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In this paper, the grain size effect on the stress hysteresis of a nanocrystalline NiTi alloy during
superelastic cycling was investigated by testing two types of samples with 39% and 75% cold-drawn area
reduction. The TEM microstructure and DSC analysis reveal that the sample with 75% area reduction
experiences a crystallization process upon heating and contains few dislocations after annealing. The
activation energy for grain boundary migration of the NiTi alloy was analysed and found to be
353.6 + 15.3 kJ/mol. The hysteresis analysis shows that the stress hysteresis of the samples after
annealing increases with decreasing grain size. We propose that the energy dissipation per volume of
grain boundary is larger than that of the grain core in the nanocrystalline NiTi alloy, which contributes to
this grain size effect. However, the sample with 39% area reduction does not experience the crystalli-
zation process upon heating, and many dislocations are encountered in the samples after annealing. The
stress hysteresis of the samples with 39% area reduction after annealing decreases with increasing
dislocation density. The results clarify the difference between the grain size effect and the dislocation

density effect on the stress hysteresis of nanocrystalline NiTi alloys.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Superelasticity, which is closely related to the thermoelastic
martensitic transformation, is known to be a significant functional
property of near-equiatomic NiTi shape memory alloys (SMAs). The
stress-induced transformation upon loading together with the
reverse transformation between a body-centred cubic B2 phase and
a monoclinic B19’ phase gives rise to a large reversible strain (~8%).
Stress hysteresis is a typical characteristic of the superelastic NiTi
alloys, which represents the stress difference of forward and in-
verse transformation during the superelastic loading and unloading
process. The generation and motion of internal interfaces during
forward and reverse transformation dissipate considerable me-
chanical energy, which results in a macroscopic stress hysteresis.

The development of microscale devices in recent years calls for
NiTi alloys with small dimensions and high yield strengths.
Reducing grain size down to the nanoscale can efficiently enhance
the strengths of NiTi shape memory alloys (SMAs) [1-5]. In nano-
crystalline NiTi alloys, the grain size affects the characteristics of
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both thermal-induced martensitic transformations and stress-
induced transformations [6—12]. Previous experimental studies
show that reducing the grain size can significantly reduce the stress
hysteresis of polycrystalline NiTi alloys prepared by cold-rolling
(42% thickness reduction) and annealing (at temperatures of
250—600 °C), especially when the grain size falls to the nanoscale
(10—100 nm) [6—8]. The authors attributed the effect to the in-
crease in phase interfacial energy (austenite/martensite interface)
with a decrease in grain size, which is closely related to an
incomplete phase transformation [6—8]. In their description, when
the state of the system moves from one metastable local minimum
(austenite) to the other (martensite), energy is dissipated, and the
amount is equal to the free energy change [7,13]. The free energy
change of the grains before and after martensitic nucleation de-
creases with increasing phase interfacial energy, which leads to a
decrease in stress hysteresis [6—8]. However, in their studies,
incomplete annealing processes (250—600 °C) were applied [6—8],
and high-density dislocations could be encountered. The samples
in those studies [6—8] contained the effect of both grain size and
dislocation density. It was proposed that dislocation density affects
the stress-induced martensitic transformation behaviour (i.e.,
stress hysteresis, critical transformation stress) of the NiTi alloys
[14—16]. Therefore, the effect of grain sizes on stress hysteresis is
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difficult to analyse in samples with different dislocation densities.
Related to this, a molecular dynamics simulation of the nanoscale
NiTi samples, studied by Zhang et al. [17], shows a similar size effect
on the stress hysteresis, which is closely related to the difference in
free energy states between interior and surface regions. However,
in this study, the hysteresis is exactly affected by the sample size
(1.5—20 nm in diameter), not grain size.

Reviewing this literature, it is unclear and meaningful whether
this grain size effect is compatible with samples containing few
dislocations that transform completely. The aim of the present
work is to study the grain size effect on the stress hysteresis of
martensitic transformation in nanocrystalline NiTi alloy, which is
crystallized from amorphous phase and in which few dislocations
could be encountered. In contrast to previous reports, our result
shows that the stress hysteresis increases with decreasing grain
size.

