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A B S T R A C T

High-efficiency elastocaloric refrigeration requires high-performance elastocaloric materials with both large
surface areas to promote heat exchange rate and large elastocaloric effects to increase the amount of heat
transfer. Ni�Ti shape memory alloys (SMAs) are the most promising elastocaloric materials but they are diffi-
cult to process by conventional methods due to their poor manufacturability. Here, we successfully devel-
oped Ni�Ti SMAs with large elastocaloric effects by additive manufacturing which has the capability to
fabricate complex geometries with large surface areas. The phase transformation temperatures of these addi-
tively manufactured Ni�Ti SMAs, fabricated by selective laser melting (SLM), can be tuned by varying the
SLM processing parameters and/or post heat treatments and thus tunable large elastocaloric effects were
achieved at different temperatures, which can be used for different applications. Owing to its large transfor-
mation entropy change and high yield strength as a result of precipitation hardening, the aged SLM fabri-
cated alloy exhibits a remarkably large elastocaloric effect with an adiabatic temperature change as high as
23.2 K, which is among the highest values reported for all Ni�Ti SMAs fabricated by both conventional meth-
ods and additive manufacturing. Furthermore, by virtue of the high yield strength and low stress hysteresis
of the aged alloy, this large elastocaloric effect shows good stability during cycling. The achievement of such
large elastocaloric effects in alloys fabricated by near-net-shape additive manufacturing may accelerate the
implementation of high-efficiency elastocaloric refrigeration. This study is instructive for the development of
advanced high-performance solid-state refrigeration materials by additive manufacturing.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Solid-state cooling technology based on caloric effects of materials
is a promising alternative to the traditional vapor compression cool-
ing technology that produces ozone-depleting or greenhouse gases,
owing to its environmental friendliness and high energy efficiency
[1,2]. Recently, a series of caloric effects including electrocaloric effect
(induced by electric field) [3], magnetocaloric effect (induced by mag-
netic field) [4], elastocaloric effect (induced by uniaxial stress) [5] and
barocaloric effect (induced by hydrostatic pressure) [6] have been
reported. Elastocaloric refrigeration based on the elastocaloric effect
[7�14] is considered to be the most promising solid-state cooling
technology [15]. The elastocaloric effect is characterized by the adia-
batic temperature change ΔTad and the isothermal entropy change
ΔSiso upon the application or removal of a uniaxial stress [16]. Shape
memory alloys (SMAs) are excellent elastocaloric candidate materials
owing to their superior elastocaloric properties. The elastocaloric
effect of SMAs originates from the latent heat associated with the
reversible stress-induced martensitic transformation [17�19]. To
date, several prototypes of elastocaloric refrigeration systems and
devices based on the use of SMAs have already been successfully
developed [20�22]. For elastocaloric performance, a large elasto-
caloric effect is required since it is closely related to the amount of
heat transfer. To achieve a high heat exchange rate and cooling effi-
ciency, which is of great importance for practical applications, elasto-
caloric refrigeration demands materials geometries with large
surface areas, and even complex shapes such as honey-comb and
mesh shapes are needed [23].

Among all the elastocaloric materials, Ni�Ti SMAs are the most
suitable materials for engineering applications of elastocaloric refriger-
ation, due to their large elastocaloric effect [1], excellent mechanical
properties [18,24] and superb corrosion resistance. As a result of the
large latent heat associated with reversible martensitic transformation
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[19], huge elastocaloric effects with a maximum ΔTad of more than
20 K can be obtained in Ni�Ti SMAs [1,25], which is quite beneficial
for elastocaloric refrigeration. In addition, Ni�Ti SMAs display excel-
lent shape memory effect and superelasticity as well as good biocom-
patibility [18,26,27], and thus show promising prospects for sensing,
actuating and biomedical applications [28�30]. However, it is a hard
task to fabricate Ni�Ti parts with conventional methods (smelting,
cold/hot working and machining) due to their high reactivity, poor
machinability and high resistance to deformation [31�33]. Thus, all
the conventionally fabricated Ni�Ti parts have simple geometries,
which greatly limits the applicability of Ni�Ti SMAs. Moreover, hereto-
fore the huge elastocaloric effects (with ΔTad above 20 K) are mostly
reported in small-size Ni�Ti wires [7] or nanocrystalline Ni�Ti sheets
that require very complex thermomechanical processing. It remains a
great challenge to acquire bulk Ni�Ti alloys with complex geometries
and large elastocaloric effects to fulfill the requirement of efficient
elastocaloric cooling.

