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The current work evaluated the microstructures and martensitic transformation temperatures of NiTi 
shape memory alloy (SMA) deformed by equal channel angular extrusion (ECAE). The Ti-55.27wt.%Ni 
alloy was processed by 1 ECAE pass at 250 °C using a die with an intersection angle of 120°. After 
processing, samples were annealed at 300 °C, 400 °C and 500 °C for 1h to evaluate the microstructural 
changes. Microstructural characterization was performed by scanning electron microscopy (SEM) 
equipped with an energy dispersive spectrometer (EDS) device, and Vickers hardness measurement. 
Martensitic transformations temperatures were analyzed by differential scanning calorimetry (DSC). 
Results show that the annealing treatments presented no significant change in the microstructure of 
the ECAE processed samples. Meanwhile, the DSC curves corresponding to the annealing treatments 
performed at 300 °C and 400 °C show two step martensitic transformation related to B2→R→B19’. 
For the annealing at 500 °C, the martensitic transformation temperatures returned to the ST condition, 
indicating a reduction of the processing defects.
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1.	 Introduction
The Shape Memory Alloys (SMA) are materials that 

have capacity to recover its original shape based on reverse 
martensitic transformation, i.e., when the alloys are deformed 
in the martensitic state and subsequently heated, they 
recover its original shape and size through transformation 
of the martensite to austenite phase1. In the NiTi alloys, the 
shape memory effect (SME) is associated with martensitic 
transformation from B19’ (martensite) to B2 (austenite), 
or two stage transformation B2 → R → B19’1,2. In recent 
years, various factors that affects the structure including: 
Ni content, thermo-mechanical treatment and addition of 
alloying elements are being investigated aiming to improve 
the SME1,2. For NiTi alloys, the microstructural changes 
interfere in martensitic transformation and consequently 
the SME.

Regarding thermo-mechanical processing, equal-
channel angular extrusion3 has been successfully applied to 
modify some properties of the shape memory materials4-7. 
Using ECAE process8-16, some studies have been done in 
NiTi SMA with respect to microstructural characteristics 
related to the change of the direct (B2→B19’) martensitic 
transformation to intermediate B2→R martensitic 
transformation.

Nevertheless, most of the literature discusses the 
martensitic transformation behavior in alloys deformed by 
ECAE in austenitic NiTi alloys8,9,11,12,14-16 and only a few 
works report on the martensitic NiTi alloys10,13. The present 

paper shows the results of martensitic NiTi alloy deformed 
by 1 ECAE pass and a correlation between microstructure, 
hardness and martensitic transformations temperatures.

2.	 Experimental Methods
Ti-55.27wt.%Ni (hereafter called Ti55Ni) used in this 

work was produced by vacuum induction melting (VIM) and 
its chemical composition is: 55.27wt.%Ni (50.04at.%Ni); 
0.06wt.%C; 0.0564wt.%O and Ti-balance. This material 
was hot swaged to 10 mm in diameter rod, solution treated 
(ST) at 850 °C for 1 hour and then water quenched. 
Subsequently, the sample was machined to 7×7×60 mm 
billet and then ECAE processed. First, the sample was coated 
by copper based lubricant, introduced into the channel and 
then taken to an environmental chamber coupled to Instron 
5500R machine. The environmental chamber was heated to 
250 °C, and after the temperature stabilization, the bar was 
pressed at 10 mm/min through the die. The pressure value 
to deform this sample was 14 kN. The ECAE die angle was 
φ = 120° and ψ = 0°.

The deformed samples of the Ti55Ni alloy were 
annealed at 300 °C, 400 °C and 500 °C for 1 hour and 
air cooled. The microstructural characterization was 
performed using a JEOL scanning electron microscope 
(SEM) equipped with an energy dispersive spectrometer 
(EDS) system. The thermal transformation behavior during 
heating and cooling was investigated using a differential 
scanning calorimeter NETZSCH DSC404C Pegasus, with *e-mail: heide@ita.br
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liquid nitrogen cooling system. Vickers hardness test was 
performed using a Future-Tech FM-7000 microindenter with 
a load of 200 g/15s, in which the results correspond to the 
mean of ten values taken on each specimen. The micrograph 
analyses and hardness measurements was performed in the 
cross section of the specimens in Transversal Direction-
Normal Direction (TD‑ND) related to extrusion direction.

