
M
s

X
a

b

a

A
R
R
A
A

K
T
E
M
P

1

fi
g
e
e
[
(
i
d
T
[

t
i
[
t
a
P
t

c
f
s

0
d

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

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

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

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

r t i c l e i n f o

rticle history:
eceived 8 September 2010
eceived in revised form 5 November 2010

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
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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

n and
icrostructure evolution
hase transitions

microstructures evolutio

. Introduction

Ultra-fine grained materials, which are widely applied in many
elds for their higher mechanical performance, have an average
rain size smaller than 1 �m. In the last decade, some differ-
nt severe plastic deformation (SPD) techniques were developed
xtensively 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
n 1970s and 1980s [2,3]. The method had been applied in the pro-
uction of various ultrafine grain materials successfully, such as
iNi 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
o the unique shape memory effect (SME) and the pseudoelastic-
ty (PE) which occurs mostly in the near equiatomic TiNi alloys
30,31]. They are applied widely in the world for superb proper-
ies such as the biocompatibility, the maximum recoverable strain
nd stress, and excellent corrosion resistance. The unusual SME and
E properties originate from the so-called thermoelastic martensite
ransformation [32].
Although martensite transformation behaviors are important
haracters for Ni-rich TiNi shape memory alloys, its phase trans-
ormation behaviors after ECAE treatment are seldom studied
ystematically. Li has investigated on the microstructures evolu-

∗ Corresponding author. Tel.: +86 21 54742608.
E-mail addresses: zxn100@gmail.com (X. Zhang), cyxie@sjtu.edu.cn (C. Xie).
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phase transformation changes were also discussed.
© 2010 Elsevier B.V. All rights reserved.

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.

dx.doi.org/10.1016/j.jallcom.2010.11.189
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zxn100@gmail.com
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dx.doi.org/10.1016/j.jallcom.2010.11.189
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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
illet was rotated by 90◦ either clockwise or counter-clockwise). During every ECAE
rocess, the billet was preheated at 773 K for 20 min. It would be better for ECAE
reatment and coating with graphitic lubricant to minimize friction, and thus elimi-
ate the sticking between the specimens and the die during the extrusion processes.

For the metallographic observations, differential scanning calorimeter (DSC)
easurements and TEM observations, the samples were cut from the longitudinal

lane of deformed billets that parallel to the extrusion direction of ECAE. Speci-
ens for optical texture examination were prepared by metallographic polishing

nd etched by a mixture of HF, HNO3 and H2O with a volume ratio of 1:3:10. The
xperiments were performed with Zeiss optical microscope. DSC measurements
ere carried out to analyze the phase transformation behaviors with the Diamond
SC machine (PerkinElmer Company of American). The range of DSC test tempera-

ures was in 183–373 K. The heating and cooling rate was 10 K/min. Samples of TEM
bservation were prepared by twin jet electro-polishing at 243 K and with manip-
lation voltage of 30 V. The twin jet mixture solution was H2SO4 and CH3OH with
volume ratio of 1:4. TEM experiments were conducted on the JEM-2100F (JEOL)
ith an accelerating voltage of 200 kV.

. Results and discussion

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

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

esses are shown in Fig. 2. It was revealed that the size of these
quiaxed coarse grains were approximately 60–80 �m after solu-
ion treatment, as shown in Fig. 2a. After the first ECAE treatment,
hese equiaxed grains were deformed severely and elongated along
he shearing force direction of ECAE. Moreover, some shear bands
ere formed and could be observed under the optical microscope,

s shown in Fig. 2b. Compared with the first ECAE treatment, the
econd ECAE treatment resulted in denser shear bands. These grains
ere partially broken down under the shearing force. Paralleled
o the shear direction, these grains were elongated dramatically.
t could be identified clearly that the average size of the grains
ecreased notably, as shown in Fig. 2c.

The microstructure of the sample with the fourth ECAE treat-
ent is shown in Fig. 2d. These submicron grains were refined
mpounds 509 (2011) 3006–3012 3007

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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Fig. 2. Microstructures evolution of Ti–50.9 at.% Ni alloy with different ECAE processes at 773 K by Bc path: (a) solution treatment; (b) first pass; (c) second passes; (d) fourth
passes; (e) sixth passes; (f) eighth passes.

Table 1
Phase transformation temperature of Ti–50.9 at.% Ni alloy before and after ECAE processes.

