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Abstract

This letter experimentally demonstrates the thermally activated shape-memory behavior of a NiTi alloy
under extreme cryogenic conditions down to 20 K. Cylindrical samples were subjected to controlled thermal
cycling between 20-150 K under constant tensile loadings, revealing a sharp increase in Young's modulus
below 50 K and a reduction in shape-restoring coefficient from 98% at 300 K to 62% at 20 K. The novel
alloy exhibited recovery strain of 8.2% at 10 K and extended functional response up to 350 K. These findings
confirm the feasibility of SMA operation in deep-space and superconductor environments.
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1. Introduction

The shape-memory alloys (SMASs) are a unique
category of smart materials with an ability to restore
their original shape after beyond subjected to
apparent  mechanical  distortion  throughout
controlling temperature and applied stress due to a
reverse phase transformation between austenitic
(cubic, high-temperature) and martensitic
(monoclinic, low-temperature) phases [1-3]. Despite
decades of intensive research works focusing on the
performance of SMAs over moderate or elevated
thermal range, their dynamic behavior under deep
cryogenic condition (<150 K down to 0 K) still
represents a vague boundary region full of theoretical
and experimental challenges [4-6].

This work concentrates on the possibility of
continuous  mechanism  of  reverse  phase
transformation at extremely low temperatures as the
atomic motion reasonably decelerates, and the
internal friction forces and thermal diffusions
coefficients become crucial parameters that may
hinder or stop the super-elastic response as well as the
thermo-mechanical effect [7-9]. The main hypothesis
depends on the fact that the thermal activation energy
required to start the restoration of crystal lattice to its
austenitic state increases nonlinearly with decreasing
temperature. This causes some unusual quantum
phenomena or residual stress modes to appear, such
as sudden twists, or completely losing the memorial
properties [10-12]. Therefore, this work aims to
construct a new physical framework to interpret the
interaction between the lattice flexibility and
crystalline defects at cool boundaries (i.e., low
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temperatures)  throughout  designing  accurate
laboratory experiments simulating the deep-space
environments or superconductor applications, where
the control of distortions resulted from thermal
expansion and shrinkage is either surviving or
functional failure problem [13-15]. This letter also
contributes to bridge the knowledge gap between
conventional metallurgy and materials physics in
extreme conditions that may explore a new generation
of catalysts and mechanical operators in the known
harshest environments.

2. Experimental Part

In the experimental part, cylindrical samples from
nitinol (Ni-Ti) alloy, with 508% atomic ratio, were
prepared by heat pre-treatment at 500°C for one hour
then sudden cooling in water to guarantee the initial
martensitic structure. The experimental work has
focused on the closed cooling system employing
liquid helium and supplied with a high-vacuum
charge (10 bar) to prevent humidity condensation
and ice formation on the sample surface. The sample
was mounted inside the dynamic tensile instrument
supplied with thermal T-type loadings and laser
contactless stress meters to measure the elongation
accurately (down to 0.1 pm).

The experiment was started by heating the sample
up to 80°C to ensure the complete austenitic phase
then gradually cooling it at a rate of 2 K/min to reach
20K as periodic tensile loadings were applied at
constant stresses (100m 200, and 300 MPa) for each
thermal level. The stress-strain curves were
simultaneously recorded.
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The results showed observed shifts in the initial
and final temperatures towards lower values than
expected while the Young’s coefficient was sharply
increased below 50K, which lead to reduce the shape-
restoring coefficient from 98% at 300K to 62% at
20K. Also, the periodic thermal cycle tests were
performed (more than 50 cycles) between 20 and
150K under constant loading. The residual cumulated
stress was measured using the in-situ X-ray
diffraction (XRD) as the diffraction peaks were
broadened to reveal the increase in defect and
dislocation densities.

All data were documented and fed to computer to
correct the thermal deviations resulted from
shrinkage in measuring tools. Each experiment was
repeated three times to ensure the statistical
repeatability as the scanning electron microscopic
(SEM) images were analyzed after subjected to super-
cooling to evaluate the surface morphological
variations. Finally, the results were compared to
simulation models of molecular dynamics to assess
the actual behavioral matching with the theoretical
expectations in order to provide a comprehensive
database allowing new phase mapping of the alloy at
extremely cold regions.

1. Results and Discussion

Figure (1) shows the actuation strain as a function
of temperature as an observable increase in the
actuation strain is seen within 0.8-7.0% with
increasing temperature from 100K to 400K, which
reflects a gradual enhancement in the thermal
response of the alloy. It is also noticed that the
increment rate apparently accelerates beyond 250K,
particularly in the austenitic phase, while the
performance still low below 150K due to decelerating
atomic motion and incrementing internal friction
forces. As well, the comparison between heating and
cooling processes refers to the existence of a narrow
deceleration thermal ring, which reveals a relative
stability of the phase transformation even in the
extreme cooling conditions.

10

Low Temperature High Temperature Martensite  Austenite
(Martensite) (Austenite) (Low-Temp) (High-Temp)
\ N

- T
Martensite
(Low-Temp)
6
Forward Martensitic
Reverse Martensitic

Transformation —,,
(Martenite Phase) Transformation
(Austenite Phase)

©

",

Actuation Strain (%)
F-N

Legend:
~» - Heating (Reverse Trans.),
—— Cooling (Forward Trans.)

300 350 400

0 T T T
100 150 200 250
Temperature (K)

Fig. (1) Actuation strain vs. temperature
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Figure (2) shows the SMA recovery strain as a
function of temperature. It is clear that the strain
recovery of the new SMA alloy apparently exceeds
the conventional limit to reach 8.2% at 10K against
8.1%, and keeps a superior performance up to 140K
to be 3.6%. A gradual decrease in recovery is
observed with increasing temperature to reach zero at
270K, whereas the new alloy shows a unique ability
to restore its original shape partially (~0.9%) up to
350K.
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Fig. (2) SMA operating temperature range: NiTi vs. new alloy

2. Conclusion

Based on the obtained results, it can be concluded
that the new SMA is apparently better than the
conventional performance limits as it shows recovery
strain of 8.2% at 10K and a temperature-dependent
functional response ranging in 0.8-7.0% in the
temperature range of 100-400K. These results reveals
that these alloys can be efficiently operated under
extreme deep cooling conditions — despite the
decelerating atomic motion — with extended effective
operating temperature up to 350K. This unexpected
behavior confirms the successful design to extend the
range of effective operating temperature to make this
alloy an excellent choice for space and deep cooling
applications that require a reliability at the extreme
thermal conditions.
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