3.	 Results and Discussion
As shown in Figure  1, the ECAE processing 

(225  ±  12  HV) and the subsequent annealing treatment 
performed at 300 °C/1h (231 ± 10 HV) resulted in a slight 
increase of the hardness values when compared to the 
ST sample (221 ± 26 HV) based on the average hardness 
values. As can be observed, the large distance error bar for 
ST condition can be attributed to the microstructure due to 
small precipitates. According to hardness measurements in 
the ST condition, the average diagonal of the indentation was 
1.3 µm, therefore, maximum value (247 HV) corresponds 

to regions rich in small precipitates that was observe in 
the microstructure (Figures  2, 3 and 4), whose size is 
about 5 µm. Consequently, some measurement (micro 
indentations) could have been near these precipitates. On 
the other hand, minimum value (195 HV) corresponds to 
regions with any precipitation. Finally, some measurements 
(indentations) may have been over precipitates.

However, the increase of the annealing temperature 
to 400 °C promoted an increment in hardness values 
(262 ± 13 HV), possibly due to precipitation of Ti

3
Ni

4 
1,2,17, 

followed by a decrease (200 ± 21 HV) in the further annealing 
treatment at 500 °C/1h. At 400 °C, the metastable phase 
Ti

3
Ni

4
 is formed in lower annealing temperature consists of 

thin plates coherent with the matrix increase the resistance 
of B22,8. On the other hand, at 500 °C it is also observed a 
variation in hardness values (large distance error bar), in this 
could be attributed to coarsening of the precipitates, in which 
maximum and minimum values corresponds at regions 
with or without precipitates, respectively. Furthermore, the 
decrease in hardness values at 500 °C could be attributed 
to the development of the equilibrium phase TiNi

3
 during 

the precipitation heat treatment. Transition phases are 
formed in a specific sequence Ti

3
Ni

4
 → Ti

2
Ni

3  
→ TiNi

3
, in 

which Ti
3
Ni

4
 and Ti

2
Ni

3
 are intermediate phases, before the 

formation of the equilibrium TiNi
3 

2,8.
The Figure  2 shows the microstructures of Ti55Ni 

in the ST state (Figure  2a) and deformed by 1 ECAE 
pass (Figure 2b). In the ST condition, the microstructure 
is essentially composed by martensite plates and small 
precipitates. After the ECAE processing, it was observed 
thin stress-induced martensite plates, as well as the presence 
of precipitates. These observations are in agreement with 
recent works14,15, the main significant microstructural 
changes produced by the first ECAE pass, like the increase 
of the high-angle grain boundaries, appearance of sub-grains 
structures, and shear bands.

The Figure 3 shows the microstructure of the Ti55Ni 
alloy annealed at 300 °C, 400 °C and 500 °C. As can be 
observed, the annealing treatments performed up to 500 °C 
presented no significant changes in the microstructure of 
the ECAE processed samples. According to Zhang et al.14 

Figure  1. Hardness values of solution treated (ST), deformed 
(1 ECAE) and annealed samples at 300 °C/1h (1 ECAE 300), 
400 °C/1h (1 ECAE 400) and 500 °C/1h (1 ECAE 500).

Figure 2. SEM backscattered electron images (ND-TD) of Ti55Ni alloy: (a) solution treated and (b) deformed by 1 ECAE pass. (SEM-SE).
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the recrystallization temperature for the ECAE processed 
austenitic NiTi alloys is higher than 500 °C. Therefore, to 
reduce the defects introduced during the ECAE processing 
and refine the grain size is necessary to performed annealing 
treatments at higher temperatures. Compared the hardness 
values (Figure  1) and the annealing microstructures 
(Figure  3) can not attribute to annealing at 500 °C to 
recrystallization phenomenon, it would require annealing at 
high temperatures to observe the behavior of the hardness 
of the material, as well as changes in the microstructure.

It was observed two types of precipitates (A and B) in 
the Ti55Ni alloy (detached circles in the Figures 3a, b and c). 
This precipitates are present in the ST, deformed and 
annealed states, and no change in precipitates morphology 
was observed by increasing the heat treatment temperature.

The EDS analysis in Figure 4a revealed that one type of 
precipitate (B) was enriched in Ti (97wt.%), while the other 
(Figure 4b) show similar composition to the surrounding 
matrix, with 53wt.% Ti and 47wt.% Ni. Probably, the 
Ti‑rich precipitates are carbides (TiC), considering that the 
Ti55Ni alloy has 0.06 wt.% C. TiC particles decrease Ti 
content in the matrix, therefore, decreasing the martensitic 
transformation peak temperature (M

p
) 18. Due to the similar 

composition with the parent phase, it was not possible 
identify the precipitates of type A by the EDS analysis. 

Therefore, further studies will be performed using X-ray 
diffraction (XRD) measurements.