Additive manufacturing, commonly known as 3D printing, is a
transforming technique that enables near-net-shape manufacturing
of customized complex internal and external shapes of almost any
material and minimization of manufacturing waste, owing to a highly
digital approach [34]. For additive manufacturing, the material pow-
ders or more rarely a wire is completely melted and then built up
layer by layer, according to the CAD model, into complex-shaped
parts [35], which provides the highest degree of freedom for shape
design. The additive manufacturing techniques include powder-bed-
based techniques such as selective laser melting (SLM) [36], selective
laser sintering [37] and electron beam melting [38] and flow-based
techniques such as laser engineered net shaping [39] and laser solid
forming [40], among which the powder-bed-based SLM is an emerg-
ing advanced technique with many advantages, such as smooth sur-
face of the product, minimal machining, and full utilization of
material [36]. Additive manufacturing of structural materials has
been successfully used in many fields, such as aerospace, automotive
and dental [41]. Nevertheless, additive manufacturing of functional
materials is still in the early stage. Additive manufacturing of SMAs
can be classified as 4D printing, since the 3D fabricated SMA compo-
nents are able to evolve in a predefined manner (such as shape
change) with time [42]. Particularly, additive manufacturing provides
an ideal technique for fabricating near-net-shape Ni�Ti SMAs with
large surface areas and/or complex shapes for efficient heat exchange
in elastocaloric refrigeration devices and robust mechanical proper-
ties to ensure structural integrity [23], considering the poor manufac-
turability of Ni�Ti SMAs by conventional methods. Therefore,
additive manufacturing of Ni�Ti SMAs has recently attracted great
attention [30,31,42�47]. However, there are only very limited studies
on the elastocaloric effect of additively manufactured Ni�Ti SMAs
[23], in which the elastocaloric effect is significantly lower than that
in the conventionally fabricated Ni�Ti SMAs [1]. Moreover, the elas-
tocaloric effect in SLM fabricated Ni�Ti SMAs has never been investi-
gated. It is imperative to develop additively manufactured Ni�Ti
SMAs with a large elastocaloric effect that is comparable to the high-
est values in the conventionally fabricated alloys to accelerate the
implementation of high-efficiency elastocaloric refrigeration.

Here, we successfully developed SLM fabricated bulk Ni�Ti
SMAs with large elastocaloric effects. The elastocaloric effect in
such SLM fabricated alloys is tunable by varying SLM processing
parameters and/or post heat treatments, so that large elastocaloric
effects can be achieved at different temperatures for different
applications. Remarkably, the aged alloy shows a large elasto-
caloric effect with ΔTad as high as 23.2 K, which is among the high-
est values reported for all Ni�Ti SMAs fabricated by both
conventional methods and additive manufacturing. Furthermore,
this large elastocaloric effect in the aged alloy exhibits good stabil-
ity during cyclic mechanical tests, owing to the high yield strength
and low stress hysteresis of the aged alloy. To our knowledge, this
is the first study on the elastocaloric properties of SLM fabricated
materials. The present work may pave the way for the develop-
ment of advanced high-performance materials with large elasto-
caloric effects and complex geometries by additive manufacturing
for high-efficiency solid-state cooling.

2. Materials and methods

Commercial pre-alloyed Ni�Ti powders (with nominal Ni content
of 51.4 at.%) manufactured by the supreme-speed plasma rotating
electrode process were used as the starting materials for SLM fabrica-
tion. As determined from the scanning electron microscopy (SEM)
micrographs (see Fig. 1a and b), the size of the powders is between
30 and 45 mm. Additively manufactured Ni�Ti alloys were fabricated
with a commercial SLM system (SLM-YZ250) equipped with a 500 W
Ytterbium fiber laser. This SLM system can be used to fabricate multi-
ple samples at the same time by creating a CAD model. According to
the CAD model the Ni�Ti samples were built up layer by layer on a Ti
substrate. To prevent oxidation during fabrication, the SLM process is
carried out under the argon atmosphere with an oxygen level lower
than 100 ppm. The bidirectional scanning strategy was employed;
the laser scanning direction rotates by 90° between adjacent layers,
as shown in Fig. 1c.