2. Experimental procedures

A near-equiatomic NiTi alloy wire with a nominal composition
of Ni-49.5%at.Ti was acquired from the General Research Institute
for Non-Ferrous Metals, China. The wire of 0.46 mm in diameter
was annealed at 750 °C for 90 s under the protection of argon
followed by air cooling and then cold drawn into diameters of
0.36 mm and 0.23 mm, effecting area reductions of approximately
75% and 39% (39% area reduction is close to a 42% thickness
reduction upon cold-rolling in Ref. [7]), respectively. The samples
having a length of 100 mm cut from the wire 0.23 mm in diameter
were annealed in air at 400 °C, 450 °C and 500 °C for 0.6 ks, and the
samples cut from the wire of 0.36 mm in diameter were annealed in

air at 300 °C, 350 °C, 400 °C and 450 °C for 0.6 ks. The average grain
size of the samples was measured by transmission electron mi-
croscopy (TEM). Samples used for TEM observation were mechan-
ically polished and finally ion milled using a Gatan 691 PIPS. The
TEM observation was carried out using a FEI Tecnai F20 (operating
at 200 kV) equipped with a Gatan slow scan CCD camera. Small
samples (approximately 10 mg) for differential scanning calorim-
eter (DSC) experiments (using a Netzsch DSC 204 F1 Phoenix) were
cut from the wires. The cold-drawn samples were subjected to DSC
experiments in the range of 40—450 °C and the annealed samples
in the range of —100 to 120 °C with a heating/cooling rate of 10 °C/
min. The tensile test was carried out using a WDT II-20 type tensile
machine using a tensile speed of 3.0 mm/min at room temperature.
The stress hysteresis was acquired by measuring the stress differ-
ence between the stresses of the 3% strain in the upper plateau and
the 2.5% strain in the lower plateau as specified by the ASTM
standard [18].

3. Results
3.1. Microstructure of the samples before annealing

Fig. 1 shows the TEM micrographs and DSC analysis of the
samples before annealing. Fig. 1(a) shows a TEM bright-field image
and a corresponding SAED pattern of the sample with 75% area
reduction. The SAED pattern shows significant broad diffuse rings
corresponding to the amorphous phase. It is seen that the sample
contains nanograins embedded in an amorphous NiTi matrix.
Fig. 1(b) shows the TEM analysis of the sample with 39% area
reduction. The SAED pattern shows sharp polycrystalline diffraction
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Fig. 1. The microstructure analysis of the samples before annealing. The TEM bright-field image and corresponding SAED pattern of (a) the 75% area reduced sample and (b) the 39%
area reduced sample; (c—d) the DSC analysis of the samples before and after cold drawing, respectively.
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rings, which indicate that there is no amorphous phase in the
sample. The bright-field image reveals high-density dislocations in
the sample. Fig. 1(c) shows the DSC analysis of the sample before
cold drawing. It can be seen that the transformation temperatures
M; and My are approximately —27 °C and —55 °C, respectively.
Fig. 1(d) shows the DSC analysis of cold-drawn samples. The DSC
curve of the sample with 75% area reduction (black) reveals an
exothermic peak in the range of 330—370 °C, which corresponds to
the crystallization of amorphous phase. The DSC curve of the
sample with 39% area reduction (red) reveals no exothermic peak.

3.2. Microstructure and stress hysteresis of the annealed samples

3.2.1. Sample with 75% area reduction

Fig. 2 shows the overall microstructure observations of the
sample with 75% area reduction after annealing. Fig. 2(a) shows the
bright-field TEM microstructures and corresponding SAED pattern
of the sample annealed at 400 °C for 0.6 ks. The microstructure
shows a completely nanocrystalline structure, and the SAED
pattern reveals no diffused ring, which indicates that the amor-
phous phase has been fully crystallized after annealing. Fig. 2(b)
shows the grain size distribution of the sample annealed at 400 °C.
The majority (~97%) of grains are smaller than 40 nm, with an
average grain size of approximately 20 nm based on the manual
measurement of 200 grains. Fig. 2(c) and (d) show the bright-field
TEM microstructures and corresponding SAED patterns of the
samples annealed at 450 °C and 500 °C, respectively. The average
grain sizes of these two samples are approximately 53 nm and
108 nm, respectively. An average grain size of approximately
257 nm of 550 °C annealed sample was also acquired by the same
method. The high resolution TEM observations show that few
dislocations could be found in the annealed samples. Fig. 2(e)
shows the relationship between the average grain size and
annealing temperature, and Fig. 2(f) reveals the DSC analysis of the
samples after annealing. In Fig. 2(f), it can be seen that only the
B2 < R transformation was detected for the samples annealed at
400 °C and 450 °C. A two-stage B2 <~ R < B19’ transformation was
detected for the samples annealed at 500 °C. The R — B1Y

