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SEARCH & DISCOVERY

The home air conditioner and refrig-
erator owe their success to vapor-
 compression technology. First, a com-

pressor squeezes refrigerant vapor
before it’s sent to a condenser. There the
hot, pressurized gas cools and becomes
a liquid. The liquid is then piped into an
evaporator, where it depressurizes and
sucks up the surrounding heat. As the en-
vironmental temperature decreases, the
liquid gains heat and evaporates before
reentering the compressor and repeating
the process. 

Although inexpensive, the vapor-
compression refrigeration cycle is nei-
ther particularly efficient nor the most
environmentally friendly process. Hydro -
fluorocarbons and other refrigerants in-
evitably leak out of the appliances and
into the atmosphere, where they’re po-
tent contributors to the greenhouse ef-
fect. Solid-state alternatives that apply a
magnetic or electric field or stress to spe-
cially designed alloys  have been gaining
traction for decades. But the technology
hasn’t quite achieved the temperature
drop necessary to compete with com-
mercially available cooling techniques
(see the article by Ichiro Takeuchi and
Karl Sandeman, PHYSICS TODAY, Decem-
ber 2015, page 48). 

Nickel–titanium, nickel–manganese,
and other shape-memory alloys have
already been studied as potential
solid-state refrigerants because they un-
dergo structural phase transitions (see
PHYSICS TODAY, May 2010, page 20, and
August 2016, page 18). During the
transformation of NiMn-based alloys
from one phase to another, the material
distorts from a high-symmetry crystal
phase to a low-symmetry one. As a
magnetic field or stress is applied to the
alloy, its volume changes, and conse-
quently so do the entropy and temper-
ature. The phenomenon is known as a

magneto caloric or elastocaloric effect,1

and both can be generated in the same
material simultaneously. So far most
solid-state refrigeration researchers have
focused on maximizing a NiMn-based
material’s magnetocaloric response by
enhancing the difference in magnetiza-
tions of the transforming phases. But
such a design has tradeoffs: Optimizing
the magnetocaloric effect reduces the
elastocaloric effect.

Now Daoyong Cong of the Univer-
sity of Science and Technology Beĳing

and a team of engineers, materials scien-
tists, and physicists have taken a differ-
ent approach that focuses on the elasto -
caloric effect. Rather than optimize the
magnetic properties of the material, the

To make solid-state refrig-
eration technology 
more efficient, researchers
exploit the large, reversible
 temperature swing of a
 material comprising nickel,
 manganese, and titanium.

When a novel metal alloy relieves stress, it chills out

FIGURE 1. A NICKEL, MANGANESE, AND
TITANIUM cylindrical sample (left) is loaded
in a piston–cylinder  pressure instrument.
Applying stress from the top and bottom
squeezes the sample, which decreases its
volume and increases its temperature, the
latter measured using a thermocouple
(white ribbon). When the compressive stress
is unloaded, the temperature reverses and
the sample cools. That temperature drop
makes it a promising  material for solid-state
refrigeration. (Photos by Shengwei Li.)
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team adjusted the alloy composition
with an eye toward maximizing the ma-
terial’s volume change when squeezed.
The elastocaloric effect generates a tem-
perature change that could be big enough
for large-scale refrigeration applications.2

Designing a metallurgical marvel
The alloy Cong and his colleagues made,
which comprises nickel, manganese, and
titanium and is shown in figure 1, isn’t
entirely new. Materials made with those
elements have already been explored.3
“People always treat these alloys as mag-
netic shape-memory alloys,” says Cong.
“They want to have magnetic order and
thus multicaloric—magnetocaloric and
elastocaloric—properties in these alloys.” 

The first test alloy used a different
composition of metals from previous
studies: 50% nickel, 38% manganese, and
12% titanium. But differential scanning
calorimetry measurements showed that
the temperature at which the phase tran-
sition takes place is a bit too far above
room temperature for an ideal refrigera-
tion technology. After tweaking the Mn
and Ti percentages in several more trials,
the researchers settled on a composition,
Ni50Mn31.5Ti18.5 , that experiences a transi-
tion closer to room temperature. They
also added a trace of boron to make the
alloy less brittle.

Testing many different compositions
was time well spent. Tuning the alloy’s
Ti content changes its transition temper-
ature, which makes the material useful

for other heat pump applications. “I al-
ways thought that the best elastocaloric
materials are not yet discovered, as no-
body seriously investigated that possi-
bility,” says Jaka Tušek of the Univer-
sity of Ljubljana in Slovenia. “Until now
practically all the elastocaloric materials
were simply taken from already known
shape-memory alloys,” he says, “but this
work shows that there is still significant
room for improvement in developing
new elastocaloric materials.” In addi-
tion, engineers still need to develop a re-
frigerator design that can repeatedly
compress the material and efficiently
expel waste heat.

In situ synchrotron high-energy x-ray
diffraction experiments with the new
alloy showed that the material’s volume
decreases by 1.84–1.89% during its phase
transition. The change is more than other
similar shape-memory alloys as shown
in figure 2a. In those alloys, the electronic
contribution to the entropy change is
small,4 and the magnetic contribution is
negligible in the absence of a magnetic
field. Those material properties led the
researchers to suspect that the entropy
change of their material, and consequently
the expected temperature change, would
arise predominantly from crystal-lattice
volume changes.

To test their hunch, the team applied
700 MPa of compressive stress to the
sample and measured the temperature
variation using a thermocouple as
shown in figure 1. When compressed, the

alloy experiences a temperature
increase ΔT of about 30 K as
shown in figure 2b, 20% higher
than any other elastocaloric mate-
rial measured thus far. “It’s so
large that it’s almost unheard of in
this field of caloric materials,”
says Ichiro Takeuchi of the Uni-
versity of Maryland. After the
material expels heat to the envi-
ronment and the stress is re-
moved, the material then absorbs
nearly the same amount of heat,
which makes the temperature
swing reversible. 

Reaching a compromise
At least two big wrinkles still need to be
ironed out. The material’s phase transi-
tion demands 700 MPa of stress, which is
currently applied by a laboratory-scale
instrument. A solid-state refrigerator will
“need to effectively utilize the work re-
leased during the unloading of the mate-
rial,” says Tušek, so that it can be afford-
able and efficient for commercial-scale
applications. The material still needs to
be tested to determine if it can withstand
the millions of stress cycles a commer-
cially available unit would need to per-
form. “Just as tweaking the composition
led them to get this amazing ΔT,  the fa-
tigue is something that could be poten-
tially engineered as well to get a material
with a long life,” says Takeuchi. 

However, altering an alloy’s composi-
tion has tradeoffs. Adjusting the struc-
ture to improve its strength or stability
may decrease the magnitude of its elasto -
caloric effect. But, Takeuchi says, “They
start off with such a high ΔT that it gives
them room to do this adjustment.” So
even though the elastocaloric effect may
decrease if the material needs strength-
ening, the large temperature change al-
ready achieved affirms that it is a prom-
ising candidate for commercial solid-state
refrigeration. 

Alex Lopatka
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FIGURE 2. SHAPE-MEMORY ALLOYS experience a structural phase transition when
squeezed, which alters the metal compound’s crystal lattice. (a) The volume change and
 entropy change of a newly designed material (red circles) are larger than other materials
with different metal stoichiometry. (b) Loading and unloading a stress of 700 MPa to a
 specially designed alloy comprising nickel, manganese, and titanium generated an adiabatic
temperature swing of about 30 K. (Adapted from ref. 2.)