The laser energy input or density E, which is the key factor that
influences the quality of the SLM fabricated parts, is directly related
to the SLM processing parameters [48]:

E ¼ p=vhst ð1Þ
where p denotes laser power, v scanning speed, hs hatch spacing
(Fig. 1c) and t layer thickness. In the present work, to study the
effect of hatch spacing hs, different hs values of 0.04, 0.05, 0.06,
0.07, 0.08 mm were used while the other parameters were held
constant (p = 200 W, v = 1500 mm/s, and t = 0.04 mm) because
our preliminary investigation showed that with these parameters
relatively high-quality samples can be fabricated. The processing
parameters for the SLM fabricated samples are summarized in
Table 1. Solution treatment (at 1223 K for 12 h followed by water
quenching) and ageing (at 723 K for 5 h followed by air cooling)
were performed on some of the fabricated samples to investigate
the effect of post heat treatment and to tune the mechanical and
elastocaloric properties.

The phase identification was performed at room temperature
using X-ray diffraction (XRD) with Cu Ka radiation. The phase
transformation temperatures were determined by differential
scanning calorimetry (DSC, NETZSCH DSC 214 Polyma) with heat-
ing and cooling rates of 10 K/min. The microstructure was exam-
ined using a ZEISS optical microscope. The crystallographic
orientation and elemental distribution were investigated by elec-
tron backscatter diffraction (EBSD) and energy dispersive spectros-
copy (EDS) analysis, respectively, using SEM (ZEISS SUPRA55). The
precipitates in the aged samples were studied by transmission
electron microscopy (TEM, TecnaiF20) operated under an acceler-
ating voltage of 200 kV.

The mechanical properties and elastocaloric effect of the SLM fab-
ricated samples were studied by compression tests using a mechani-
cal testing machine (Instron 5966). The directly fabricated samples
(F3 £ 6 mm3), without any further machining, were used. The
stress-strain curves were measured with a low strain rate of 10�4 s�1.
To ensure the accuracy and reliability of the data, a non-contacting
video extensometer was used to record the strain. For the elasto-
caloric effect measurements, the sample temperature variation dur-
ing loading and unloading was monitored by a K-type thermocouple
attached to the sample surface. The temperature data were recorded
by the OM-DAQ-USB-2401 data acquisition module. A relatively
high strain rate was used for unloading to approach the adiabatic
condition.



Fig. 1. (a) SEM secondary electron micrograph for Ni�Ti powders. (b) Magnified view of the area enclosed by the dashed frame in (a). (c) Schematic illustration of the bidirectional
scanning strategy, with the scanning direction rotating by 90° between adjacent layers. (d) Photographs of the as-fabricated Ni�Ti parts with different geometries (manufactured
with hs = 0.08 mm). The rod indicated by the arrow was used for mechanical and elastocaloric measurements.
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3. Results

Typical SLM fabricated Ni�Ti parts are demonstrated in Fig. 1d. As
can be seen, various parts with different geometries, some of which
have large surface areas beneficial for enhancing heat exchange capa-
bility in elastocaloric refrigeration, can be successfully fabricated with
SLM. The density of these SLM fabricated parts (with hs = 0.08 mm)
was determined based on Archimedes’ Principle and it was found
that the ratio of the density of the SLM fabricated parts and that of
the conventionally melted alloys was 99.3 § 0.2%. This suggests that
nearly fully dense Ni�Ti parts can be fabricated. In principle, more
complex-shaped samples can be manufactured by SLM, owing to the
high flexibility in shape design with the digital approach. For easy
investigation of the mechanical and elastocaloric properties, we will
focus on the rod samples in the following. It is expected that the sam-
ples with other geometries show the same properties as those of the
rod samples provided that the processing parameters are the same,
because they were fabricated with the same technique.

To demonstrate the effect of hatch spacing hs and post heat treat-
ments on phase transformation, Fig. 2a�c shows the DSC curves for
the as-fabricated, solution-treated (1223 K, 12 h) and aged (723 K,
5 h) Ni�Ti alloys manufactured with different hs, respectively. As can
be seen, all the samples exhibit reversible martensitic transformation.
The as-fabricated (Fig. 2a) and solution-treated (Fig. 2b) samples
Table 1
Processing parameters for the SLM fabricated Ni�Ti samples.