transformation temperature M;s is approximately —76 °C for the
samples annealed at 500 °C, which is much lower than that for the
sample before cold drawing (—27 °C). This grain size effect is
consistent with the results reported recently [9—13].

Fig. 3(a) shows the tensile stress—strain curves of the annealed
samples with 75% area reduction. All annealed samples exhibit flow
stress upon loading and unloading, which demonstrated Liiders-
type deformation behaviour during stress-induced martensitic
transformation [19—22]. The sample annealed at 550 °C does not
experience the reverse transformation because the stress for the
inverse transformation is close to 0 MPa. Therefore, we cannot
acquire the hysteresis information in the samples annealed at
temperatures higher than 550 °C. The hysteresis of these samples
corresponding to the grain size is shown in Fig. 3(b). Obviously, the
stress hysteresis increases with decreasing grain size, which shows
a reverse effect to the results reported recently [6—8].

3.2.2. Sample with 39% area reduction

Fig. 4 shows the microstructure analysis of the sample with 39%
area reduction annealed at 300 °C, 400 °C and 450 °C. From the
bright-field image of the sample annealed at 300 °C shown in
Fig. 4(a), it is seen that many dislocations were encountered, and
there is no recrystallized grain generated in the sample, which in-
dicates that no recrystallization occurred during annealing. In the
400 °C annealed sample (as shown in Fig. 4(b)), most of the area
recrystallizes to nanograins, and the dislocation density is less than
the 300 °C annealed sample. In the 450 °C annealed sample (as
shown in Fig. 4(c)), the recrystallized grains are larger, and the
dislocation density is lower than that of the 400 °C annealed
sample. Fig. 4(d) shows the dislocation density and grain size of the
annealed samples measured by the Williamson—Hall method
applying the XRD experiments. It is shown that the dislocation
density decreases and the grain size increases with increasing
annealing temperature.

Fig. 5 shows the hysteresis analysis of the samples with 39% area
reduction after annealing. From the stress—strain curves of the
samples in Fig. 5(a), it is seen that when annealing at higher tem-
peratures (400 °C and 450 °C), the samples experience Liiders-type
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Fig. 2. The microstructure analysis of the annealed samples with 75% area reduction. (a) the TEM bright-field image and corresponding SAED pattern of the 400 °C annealed
sample; (b) the grain size distribution of the 400 °C annealed sample; the TEM bright-field image and corresponding SAED pattern of the samples annealed at (c) 450 °C and (d)
500 °C; (e) the average grain size of the samples with different annealing temperatures; (f) DSC analysis of the samples after cold annealing.
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Fig. 3. The stress hysteresis analysis of the annealed samples with 75% area reduction.
(a) The stress—strain curves; (b) the relationship between stress hysteresis and grain
size.

deformation. With decreasing annealing temperature (350 °C), the
deformation type tends to be homogeneous. When annealing at
300 °C, the samples experience absolutely homogeneous defor-
mation. Fig. 5(b) shows the relationship between stress hysteresis
and annealing temperature. It is seen that the stress hysteresis of
these samples decreases with decreasing annealing temperature.
From the results of the samples with 39% area reduction presented
above, it can be seen that both tension stress—strain curves and the
size effect on stress hysteresis are similar to the results acquired by
A Ahadi et al. [7,8]. Because the grain size of the samples increases
with increasing annealing temperature, we can deduce that the
samples reveal an inverse grain size effect on stress hysteresis in
contrast to the sample with 75% area reduction.

