
Journal of Alloys and Compounds 509 (2011) 3006–3012

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

Microstructures evolution and phase transformation behaviors of Ni-rich TiNi
shape memory alloys after equal channel angular extrusion

Xiaoning Zhanga, Jie Songa, Chenglong Huangb, Baoyu Xiaa, Bin Chena, Xiaogang Suna, Chaoying Xiea,∗

a State Key Lab of Metal Matrix Composites, School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
b Department of Orthopaedics, Sixth People’s Hospital Affiliated to Shanghai Jiao Tong University, Shanghai 200233, China

a r t i c l e i n f o

Article history:
Received 8 September 2010
Received in revised form 5 November 2010
Accepted 10 November 2010
Available online 3 December 2010

Keywords:
TiNi shape memory alloys
Equal channel angular extrusion (ECAE)
Microstructure evolution
Phase transitions

a b s t r a c t

Ni-rich TiNi shape memory alloys were subjected to the effect of equal channel angular extrusion (ECAE)
processes at 773 K by Bc path. The effects of ECAE processes on microstructures evolution and phase
transformation behaviors were investigated. The initial 60–80 �m equiaxed coarse grains of samples were
elongated along the shearing force direction of ECAE and refined to 300–400 nm after eight passes ECAE.
The R phase transformation of Ni-rich TiNi shape memory alloys was stimulated by ECAE processes within
a larger temperature range. The martensite transformation peak temperature (Mp) dropped in previous
1–3 ECAE treatments, but the dropped Mp increased gradually with the increase of ECAE processes. Ti3Ni4
phase was observed in the regions with high density of dislocations after ECAE treatment. Reasons for
microstructures evolution and phase transformation changes were also discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ultra-fine grained materials, which are widely applied in many
fields for their higher mechanical performance, have an average
grain size smaller than 1 �m. In the last decade, some differ-
ent severe plastic deformation (SPD) techniques were developed
extensively for the effective production of these metallic materials
[1]. As one of the SPD methods, the equal channel angular extrusion
(ECAE) technique was first introduced by Segal and his colleagues
in 1970s and 1980s [2,3]. The method had been applied in the pro-
duction of various ultrafine grain materials successfully, such as
TiNi alloys [4–12], TiAl alloys [13], Ti [14–16], Mg, Al and Cu alloys
[17–25] and some interesting results were obtained [26–29].

The TiNi system has been of extensive application prospects due
to the unique shape memory effect (SME) and the pseudoelastic-
ity (PE) which occurs mostly in the near equiatomic TiNi alloys
[30,31]. They are applied widely in the world for superb proper-
ties such as the biocompatibility, the maximum recoverable strain
and stress, and excellent corrosion resistance. The unusual SME and
PE properties originate from the so-called thermoelastic martensite
transformation [32].

Although martensite transformation behaviors are important
characters for Ni-rich TiNi shape memory alloys, its phase trans-
formation behaviors after ECAE treatment are seldom studied
systematically. Li has investigated on the microstructures evolu-
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tion and phase transformation behaviors of Ti–50.3 at.% Ni alloy
during two passes ECAE at 1123 K and 1023 K [33,34]. Because the
accumulated deformation was not enough in relatively few ECAE
treatments and the temperature of ECAE processes was compar-
atively higher, the submicron grains after ECAE treatment were
still large in Li’s studies. It was insufficient to understand the two
aspects of TiNi alloys after ECAE treatment. Fan also researched the
R phase transformation of multiple ECAE treatments [7,8]. How-
ever, the solution treatment conditions of Ni-rich TiNi alloy in this
study are different with those of in the previous investigation. Even
more important, Ti3Ni4 precipitates after ECAE processes were not
found in the past work. This study focuses on the microstructures
evolution and the phase transformation behaviors of Ni-rich TiNi
alloys after multiple ECAE treatments at warm temperature 773 K
by Bc path. The initial equiaxed coarse grains can be refined to
submicron grains after the ECAE treatments. A special R phase
transformation behavior and Ti3Ni4 precipitation after ECAE treat-
ment are systematically analyzed by DSC and TEM, respectively.
This investigation will be helpful for better understanding the
phase transformation behaviors of TiNi SMAs.

2. Experimental

The initially hot forged Ni-rich Ti–50.9 at.% Ni alloy (nominal composition) rods
were annealed at 1123 K for 1 h, and then cooled into water directly (solution treat-
ment). The Ni-rich Ti–50.9 at.% Ni alloy rods were cut into the billets with the
10 mm × 10 mm × 140 mm dimensions. The inner contact angle (˚) and the arc of
curvature (� ) at the outer point of contact between channels of the die were both
90◦ , as shown in Fig. 1. It was well known that an effective strain of ∼1 produced in
the single pass of the ECAE treatment.
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Fig. 1. Schematic illustration of the ECAE facility in the experiment.

ECAE processes were conducted at 773 K via Bc path between each pass (the
billet was rotated by 90◦ either clockwise or counter-clockwise). During every ECAE
process, the billet was preheated at 773 K for 20 min. It would be better for ECAE
treatment and coating with graphitic lubricant to minimize friction, and thus elimi-
nate the sticking between the specimens and the die during the extrusion processes.