Sample Laser power p (W) Scanning speed v (mm/s) Hatch spa

S1 200 1500 0.08
S2 200 1500 0.07
S3 200 1500 0.06
S4 200 1500 0.05
S5 200 1500 0.04
exhibit one-step transformation during both cooling and heating, but
the aged samples display two-step transformations during cooling
and one-step transformation during heating. To gain insights into the
transformation sequence, we performed room-temperature XRD
experiments on the as-fabricated, solution-treated and aged samples,
and the representative results for the samples manufactured with
hs = 0.08 mm are shown in Fig. 3. As indicated from Fig. 3, for the as-
fabricated sample, the main phase at room temperature is B2 austen-
ite, but there is also a small amount of B190 martensite present. For
the solution-treated sample, there is only B2 austenite at room tem-
perature. For the aged sample, B2 austenite and R phase coexist at
room temperature. The above XRD results suggest that the one-step
transformation in the as-fabricated and solution-treated samples is
B2 $ B190 and the two-step transformations during cooling and the
one-step transformation during heating in the aged sample corre-
spond to B2 ! R ! B190 and B190 ! B2, respectively, consistent
with the transformation sequences for the solution-treated and aged
Ni�Ti alloys reported in the literature [24,49,50].

As indicated from Fig. 2a, the phase transformation temperatures
of the as-fabricated samples decrease significantly with increasing hs.
Since elastocaloric effect occurs only above the austenite transforma-
tion finish temperature Af, special attention was paid to the variation
of Af as a function of hs, which is presented in Fig. 2d. For the solu-
tion-treated samples (Fig. 2b), Af also decreases with increasing hs
cing hs (mm) Layer thickness t (mm) Energy input E (J/mm3)

0.04 41.67
0.04 47.62
0.04 55.56
0.04 66.67
0.04 83.33



Fig. 2. (a�c) DSC curves of the (a) as-fabricated, (b) solution-treated and (c) aged Ni�Ti alloys manufactured with different hatch spacing hs of 0.04, 0.06 and 0.08 mm. (d) Austenite
transformation finish temperature Af as a function of hatch spacing hs for the as-fabricated, solution-treated and aged Ni�Ti alloys.
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(Fig. 2d). Nevertheless, for the aged samples (Fig. 2c), Af remains
almost unchanged as hs increases (Fig. 2d). When comparing Fig. 2a
and 2b, one can see that for the samples manufactured with the same
hs, the DSC peaks for the as-fabricated sample are much broader
(Fig. 2a) and they become sharpened after solution treatment
(Fig. 2b). In addition, Af decreases after solution treatment (Figs. 2a,
2b, and 2d). After subsequent ageing, Af increases (compare Fig. 2b
Fig. 3. Room-temperature XRD patterns for the as-fabricated, solution-treated and
aged Ni�Ti alloys manufactured with hs = 0.08 mm.
and 2c) but the extent to which Af increases is different for the sam-
ples manufactured with different hs (Fig. 2d). This eventually leads to
the fact that the aged samples manufactured with different hs exhibit
almost the same Af (Fig. 2c and 2d). As is well known, the transforma-
tion entropy change (DS) is closely related to the magnitude of elas-
tocaloric effect [10], and it can be determined from the DSC peaks
with the following relation [51]: DS � DH/T0 where, for the reverse
transformation, T0 is the austenite transformation peak temperature
and DH is the transformation enthalpy change that can be extracted
from the area under the endothermic peak. It is found that for the as-
fabricated, solution-treated and aged samples, DS almost does not
change with the variation of hs; all the samples exhibit a large DS, in
the range of 55�80 J kg�1 K�1. For the samples manufactured with
the same hs,DS increases after solution treatment and decreases after
subsequent ageing. As an example, the DS of the reverse transforma-
tion for the as-fabricated, solution-treated and aged samples manu-
factured with hs = 0.08 mm is 55, 75 and 64 J kg�1 K�1, respectively.
As demonstrated above, the phase transformation temperatures of
the SLM fabricated samples can be tuned by varying processing
parameters and/or post heat treatments, and thus tunable elasto-
caloric effects can be expected at different temperatures for different
applications. The underlying mechanisms responsible for the effect of
processing parameters and heat treatments on phase transformation
will be discussed later.

