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Resumo
O presente estudo tem como objetivo avaliar o comporta-
mento da superelasticidade em fios de liga de NiTi ricos 
em Ni produzidos por meio do processo de forjamento 
rotativo. O processo termomecânico envolveu quatro eta-
pas de trabalho a quente a 800 ºC, com duas etapas de 
trabalho a frio com tratamento térmico de solubilização 
a 800 ºC entre elas, e posteriormente um tratamento tér-
mico de solubilização (950 ºC durante 2 horas) seguido 
de tratamento de envelhecimento a 350, 400 e 450 ºC du-
rante 30 minutos. O ensaio de Difração de Raios X (DRX) 
e ultra-microdureza instrumentados avaliaram as fases 
presentes em cada amostra envelhecida que foram com-
parados com seu comportamento mecânico através da 
técnica de ultramicrodureza. Os resultados evidenciaram 
o efeito de endurecimento por trabalho em uma condição 
forjada associada à etapa final do forjamento rotativo a 
frio. O tratamento térmico proposto promove a redução da 
tensão e a dissolução de precipitados. A amostra tratada 
termicamente mostra a presença do precipitado (Ni4Ti3) e 
da fase R. A presença desses precipitados é benéfica por-
que o endurecimento por precipitação aumenta a resistên-
cia ao escoamento da austenita, que por sua vez contribui 
para uma melhor estabilidade funcional.
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Abstract
The present study aims to assess the superelasticity 
behavior in Ni-rich NiTi alloy wire produced by rotary 
forging process. T he thermomechanical process involved 
four steps of hot working at 800ºC, two steps of cold 
working with solution heat treatment at 800 ºC between 
them, and subsequently a solution heat treatment (950ºC 
during 2 hours) followed by aging treatment at 350, 400 
and 450 ºC during 30 minutes. X-ray diffraction (XRD) and 
instrumented ultra-micro hardness testers evaluated the 
present phases at each aged sample and were compared 
with their mechanical behavior by ultramicrohardness 
technique. The results put in evidence the work-hardening 
effect on a forged condition associated with the final step 
of cold rotary forging. The solution treatment promotes 
stress relaxation and precipitate dissolution. The sample 
heat-treated shows the presence of the precipitated 
(Ni4Ti3) and R phase. The presence of these precipitates 
is beneficial because precipitation-hardening increases 
the yield strength of austenite, which in turn contributes 
to better functional stability.
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1 INTRODUCTION

Many factors can interfere on some materials final characteristics (phase transformations, shape 
memory effect or its superelasticity at a given working condition), namely:  thermal and thermo-mechani-
cal treatments; the Ni and Ti content; alloying elements addition; the presence of impurities such as C, N 
and/or O; and microstructure. Therefore, follow up the chemical composition, and the thermo-mechanical 
process variables are mandatory [1–6]. NiTi processing needs to have both hot and cold forming, since 
surface finishing, microstructure refinement and improvement of the mechanical properties are achieved 
during the cold processing [5,7–9]. Thus, when it is desired to obtain distinct functional properties such 
as superelasticity and shape memory effect, these alloys require a proper thermal treatment after the cold 
forming step. As the heat treatment temperature decreases, the presence of plastic deformation in the 
material and austenitic phase resistance increases. However, a decrease in the ductility is also observed; 
therefore, it improves the superelasticity effect, reduces the residual strain while increasing the capacity to 
absorb energy resulting in the prevention of permanent deformation [10–12]. In Ni-rich Ni-Ti alloys more 
effective in promoting R-phase formation. Because of the precipitation phenomena (Ni4Ti3), the R-phase 
can also be observed during aging treatment. Due to association with a large lattice deformation, these 
precipitates promote a resistance to formation of B19’. [8,13–15]. Gall et al. (2001)[16] observed the 
mechanical properties through analyzing the areas resulted by the instrumented nanoindentation test 
based on prior microstructural conditions, between loading and unloading curves. This test allows us to 
determine dissipated energy, material hardness, the plastic and elastic working behavior (dissipated and 
recovery energies), and recoverable energy mechanisms that occur internally within the microstructure. 

Since the extracted data in this graphic representation allows us to infer the mechanical behavior 
of the resulting microstructural condition associated with heat treatment applied to the sample. When 
stress is applied to the austenite field, the induced-stress martensite is formed, but after unloading, the 
deformed material reverts to austenite. [18–21]

Therefore, this study aimed to evaluate the superelastic development, the influence of aging treatment, 
and correlate the resulting phase at room temperate in Ni-rich NiTi alloy thin bars produced by rotary forging.