For the metallographic observations, differential scanning calorimeter (DSC)
measurements and TEM observations, the samples were cut from the longitudinal
plane of deformed billets that parallel to the extrusion direction of ECAE. Speci-
mens for optical texture examination were prepared by metallographic polishing
and etched by a mixture of HF, HNO3 and H2O with a volume ratio of 1:3:10. The
experiments were performed with Zeiss optical microscope. DSC measurements
were carried out to analyze the phase transformation behaviors with the Diamond
DSC machine (PerkinElmer Company of American). The range of DSC test tempera-
tures was in 183–373 K. The heating and cooling rate was 10 K/min. Samples of TEM
observation were prepared by twin jet electro-polishing at 243 K and with manip-
ulation voltage of 30 V. The twin jet mixture solution was H2SO4 and CH3OH 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 and discussion

3.1. Evolution of the microstructures of Ti–50.9 at.% Ni alloy

3.1.1. Optical microstructures observation
Microstructures of Ti–50.9 at.% Ni alloy with different ECAE pro-

cesses are shown in Fig. 2. It was revealed that the size of these
equiaxed coarse grains were approximately 60–80 �m after solu-
tion treatment, as shown in Fig. 2a. After the first ECAE treatment,
these equiaxed grains were deformed severely and elongated along
the shearing force direction of ECAE. Moreover, some shear bands
were formed and could be observed under the optical microscope,
as shown in Fig. 2b. Compared with the first ECAE treatment, the
second ECAE treatment resulted in denser shear bands. These grains
were partially broken down under the shearing force. Paralleled
to the shear direction, these grains were elongated dramatically.
It could be identified clearly that the average size of the grains
decreased notably, as shown in Fig. 2c.

The microstructure of the sample with the fourth ECAE treat-
ment is shown in Fig. 2d. These submicron grains were refined

more largely, and it is difficult to observe these submicron grains
and grain boundaries under the optical microscope. After the sixth
and eighth ECAE treatment, these submicron grains and grain
boundaries were elongated and broken deeply once again along
the direction of ECAE. Although some fine submicron grains were
lengthened along the shearing force direction, finer equiaxed and
ultrafine grains in the interior were formed, as shown in Fig. 2e and
f, respectively.

3.1.2. TEM observation
The microstructures evolution of the different passes ECAE

treatment was further observed by TEM observation. Typical TEM
observations of Ti–50.9 at% Ni alloy with distinct ECAE processes are
shown in Fig. 3. The initial equiaxed coarse grains were elongated
along the shearing force direction. From the top to bottom surfaces
of the sample, many coarse grains were guided essentially parallel
long blocks with a width of ∼0.5 �m after the first ECAE treatment.
Moreover, many regions with high density of dislocations were dis-
tributed in the elongated grains, as shown in Fig. 3a. The microstruc-
ture of the fourth and eighth passes ECAE is shown in Fig. 3b and
c, respectively. These elongated grains after the first ECAE treat-
ment were replaced mostly by an array of equiaxed submicron
grains with an average grain size of ∼600 nm after the fourth ECAE
treatment, and further were refined to 300–400 nm after the eighth
ECAE treatment. It was suggested that a higher stress is required in
the stress-induced martensite transformation (SIM) for an ultrafine
grain size [9]. In martensite phase transformations of ultrafine grain
structured materials, geometrical constraints such as the grain
boundaries with high density and the ultrafine grains could con-
tribute to the transformation barrier, and thus cause the change
of the martensite transformation path [35]. Selected area electron
diffraction (SAED) was conducted to study the detail information of
the deformed samples, as shown in the inset patterns of Fig. 3b and
c, respectively. These inset SAED patterns revealed important dif-
ferences between Fig. 3b and c. Inspection of Fig. 3b SAED pattern
showed that the diffracted beams tend to be scattered around rings,
so that some of the submicron grain boundaries now have certain
misorientations with high angles. Fig. 3c SAED pattern demon-
strates conclusively that the submicron grain boundaries are more
in high angles of misorientation. It appears that the microstructure
is now fairly similar to a well solution-treatment condition except
only that the submicron grains size of the material is extremely
small, the average submicron grains size of 300–400 nm. These
mean that the submicron grains size of the eighth ECAE treatment
is much smaller and well-distributed than that of the fourth.

In every ECAE process, the billet was preheated at 773 K for
20 min. The recrystallization phenomenon might be caused at the
higher temperature preheating processes. After the first pass ECAE,
static recrystallization occurred during heating at 1023 K for 20 min
before the second ECAE. However, no recrystallization occurred at
a relatively lower temperature (773 K or 873 K) even though with
a longer annealing time for 2 h after the second passes ECAE [34].
The recrystallization phenomenon might be mainly decided by the
preheating temperature rather than preheating time. Fan had done
some studies on the recrystallization of ECAE treatment [7]. For the
first pass ECAE specimens, some tiny recrystallized grains appeared
at an annealing temperature 913 K with 20 min annealing time,
while recrystallization temperature decreased to 873 K for 20 min
after the eighth passes [7]. It was reported that ECAE processes
may accumulate some energy for subsequent recrystallization [36].
More energy can be accumulated obviously in the eighth ECAE
treatment than the first ECAE treatment, which reasonably results
in the decrease of the recrystallization temperature.

No matter the first or eighth ECAE process, recrystallized grains
would not appear during the preheating treatment at 773 K for
20 min, or even for a much longer heating time [7]. Based on these
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