Fig. 4 shows the optical micrographs of the as-fabricated Ni�Ti
alloys manufactured with different hs of 0.08, 0.06 and 0.04 mm. As
seen from Fig. 4a�c, square-shaped grain structure was formed in



Fig. 4. Optical micrographs for the as-fabricated Ni�Ti alloys manufactured with different hatch spacing hs of (a, d) 0.08 mm, (b, e) 0.06 mm and (c, f) 0.04 mm. (a�c) were taken in
the cross section which is perpendicular to the building direction (BD) and (d�e) were taken in the longitudinal plane which is parallel to the building direction (BD).
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the cross section due to the rotation of laser scanning direction by 90°
between adjacent layers and the size of the squares is closely related
to the hs. The micrographs taken in the longitudinal plane (Fig. 4d�f)
indicate columnar grain structure along the building direction (BD),
which is formed as a result of the “epitaxial solidification” that
involves the complete melting of the deposited powder layer and the
partial re-melting of the previously melted layer [47,52]. Overall, the
grain structure demonstrated in Fig. 4 well reflects the scanning path
of the SLM fabrication. As shown in Fig. 4, there are very few pores in
the samples manufactured with these hs values. Actually, our meas-
urements based on Archimedes’ Principle indicated that the ratio of
the density of the SLM fabricated Ni�Ti alloys manufactured with
0.04 � hs � 0.08 mm and that of the conventionally melted alloys is
always higher than 99%, indicating that almost fully dense samples
can be fabricated with 0.04 � hs � 0.08 mm. We also tried to fabricate
samples with hs = 0.09 mm but it was found that the porosity became
higher. To meet the requirements of high quality and fast fabrication
for practical applications, here hs = 0.08 mm is considered as the
Fig. 5. EBSD orientation maps taken in the longitudinal plane for the (a) as-fabricated, (b) so
are presented in inverse pole figure mode and the legend, which is parallel to the building d
figures for the building direction (BD).
optimal processing parameter for SLM fabrication. Therefore, we will
focus on the alloy fabricated with hs = 0.08 mm in the following.

To examine the microstructure and crystallographic orientation of
the samples subjected to different heat treatments, we performed
EBSD measurements. Fig. 5 shows the EBSD orientation maps taken
in the longitudinal plane for the as-fabricated, solution-treated and
aged samples fabricated with hs = 0.08 mm. These orientation maps
are presented in inverse pole figure mode with respect to the build-
ing direction (BD). As seen from Fig. 5a, the as-fabricated sample
shows apparent columnar grains in the re-melting region which are
enveloped by some fine, slim and diverse grains. After solution treat-
ment, the size of grains increases due to grain growth and the charac-
teristic of columnar grain structure remains (Fig. 5b). Upon
subsequent ageing, the grain structure remains essentially
unchanged (Fig. 5c). As seen from the inverse pole figures for BD
shown in the insets of Fig. 5a�c, there is only weak texture with
[001] parallel to BD in the as-fabricated, solution-treated and aged
samples.
lution-treated and (c) aged Ni�Ti alloys manufactured with hs = 0.08 mm. These maps
irection (BD), is displayed in (d). The insets of (a�c) are the corresponding inverse pole



Fig. 6. (a, d, g) SEM secondary electron images and (b, c, e, f, h, i) corresponding EDS maps of the elements Ti and Ni for the (a, b, c) as-fabricated, (d, e, f) solution-treated and (g, h, i)
aged Ni�Ti alloys manufactured with hs = 0.08 mm.

Y. Cao et al. / Acta Materialia 194 (2020) 178�189 183
EDS measurements were carried out to check the chemical homo-
geneity in the SLM fabricated samples. Fig. 6 shows the SEM images
and corresponding EDS maps of the elements Ni and Ti for the as-fab-
ricated, solution-treated and aged samples fabricated with
hs = 0.08 mm. As can be seen, for all the samples (as-fabricated, solu-
tion-treated and aged), the Ni and Ti elements are almost uniformly
distributed and there is no pronounced elemental segregation at the
micrometer scale.

Since precipitation usually occurs during ageing in Ni-rich Ni�Ti
alloys and the precipitates have pronounced influence on mechanical
properties, TEM observation was conducted on the aged sample fab-
ricated with hs = 0.08 mm to get insights into the size and distribution
of precipitates. As seen from the TEM bright field image in Fig. 7a and
the high angle annular dark field scanning transmission electron
microscopy (HAADF STEM) image in Fig. 7b, nanoscale fine precipi-
tates are randomly dispersed in the matrix. STEM-EDS analysis
revealed that the composition of these nanoscale precipitates is very
close to Ni4Ti3. In fact, these Ni4Ti3 precipitates have a lenticular,
disc-like shape [24]. As seen from Fig. 7a and b, the size of these
Ni4Ti3 precipitates is below 80 nm. To check the elemental distribu-
tion at the nanometer scale, STEM-EDS mapping was performed and
the results are shown in Fig. 7c and d. Since the difference in compo-
sition between the Ni4Ti3 precipitates and the matrix is not that sig-
nificant and the Ni4Ti3 precipitates are small, the Ni4Ti3 precipitates
cannot be clearly discerned from the EDS maps. As seen from Fig. 7c
and d, the matrix shows a relatively uniform elemental distribution
at the nanometer scale.

