50 (51.08 20.15 18.42 16.50 20.43 22.58 2411
Second ECAE (22.26 (29.31 (35.77 17.29 18.58 15.90 21.17 23.02 24.84
Fourth ECAE (27.54 (34.65 (52.13 19.17 18.10 16.98 20.54 2211 23.44
Eighth ECAE (24.51 (32.31 (37.63 19.93 18.86 17.59 20.88 22.67 25.69
(ECAE treatment)

First ECAE - - - - - - (9.53 (0.81 17.44
Second ECAE (50.35 (59.85 (7833 - - - (1043 1.73 18.66
Fourth ECAE (49.55 (60.69 (80.58 - - - (16.93 0.61 14.03
Eighth ECAE (41.85 (49.70 (68.93 - - - 3.36 14.18 19.71
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000
.

Fig. 3. Microstructures of Ti-50.9 at.% Ni alloy: (a) solution treatment; TEM and SAED patterns with a beam direction parallel to [11 1]g; of Ti-50.9 at.% Ni alloy after the
eighth pass ECAE at 500°C by B¢ path: (b) bright field images of the eighth pass, identifying TisNis precipitates location; (c) SAED pattern of A regain in Fig. 3b; (d) SAED

pattern of B regain in Fig. 3b.

boundaries and on the tangled grain boundaries. For another, there
have the relatively free Ti3Ni4 precipitates in the interior region of
grains.

The detailed information of TizNi4 particles morphologies are
further studied by SAED and TEM techniques (Fig. 4). The SAED
pattern of the sixth pass ECAE treatments shown in Fig. 4a cor-
responded to beam direction parallel to [111]g,. As mentioned
before, the 1/3(111)p, super-lattice spots and 1/7(123)p, super-
lattice spots of the sixth pass ECAE sample could be observed in the
SAED pattern. Fig. 4b was the TME bright field image of Ti3Ni4 pre-
cipitates characterized by 1/7(123)g, super-lattice spots and Fig. 4c
was the dark field image corresponded to Fig. 4b. The homogeneous
precipitated Ti3Ni4 particles with the lens-like shape was observed
in the regions of near grain boundaries and on the tangled grain
boundaries (Fig. 4b) and they distributed in size of about 20-30 nm.
From the TEM dark field image (Fig. 4c), TizNi4 precipitates could
be easily observed in these regions.

4. Discussion

Aging treatments and ECAE treatments would result in R phase
transformation. However, it is still uncertain whether R trans-
formation in ECAE treatments is induced by ECAE itself or the
billets treated by aging treatment before ECAE treatments. The

characteristics of R phase transformation in aging treatment were
dissimilar in the appearance and the temperature range to those
counterparts induced by ECAE treatment due to the essential dif-
ference between mechanisms of the two R phase transformations.

For Ni-rich TiNi alloys after aging treatment, the sharper and
clear B2 — R phase transformation curves caused in aging treat-
ment can be seen in a narrower temperature range. Furthermore,
the Mp, Rp and Ap were no obvious changes happened along with
the ECAE treatments (Fig. 1). These phenomena would be attributed
to the fine and dense lens-like shape Ti3Ni,4 precipitates formed by
aging treatment. The Ti3Ni4 precipitates could act as the pinning
sites against the movement of dislocations [37], and create energy
barrier for martensite nucleation, which could make R phase trans-
formation in a lower energy alternative. It is agreement with the
previous studies on the mechanism of the separation of marten-
site and R phase transformation. Nishida and Wayman thought
that the R phase transformation was induced by the appearance
of the homogeneous Ti3Niy4 particles with fine lens-like shape after
aging treatment [38]. Miyazaki considered the Ti3Ni4 precipitates
suppressed the martensite phase transformation and resulted in
the decreased Ms [39]. Kim reported that the formation of fine
and coherent Ti3Nig precipitates could affect the transformation
behavior of the matrix through change in matrix composition and
creation of local stress fields [28]. Therefore, the sharp and distinct
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Fig. 4. SAED pattern with a beam direction parallel to [11 1]z, and TEM images of
Ti-50.9 at.% Ni alloy after the sixth pass ECAE at 500 °C by B¢ path: (a) SAED pattern,
identifying Ti3Ni4 precipitates; (b) TEM bright field image; (c) TEM dark field image
corresponding to Fig. 4b.

B2 — R phase transformation was induced by Ti3Niy4 precipitates of
the aging treatment at first, and then coexisted with the subsequent
martensite transformations.