Procedures Temperature (◦C)

Ms Mp Mf As Ap Af

Solution treatment −12.54 −31.66 −49.90 −19.78 −8.11 12.67
First pass ECAE – – – −9.53 −0.81 17.44
Second passes ECAE −50.35 −59.85 −78.33 −10.43 1.73 18.66
Third passes ECAE −49.26 −66.96 −82.86 −6.34 4.49 20.01
Fourth passes ECAE −49.55 −60.69 −80.58 −16.93 0.61 14.03
Fifth passes ECAE −41.95 −54.36 −79.95 −3.76 8.63 17.01
Sixth passes ECAE −47.14 −56.09 −81.03 4.53 10.50 15.03
Seventh passes ECAE −33.08 −52.18 −85.14 1.54 13.07 19.45
Eighth passes ECAE −41.85 −49.70 −68.93 3.36 14.18 19.71
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Fig. 3. Microstructures and SAED patterns of Ti–50.9 at.% Ni alloy after different ECAE
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Fig. 4. DSC curves of solution treatment Ti–50.9 at.% Ni alloy.
processes at 773 K by Bc path: (a) first pass; (b) fourth passes; (c) eight passes.

experiments, it can be confirmed that the recrystallization tem-
perature for ECAE process is higher than 773 K (the experiment
temperature). Therefore, there was no recrystallization in the pre-
heating process of every ECAE treatment.

3.2. Effects of ECAE processes on transformation behaviors

3.2.1. DSC analysis
There are three transformations related to these special func-

tions upon cooling in near equiatomic TiNi alloys, the B2 → B19′,
B2 → R and R → B19′ [37]. The B2 → R transformation is also
martensite transformation with smaller lattice deformation and
temperature hysteresis. It is different with the martensite trans-
formation B2 → B19′. Owing to these unique characteristics, TiNi
alloys with B2 → R transformation would be applied in the actua-

tors and sensors potentially [37,38].

The phase transformation behaviors of Ti–50.9 at.% Ni alloy solu-
tion treated are shown in Fig. 4. When the specimen was cooled
down from 373 K to 183 K, only an exothermic peak was observed
that corresponded to phase transformation from the B2 parent
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Fig. 5. DSC curves of Ti–50.9 at.% Ni alloy after ECAE processes at 773 K by Bc path: (a) first pass; (b) second passes; (c) third passes; (d) fourth passes; (e) fifth passes; (f)
sixth passes; (g) seventh passes; (h) eighth passes.
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ig. 6. Microstructures and SAED patterns of Ti–50.9 at.% Ni alloy after the first pas
AED pattern of A regain of (a); (c) bright field images of eighth passes; (d) SAED pa

hase to the B19′ martensite phase. When the specimen was heated
p from 183 K to 373 K, the endothermic peak found that corre-
ponded to the B19′ → B2 reverse martensite phase transformation.

The phase transformation behavior of Ti–50.9 at.% Ni alloy after
CAE treatment at 773 K is shown in Fig. 5. After the first pass
CAE, the exothermic peak was too low to be observed when the
pecimen was cooled even in the 123 K, as shown in Fig. 5a.

Compared with solution treatment Ti–50.9 at.% Ni alloy phase
ransformation, the martensite transformation peak temperature
Mp) has dropped a lot from the second to the eighth passes ECAE,
s shown in Fig. 5b–h. Two exothermic peaks appeared when the
pecimen cooled down from 373 K. It corresponded to the phase
ransformation from B2 parent phase to the R phase, and then from

′
phase to B19 martensite phase [39]. The B2 → R phase transfor-
ation can be seen on the DSC curves, but it occurred in a wider

emperature extent and these curves were broad and smooth.
At the initial stage, the Mp decreased gradually as the ECAE

asses increased. However, the Mp increased after subsequently
the eighth passes ECAE at 773 K by Bc path: (a) bright field images of first pass; (b)
of B regain of (c).

ECAE treatment course which may be resulted from the precipita-
tion of Ti3Ni4. As well known, the precipitation of Ti3Ni4 decreased
the Ni content in the matrix which could be resulted in the increase
of the temperature of the martensite phase transformation after the
ECAE treatment [40]. The Ti3Ni4 particles have an important effect
on the martensite transformations. The dispersed Ti3Ni4 particles
would serve as the nucleation sites of the R phase transforma-
tion. Because the crystal lattices are similar; the growths of Ti3Ni4
in the B2 matrix favor a B2 → R transformation. By contrast, the
B2 → B19′ transformation is hampered, because these dispersed
particles presented in the matrix would require more additional
energy expenditure owing to a higher elastic energy of the system
[41]. On the heating curves of DSC for all ECAE samples from the first

to the eighth pass, only one endothermic peak was observed, which
revealed that the reverse R phase transformation and the reverse
martensite phase transformation overlapped together [42]. Fur-
thermore, the austenite peak temperature (Ap) increased gradually
as the ECAE treatments increased. Table 1 shows the phase trans-
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ormation temperature of the martensite and austenite start (Ms,
s), peak (Mp, Ap) and finish temperature (Mf, Af) of Ti–50.9 at.%
i alloy with the solution treatment and ECAE processes.