2 MATERIAL AND METHODS

Ni-rich NiTi alloy produced by the melting process in a vacuum induction furnace (VIM) at “Instituto 
Tecnológico da Aeronaútica” (ITA) – Brazil, with approximately 50.8 at. % Ni was used in this study. The 
ingot slice was cut by electroerosion to get samples with 90 g and then recast in the arc melting furnace 
to obtain cylindrical samples for the thermomechanical processing by rotary forging, which started with 
a sequence hot forming and finished by cold-work sequences interspersed with steps of heat treatment, 
as shown in Figure 1. 

The material was solubilized at 950°C for 120 minutes  followed by quenching into the water at 
room temperature, and/or with further aging treatment at 350ºC, 400ºC, 450ºC for 30 minutes, followed 
by quenching into the water at room temperature. The solubilization treatment adopted of 950 °C/120 min 
indicates a possible dissolution of precipitates and matrix homogenization. Furthermore, it is possible 
to obtain a greater fraction of B2 at room temperature, which is a premise for solubilization for aging 
treatment. [22, 23]
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Figure 1 - Schematic thermomechanical process. Forging: a) 4 hammers and b) 2 hammers  

Fonte: Rodrigues (2018)

Structural characterization of the specimens was performed using the XRD test (Shimadzu (XRD-
6000)) diffractometer Co-Kα. The XRD test was performed at 20 ºC, controlled temperature. Mechanical 
properties were evaluated by Vickers indenter at 20 °C, using an instrumented ultra-micro hardness 
tester (Shimadzu, DUH-211S) applying maximum force (F) of 25 gf.  The results are the average value 
of five measurements obtained from loading curves, such as indentation hardness (Hit), contact depth 
(hc), maximum indentation depth associated with maximum force (hmax), permanent indentation depth 
after the complete removal of the load (hp) and depth of the indentation considering the perfect elastic 
return, obtained by the intersection of the straight line, coincident with the beginning of unloading, with 
the unloading curve (hr).

3 RESULTS AND DISCUSSION

From XRD results (Figure 2) is possible to verify that both samples - After Forging sample (AF) and 
Solubilized sample (SOL) - are austenitic at 20 ºC (room temperature - controlled temperature). Although 
differences between their behavior could be observed, and are highlighted below:  

• AF sample shows evidence of (110)B2 peak in 49.85 2θ, and the SOL sample shows (110)B2 
peak in 49.6 2θ; the (110)B2 peak at AF sample has higher intensity and a thin shape while the 
SOL sample has an inverse characteristic. Due to heating, it was evident that the austenite peak 
(110)B2 shifted to smaller 2θ angles in the SOL sample, corresponding to larger d-spacing. 
Besides, the intensity decreasing may be explained due to grain growth during solution heat 
treatment as supposed by larger d-spacing values. Therefore, revealing that this homogeni-
zation was efficient for the following aging steps adopted for this work.

• Aged Sample at 350 ºC_30min, the presence of a mixture of B2 and R-phase was identified. Due 
to precipitation phenomena (Ni4Ti3), the R-phase also can be observed. The aged samples at 
400 and 450 ºC_30 min show the 2θ position of (110)B2 peak close to the SOL sample (110)B2 
2θ position. Besides, the broadening of the (110)B2 peak may be associated with the presence 
of precipitates. These precipitates are distributed in the B2 matrix, affecting the mechanical 
characteristics of the alloy. The technique applied did not allow us to identify smaller precipitates. 
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Figure 2 - XRD patterns: AF - After Forging (black line) and SOL – Solubilized (red line), Heat Treated 
Samples: 350 ºC_30min (blue line), 400 ºC_30min (green line) and 450 ºC/30min (orange line).

Fonte: Autores (2021)

Ni-rich Ni-Ti alloys can exhibit superelastic properties resulting from B2–B19’ stress-induced 
transformation. For heat treatments at high temperatures, there is enough thermal energy to allow rapid 
diffusion of Ni and Ti atoms in the matrix. On the other hand, at a lower temperature nucleation rate is 
higher, but the diffusion coefficients are low. Both processes are equilibrated at intermediate tempera-
tures (350 – 450 °C) to achieve maximum precipitation rates. [24-26] The size of the Ni4Ti3 precipitates 
increases with increasing aging temperature and aging time.[27-29]

Figure 3 demonstrates five measurements of ultra-micro hardness of the before (AF sample) 
and after solution treatment at 950 ºC for 2 hours (SOL sample) and different aged samples (350, 400, 
and 450 ºC for 30 minutes). The mechanical behavior (Figure 3) was analyzed by graphic interpretation, 
considering the behavior of curves. Analysis of nanoindentation curves conjugated to the analysis of 
XRD patterns (Figures 2 and 3), it is possible to support its behavior. When comparing AF sample with 
SOL sample results (Figure 4(a, b)), it is possible to observe that both samples have similar behavior, 
may be associated with B2 at room temperature, even AF showed a displacement in B2 peak. The aged 
samples are subjected to Ni4Ti3 precipitation that introduces stress fields, thus giving changes in trans-
formations condition, and its respective phase presents at each heat treatment performed (Figures 2 
and 3), as described below.