However, the B2 — R phase transformation in ECAE treatments
appeared in a wider temperature range, and the curves were nei-
ther distinctness nor sharp (Fig. 2). In addition, Mp decreased

sharply at the beginning of the previous second and fourth ECAE
treatments which could be resulted from the effects of deformation
suppression on phase transformation to the low temperature [35].
Afterwards the dropped Mp increased along with the eighth ECAE
treatments (Table 1), it may be attributed to the precipitations of
Ti3Niy particles. Ti3Nig4 precipitates induced by aging treatment did
not remelt into the matrix totally after ECAE treatments. From the
SAED patterns, the 1/7(123)g, super-lattice spots of Ti3Nis parti-
cles can also be observed (Figs. 3c and 4a). From the Figs. 3b and 4b,
Ti3Niy precipitates can be observed in the regions of grain bound-
aries. These results showed that existence a complex structure
containing dislocations and grain boundaries decorated with TizNiy4
precipitates after the ECAE treatments. Ti3Ni4 particles have obvi-
ous results on the subsequent martensite transformations. As well
known, the precipitation of TizNi4q decreased the Ni content in the
matrix, which could lead to the increase of the temperature of the
martensite phase transformation after the ECAE treatments [40].
The B2 — B19’ transformation was hampered because these diffuse
Ti3Ni4 particles presented in the matrix would require more addi-
tional energy expenditure owing to a higher elastic energy of the
system. By contrast, these dispersed Ti3Niy4 particles would serve as
the nucleation sites of the R phase transformation due to the crystal
lattices are similar, the presence of Ti3Ni4 in the B2 matrix favor a
B2 — R transformation (Fig. 2) [41]. The martensite transformation
was occurred the sequence B2 — R — B19’ in nanostructured TiNi
based alloys or only a single B2 — R transition could be observed in
the amorphous nanocrystalline alloys with the ECAE [13,14].

It was obvious that the broad and smooth B2 — R phase transfor-
mation was originated from the introduction of grain refinement
and energy accumulation after ECAE treatments. ECAE has the
advantages in achieving the bulk materials with the uniform ultra-
fine grains. In this study, the coarse grain size of Ti-50.9 at% Ni alloy
decreased apparently from~70 wm down to 300-400 nm range
after the eighth ECAE pass (Fig. 3a and b), and thus the volume
fraction of the grain boundaries increased relatively. All this could
be attributed to the continuous dynamic recovery/recrystallization
during ECAE treatments. The refined submicron grains and
microstructures were also shown to notably change the thermo-
mechanical properties of the present Ti-50.9 at% Nialloy [42]. These
geometrical constraints including the submicron grains and the
high density grain boundaries would lead to the transformation
barrier and the martensite morphology in the TiNi alloys with ultra-
fine grains. They also could bring about the change of the thermal
stability and martensite transformation path [43]. And thus the
reducing of phase transformation temperatures was happened and
the broad R phase transformation in deformed Ni-rich TiNi alloys
was observed in this present ECAE study.

Additionally, the B2 — B19’ transformation is difficult directly
because the only single phase transformation requirement more
energy (i.e., reduction in the transformation temperature) in the
ECAE treatments. However, multiple phase fronts would nucleate
in the transformation from B2 to B19’ through the intermediate R
phase transformation, B2 — R — B19’, which need less energy. High
density dislocations and grain boundaries not only acted as the
media of the nucleation of R phase transformation, which made the
R phase formation in a lower energy alternative [44,45]; but also
resulted in residual stresses in these regions, which favored the
subsequent R transformation in these regions. Therefore, the broad
and smooth R phase transformation curves should be induced by
ECAE treatment rather than by the aging treatment before ECAE.

5. Conclusions

In this study, the effects of warm temperature ECAE treatments
and aging treatment on R phase transformation behaviors and
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Ti3Ni4 precipitates of Ni-rich TiNi alloys after ECAE were investi-
gated. The following results were obtained:

1. According to DSC observation, R phase transformation could
be induced by the aging treatments and ECAE treatments, but
their appearance and temperature range were different. The
curves of B2 — R phase transformations of aging treatment were
very sharp and clear and no obvious changes along with ECAE
treatments. However, the B2 — R phase transformation occurred
within a wider temperature range and has distinct changes with
the increase of ECAE treatments.

2. Ti3Niy4 precipitates can be as the main reason of R phase trans-
formation in aging treatment because the internal stress fields
can be introduced by the Ti3Nig4 precipitates. TizNig4 precipitates
did not remelt into the matrix totally and still stay in the B2 par-
ent phase during ECAE treatments. From the SAED patterns after
ECAE treatments, the 1/7(123)p, super-lattice spots of Ti3Niy
particles can be observed. According to TEM observations, TizNig
particles precipitated mainly in the regions of grain boundaries
after ECAE treatments.

3. ECAE technique has the advantages in achieving the bulk mate-
rials with the refined microstructure such as the ultrafine grains,
high density dislocations and the increased volume fraction
of the grain boundaries. B2 — R phase transformation in ECAE
treatments could be attributed to these refined microstructures
and energy accumulation that produced in ECAE treatments.
High density dislocations and grain boundaries could act as the
media of the nucleation of R phase and thus make the R phase
formation in a lower energy alternative.
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