4. Discussion
4.1. Activation energy for grain boundary migration

Fig. 2(b) shows a non-bimodal grain size distribution, which
indicates that no secondary grain growth occurs [23]. The results in
Fig. 2(e) show that the average grain diameter increases with
increasing annealing temperature. It was proposed that when grain
growth occurs, the variation with time t of the grain size d can be
given by Refs. [24,25]:

d? = d + Kt (1)

where dyp is the initial grain size, and K is the grain boundary
migration rate, which exhibits the Arrhenius behaviour [24—28]:

K =Ky exp( — —2%';7_)

where Ky and R are constant, Qp, is the activation energy for the
grain boundary migration, and T is the temperature. According to
Egs. (1) and (2), the grain size d can be described by

(2)

2 _ g2 Qm
= K e
d® = dg + Kot exp( 2.3RT) (3)
As the results show in Fig. 1, most of the area of the sample with
75% area reduction was vitrified after cold drawing. Because the
annealed samples were mostly crystallized from the amorphous
phase, we can suppose that dg = 0. Eq. (3) can be expressed as
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Fig. 4. The microstructure analysis of the annealed samples with 39% area reduction. (a—c) The TEM bright-field image and corresponding SAED pattern of the samples annealed at
300 °C, (b) 400 °C and (c) 450 °C, respectively; (d) the dislocation density and grain size of the samples with different annealing temperatures.
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Fig. 5. The stress hysteresis analysis of the annealed samples with 39% area reduction.
(a) The stress—strain curves; (b) the relationship between stress hysteresis and
annealing temperature.

Qm 1
~Z6RT + iln(Kot) (4)

Fig. 6 is the Arrhenius plot of d of the sample with 75% area
reduction; the red symbols are the experimental results, the black
line is the linear fitting result of the red symbols, and the slope is
(9.2 + 0.4) x 103 K. We can extract the activation energy for grain
boundary migration Q; = 353.6 + 15.3 kJ/mol (approximately
3.55 + 0.15 eV), which is consistent with the activation energy of
NiTi alloy reported previously (approximately 3.12 + 0.05 eV) [28].

In(d) =

4.2. Microstructure difference of the annealed samples

The results of Figs. 3 and 5 show absolutely opposite grain size
effects on the stress hysteresis between the samples with 75% and
39% area reduction. From the TEM observation of the annealed
samples, it is seen that the microstructures of these samples are
different. Very few dislocations could be found in the former
sample, which indicate an intrinsic grain size effect on stress hys-
teresis. However, there are many dislocations in the latter sample.
The reason for this difference is the microstructural difference of
the initial samples before annealing. The results of Fig. 1 show that a
larger cold-drawn strain (75% area reduction) induces amorphous
phase in most of the areas of the sample, and the amorphous phase
crystallized at a range of 330—370 °C. Therefore, the annealed
samples experience a crystallization process, which ensures that
the samples reveal few dislocations. A lower cold-drawn strain
(39% area reduction) cannot induce amorphous phase (as shown in
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Fig. 6. Arrhenius plot of the mean grain diameter of the sample with 75% area
reduction, the red symbols are the experimental results, and the black line is the linear
fitting result of the red symbols. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 1(b)). The 300 °C annealed samples experience a recovery
process, and the 400 °C and 450 °C annealed samples experience a
partial recrystallization process. These annealed samples contain
many dislocations, and the density decreases with increasing
annealing temperature, as the results show in Fig. 4(d). Therefore,
we can deduce that the hysteresis of the samples with 39% area
reduction exactly decreases with increasing dislocation density but
not grain size.

4.3. Dislocation effect on stress hysteresis

Delville et al. reported an effect of dislocations on stress-induced
martensitic transformation [14]. Their results show that the accu-
mulation of dislocations affects the shape of the superelastic
stress—strain curve [14]. We propose that in the samples with 39%
area reduction, the martensitic phase nucleates at the stress con-
centration areas induced by the dislocations. The nucleation sites
increase with increasing dislocation density, which increases the
interface between the martensite and parent phases during
nucleation and therefore increases the interfacial energy. The effect
of phase interfaces on stress hysteresis of nanocrystalline NiTi alloy
was analysed by Aslan et al. [7,8]. Their results support that the
stress hysteresis decreases with increasing interfacial energy [7,8].
Therefore, in the samples with 39% area reduction, the increasing
dislocation density reduces the hysteresis of the stress-induced
martensitic transformation.