• For 350 ºC their behavior is analyzed (Figure 3(c)), which has plateau region, that suggests 
to occurs two effects isolated or simultaneously: i) reorientation of variants of the R-phase 
(Figure 2) and/or ii) martensitic transformation by stress-induced (B2 → R). 

• For 400 and 450 ºC no significant difference was identified. These results were not expected. All 
these aging temperatures showed B2 at room temperature (Figure 3). However, the reason for 
the absence of the plateau region could be interpreted as being a result of high maximum force 
and together with the absence of R-phase, which the tension associated with the reorientation 
of the R-phase variants is lower than a stress-induced transformation from B2.
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Figure 3 - Loading and unloading curves instrumented nanoindentation at 20 ºC - Samples: (a) AF - 
After Forging, (b) SOL - Solubilized, (c) 350 ºC/30min, (d) 400 ºC/30min and (e) 450 ºC/30min.

Fonte: Autores (2021)

Some properties from ultra-micro hardness tester of the AF sample, SOL sample, and different 
aged samples (350, 400, 450 ºC for 30 minutes) are shown in Table 1. 

The permanent indentation depth after removal of the test force (hp) reveals lower mean values 
to AF and SOL samples. Among the aged samples, 350 °C showed higher mean values. 

The propriety indentation hardness, Hit, is a measure of the resistance to permanent deformation 
or damage. In qualitative terms, it can be related to the yield strength for advanced deformation [30]. 
The formula to obtain (Hit) is Hit = Fmax/Ap, where Fmax is maximum force, and Ap is projected (cros-
s-clauseal) area of contact between the indenter and the test piece determined. For triangular indenter 
(115°), Ap = 23.96 x hc². Higher mean values are checked for SOL and AF sample. It can be associated 
with the presence of the austenitic phase. The same behavior was checked to aged samples, higher 
mean values to the aged samples at 400, 450 and 350 °C. [31-32] The 350 ºC sample shows lower mean 
values, and it could be due to the tension associated with the reorientation of variants of the R-phase 
(which is presumably present in this aging temperature, it is placed in levels lower than B19’ and much 
lower than the level of stress-induced transformation at from austenitic phase (B2)). [33] These results 
corroborate with those observed to hp.
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Table 01 - Permanent indentation depth after removal of the test force (hp), indentation hardness (Hit), 
elastic work (Welastic) and plastic work (Wplastic) for: AF - After Forging, SOL - Solubilized, 350 ºC/

30min, 400 ºC/30min, and 450 ºC/30min.

A hp [μm] Hit [N/mm²]

A SD A SD

AF 1.201 0.098 178 2690

SOL 1.183 0.305 907 3110

350ºC / 30min 1.611 0.250 371 1772

400ºC / 30min 1.288 0.128 327 2661

450ºC / 30min 1.457 0.252 430 2333

A – Average; SD - Standard Deviation

Fonte: Autores (2021)

4 CONCLUSIONS

1.  The aging heat treatment performed at 350, 400, and 450 ºC indicated the formation of Ni4Ti3 
in the early stages of precipitation by R-phase identified in XRD measurement. 

2. Aging conditions associated with lower heterogeneity precipitates distribution profile was 
more suitable to induced phase transformation by deformation than the promoted previous 
deformation by dislocations slip. Thus, the minimum (350 °C) and maximum (450 °C) aging 
temperature, adopted in this work, promoted an increase of the critical shear stress required 
for dislocation slip, stabilizing austenite at room temperature due to the Ni3Ti4 precipitate 
formation early or later stages with homogeneous distribution trends on the B2 matrix. 

3. 350 ºC aged sample showed a mixture of the presence of austenite and R-phase at room 
temperature. 

4. The results indicated that, among the aging, conditions studied, the 350°C / 30min sample 
shows the best conditions for superelasticity associated with low critical stress for the stres-
s-induced martensitic transformation. 

5. The instrumented ultra-micro hardness test has demonstrated to be a promising technique 
to evaluate superelastic behavior. It was identified in the plateau region. However, it may have 
limitations. It is plausible that the selected maximum force might have influenced the results 
obtained. These limitations underline evidence of the difficulty of collecting data from hardness. 
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