.2.2. TEM and SAED analyses
The more detail information of Ti3Ni4 phase was studied by TEM

Fig. 6a and c) and selected area electron diffraction pattern (SAED,
ig. 6b and d). The magnified microstructures of the first ECAE
learly demonstrated a single elongated grain, as shown in Fig. 6a.
n Fig. 6b, the SAED pattern is corresponded to the selected region
marked A in Fig. 6a). It was noticed that 1/3〈1 1 0〉B2 super-lattice
pots marked with some white circles, and accompanying with
/7〈1 2 3〉B2 super-lattice spots marked with some white squares
unched by a white line, could be observed in the SEAD pattern of
he first ECAE treatment.

Compared with the first ECAE treatment, the sample obtained
fter the eighth ECAE has the finer submicron grains with an
verage grain size of about 300–400 nm. Most submicron grains
xhibited equiaxed submicron grains morphology and the submi-
ron grain boundaries increased obviously, as shown in Fig. 6c.
ig. 6d is the SAED pattern which corresponded to the selected
egion (marked B in Fig. 6c). The 1/3〈1 1 0〉B2 and the 1/7〈1 2 3〉B2
uper-lattice spots of the SAED pattern in Fig. 6d remain the same
s Fig. 6b, which revealed that there was R phase transformation
ormed in both EACE processes [43]. However, the characterized
/7〈1 2 3〉B2 super-lattice spots of Ti3Ni4 phase (some white squares
unched by a white line) are observed in Fig. 6b and d, which
uggested Ti3Ni4 precipitated in the regains with high density of
islocations of the first pass and the eighth passes ECAE treatment
amples.

Obviously, the B2 → R phase transformation may result from
CAE processes, in which these coarse and equiaxed grains
ere refined dramatically. The grain boundary fractions increased

argely, and a lot of defects such as dislocations were introduced
nto the grains interior and boundaries. Under the action of extru-
ion force in the ECAE process, many dislocations were slipped
nd piled up around grain boundaries [44]. These excessive grain
oundaries and dislocations in the grain interior and exterior prob-
bly stimulated the B2 → R phase transformation and suppressed
he R → B19′ phase transformation. At the same time, the Mp
emperature decreased, which resulted from all the defects and
islocations formed during ECAE processes. Another factor may be
hat local stress fields were created by the non-uniform microstruc-
ures resulted from the ECAE process, and thus induced the B2 → R
hase transformation [45].

As a consequence, the martensite phase transformation
ccurred in two steps: B2 → R and R → B19′ during the cooling pro-
ess. And the Mp temperature after ECAE treatments decreased
ompared with the solution treatment. The further details of the
2 → R and R → B19′ phase transformation in Ni-rich TiNi alloys
fter ECAE treatments will be investigated and discussed in future.

. Conclusions

Ni-rich Ti–50.9 at.% Ni alloy after multiple ECAE treatments was
tudied, and the following conclusions can be drawn from the
resent experimental results:
. Ni-rich Ti–50.9 at.% Ni alloy was subjected to the effect of ECAE
processes at 773 K by Bc path. The initially coarse and equiaxed
60–80um grains were refined dramatically to 300–400 nm sub-
micron grains after the eighth passes ECAE.

[

[

[

mpounds 509 (2011) 3006–3012

2. The billet was preheated at 773 K for 20 min for graphitic lubri-
cant coating better and ECAE treatment. And recrystallized
grains of billets would not appear in the preheating process.

3. After ECAE processes, the martensitic phase transformation
underwent in two steps: B2 → R → B19′. Compared with the
solution treated, the Mp of ECAE treatment decreased a lot. The
Mp decreased in previous 1–3 ECAE treatment, but increased
gradually with more ECAE processes.

4. Ti3Ni4 phase was observed in the regions with high density of
the dislocation of ECAE treatment Ni-rich Ti–50.9 at.% Ni alloy.
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