4.4. Grain size effect on stress hysteresis

The grain size effect on hysteresis as illustrated in Fig. 2 shows
that the stress hysteresis of nanocrystalline NiTi alloy increases
with decreasing grain size. It is known that the grain boundary
plays an important role in nanocrystalline materials
[19—22,29—-33]. Nanostructures are usually considered as com-
posites consisting of crystalline grain cores and an amorphous grain
boundary “phase” [21,34]. Fig. 7 presents the schematic represen-
tation of the deformation process of nanocrystalline NiTi alloy
during superelastic cycling. Fig. 7(a) presents a schematic image of
the grain core and boundary distribution; the dark grey regions
represent grain cores, and the light grey regions represent grain
boundaries. Fig. 7(b) presents the schematic image of stress—strain
curves of the grain cores and boundaries during superelastic
cycling. During loading, the grain cores experience a trans-
formation process (AB) and reveal a transformation strain. To
accommodate the transformation strain of the grain cores, grain
boundaries experience a plastic tensile deformation (A’B’). During
unloading, the grain cores experience an inverse transformation
process (BCD) and return to the original length. The grain bound-
aries elastically unload to point C’ first. The boundaries are then
compressed by the inverse-transforming grain cores, and plastic
deformation (D’E’) occurs.

The plastic deformation of grain boundaries and the generation
and motion of internal interfaces of grain cores contribute to the
energy dissipation during superelastic cycling. The energy dissi-
pation per volume of grain cores (E;) and boundaries (Ep) is pre-
sented as dark grey areas and light grey areas in Fig. 7(b),
respectively. Eg and Eﬁ are the energy dissipation of boundaries
during loading and unloading, respectively; therefore, E, = E}, + Eg.
It is known that the yield strength of the grain boundary is higher
than that of the grain core when the grain size is larger than the
critical size (approximately 10 nm), which indicates that the
Hall—Petch relationship is reasonable [20,21,31,32]. Because the
flow stress of stress-induced transformation is less than the stress
for that of plastic deformation, we can deduce that the yield
strength of the grain boundary (A’) is higher than the flow stress of
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Fig. 7. Schematic representation of the deformation process of nanocrystalline NiTi
alloy during superelastic cycling. (a) The schematic image of the grain core and
boundary distribution; the dark grey regions represent grain cores, and the light grey
regions represent grain boundaries; (b) the schematic image of stress—strain curves
and energy dissipation of the grain cores and boundaries during the superelastic
cycling; the dark grey area represents the energy dissipation of the grain cores E., and
the dark grey areas represent the energy dissipation of the grain boundaries Ep,. E,17 and
E,f are the energy dissipations of the grain boundaries during loading and unloading,
respectively, and E, = E} + E2.

the grain core (A). Therefore, it can be seen in Fig. 7(b) that Eg > E.
The energy dissipation per volume of the sample is

E = ¢cEc + ¢pEp = Ec + ¢p(Ep — Ec) (5)

where ¢, and ¢p, are volume fractions of grain cores and boundaries,
respectively. It is known that, in nanocrystalline metals, ¢p in-
creases with decreasing grain size [20,21,31,32]. Because
Ep = E} + E2>Ec, we can deduce from Eq. (5) that the energy
dissipation of the whole sample increases with decreasing grain
size, which result in increased stress hysteresis.

5. Summary and conclusions

The grain size effect on the stress hysteresis of nanocrystalline
NiTi alloy during superelastic cycling was investigated by testing
two types of samples with 75% and 39% area reduction. From the
results obtained in this study, the following interesting conclusions
were obtained:

1. The activation energy for grain boundary migration of the NiTi
alloy was analysed and found to be 353.6 + 15.3 kJ/mol.

2. The results of the annealed samples with 39% area reduction
suggest that the dislocation density affects the stress hysteresis
of nanocrystalline NiTi alloy. The increase in phase interfacial
energy reduces the energy dispassion, which reduces the stress
hysteresis of nanocrystalline NiTi alloy during the superelastic
cycling.

3. The results of the annealed samples with 75% area reduction
suggest that the stress hysteresis increases with decreasing

grain size in nanocrystalline NiTi alloy. The plastic deformation
of grain boundaries affects the stress hysteresis of nanocrystal-
line NiTi alloy. The volume fraction of grain boundaries in-
creases, and the boundary strength decreases with decreasing
grain size, which increases the stress hysteresis during the
superelastic cycling.
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