The Figure  5a shows the heat flow as function as 
temperature curves for ST, deformed and annealed samples 
of the Ti55Ni alloy. During the heating and cooling 
cycle, the ST sample present only one endothermic and 
one exothermic peaks related to B19’↔B2 martensitic 
transformations. The martensite start (M

s
) and austenite 

start (A
s
) temperatures were 29 °C and 44 °C, respectively 

corroborating with the martensitic microstructure shown 
in Figure 2a, that is, B19’ phase at room temperature. For 
the same martensitic transformation cycle, the martensitic 
transformations peak temperatures were M

P
 = 24 °C and 

A
P
 = 52 °C, respectively.

For the ECAE processed sample it was observed a 
decrease in the reverse martensitic transformation peak 
temperature (A

p
) and the appearance of two small exothermic 

peaks during the cooling. The first peak could be associated 
to B2→R transformation (R

p
 = 20 °C) and the second peak 

to R→B19’ transformation (M
p
 = 6 °C). The appearance 

of two peaks on cooling, was also observed for the ECAE 
processed samples annealed at 300 °C/1h and 400 °C/1h. 
Especially, the annealing treatment at 400 °C resulted in 
two peaks in R→B19’ transformation. Similar behavior was 
reported by Morawiec et al.19 in Ti-50.6at.%Ni alloys cold-
rolled and annealed, which was attributed to inhomogeneity 

Figure 3. SEM backscattered electron images (ND-TD) of Ti55Ni alloy deformed by 1 ECAE pass and annealed at (a) 300 °C/1h, 
(b) 400 °C/1h and (c) 500 °C/1h. (SEM-SE).

Figure 4. EDS analysis (ND-TD) of the Ti55Ni alloy deformed by 1 ECAE pass.
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recovery process, i.e, in some regions no occur the formation 
of martensite, causing the occurrence of the second peak. 
The DSC curve corresponding to the annealing at 500 °C/1h 
presented no B2→R martensitic transformation on cooling, 
indicating that the effect of severe plastic deformation was 
eliminated at this annealing temperature. The martensitic 
transformation peaks temperatures in this conditions are 
M

P
 = 20 °C and A

P
 = 49 °C respectively, that is, similar to 

the ST condition. Figure 5b summarize the peak martensitic 
transformations temperatures: (a) M

P
 (B2→B19’) in the case 

of ST and 1 ECAE+500 °C/1h samples; (b) M
P
 (R→B19’) 

and R
P
 (B2→R) for samples 1 ECAE, 1 ECAE+300 °C/1h 

and 1 ECAE+400 °C/1h and (c) A
P
 (B19’→B2) for 

all conditions. The ST state is the stable  condition for 
martensitic transformation indicated by highest values 
of M

P
 and A

P
. The lowest values of martensitic peak 

transformations is for deformed state (1 ECAE) where the 
sample is in the state of high energy due to severe plastic 
deformation stabilizing the austenitic phase and promoting 
the appearance of R-phase. Fan et al.15 observed the same 
behavior for Ti-50.9at.%Ni alloys processed with 1 ECAE 
pass (φ = 90° at 500 °C). The annealing at 300 °C and 400 °C 
increase all the transformations temperatures due to possibly 
two processes: dislocation recovery and precipitation of 
Ti

3
Ni

4
 8,10,16,20. The precipitation of Ti

3
Ni

4
 could promote 

three consequences: increase the hardness (see Figure 1), 
promote nucleation of R-phase and increase the martensitic 
transformation temperatures because nickel is withdrawn 
from the matrix18. As stated above, the annealing at 
500  °C/1h exhibit similar transformation behavior to the 
ST sample, indicating a reduction of the defects introduced 
during the ECAE processing.

4.	 Conclusions

The effect of ECAE processing and annealing treatments 
on the microstructure and martensitic transformation 
temperatures of a NiTi alloy was evaluated, leading to the 
following conclusions:

a)	In the ST condition, the Ti55Ni is martensitic at room 
temperature as shown by microstructure and DSC 
measurement;

b)	Based on the average hardness, the ECAE processing 
resulted in no significant changes of the hardness 
until 300 °C, compared to the ST condition. For 
the subsequent annealing at 300 °C it was observed 
two step martensitic transformation related to 
B2→R→B19’;

c)	The hardness increase after annealing at 400 °C and 
the presence of two peaks in the cooling is attributed 
to the precipitation of metastable Ti

3
Ni

4
 precipitate 

that promotes an increase in M
P
, A

P
 and R

P
;

d)	The annealing at 500 °C, resulted in hardness decrease 
and the temperatures of martensitic transformations 
returning to ST condition.
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