To investigate the superelastic properties of the samples subjected
to different heat treatments, compressive stress�strain curves were
measured at a constant temperature (i.e. room temperature for the as-
fabricated and solution-treated samples and about 333 K for the aged
sample) above the Af of the samples and the results are shown in
Fig. 8. A low strain rate of 10�4 s�1 was used to ensure the isothermal
condition during the measurements. Fig. 8a shows the stress�strain
curves recorded during the first loading-unloading cycle. As can be
seen, the as-fabricated, solution-treated and aged samples (manufac-
tured with hs = 0.08 mm) all display superelasticity as a result of
stress-induced martensitic transformation. For the as-fabricated and
solution-treated samples, the strain cannot be fully recovered and
there remains some residual strain after unloading. Noteworthily, the
aged sample exhibits perfect superelasticity with a fully recoverable
strain of 4.6%, indicating that the stress-induced martensitic transfor-
mation in the aged sample is fully reversible. It should be mentioned
that the strain was recorded with a non-contacting video extensome-
ter which ensures the accuracy and reliability of the measured strain.
The fact that when the maximum applied stress is 960 MPa the strain
is still fully recoverable after unloading indicates that there is no per-
manent plastic deformation by dislocation slip during loading and
thus the yield strength of the aged sample is higher than 960 MPa.
Among the samples subjected to different heat treatments, the aged
sample shows the minimum stress hysteresis (which is about
140 MPa, as determined from the middle of the hysteresis loop). The
low stress hysteresis is beneficial for achieving high energy conversion
efficiency and good functional stability.

We also examined the cyclic stability of the superelastic response
using new samples that have not been tested. Since the functional
properties (e.g. superelasticity and elastocaloric effect) of SMAs usu-
ally deteriorate most in the first several cycles, we performed cyclic



Fig. 7. (a) TEM bright field image, (b) high angle annular dark field scanning transmis-
sion electron microscopy (HAADF STEM) image and (c, d) corresponding EDS maps of
the elements Ti and Ni taken from the area in (b), for the aged Ni�Ti alloy manufac-
tured with hs = 0.08 mm.

Fig. 8. (a) Stress�strain curves recorded during the first cycle of loading and unloadin
hs = 0.08 mm. (b�d) Stress�strain curves recorded during 10 cycles of loading and unloadin
with hs = 0.08 mm. For (a)�(d), the curves for the as-fabricated and solution-treated alloys w
333 K.
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loading-unloading tests for 10 cycles. As seen from Fig. 8b and c, for
the as-fabricated and solution-treated samples, the residual strain
becomes smaller and the critical stress for stress-induced martensitic
transformation and stress hysteresis decrease rapidly during the first
five cycles. Starting from the sixth cycle, the strain becomes almost
fully recoverable, indicating that the stress-induced martensitic trans-
formation becomes almost fully reversible, and the critical stress and
stress hysteresis tend to be stable. The stress hysteresis during the
10th loading-unloading cycle becomes ~150 MPa for the as-fabricated
sample and ~165 MPa for the solution-treated sample. Remarkably,
the aged sample exhibits almost stable superelastic response with full
strain recovery during 10 cycles of loading and unloading (Fig. 8d); the
critical stress for stress-induced martensitic transformation and stress
hysteresis show little change during cycling.

The elastocaloric effect of the as-fabricated, solution-treated and
aged samples manufactured with hs = 0.08 mm was studied by moni-
toring the sample temperature variation during loading and unload-
ing. The test temperature is room temperature for the as-fabricated
and solution-treated samples and about 333 K for the aged sample,
above the Af of the samples. Since refrigeration employs the heat
absorption process during the transformation from stress-induced
martensite to austenite upon unloading, we pay special attention to
the adiabatic temperature change (ΔTad) during unloading. Thus, a
relatively high strain rate was applied for unloading, to approximate
the adiabatic condition. For each of the as-fabricated, solution-treated
and aged samples, we performed elastocaloric measurements during
10 cycles of loading and unloading, and typical results are shown in
g for the as-fabricated, solution-treated and aged Ni�Ti alloys manufactured with
g for the (b) as-fabricated, (c) solution-treated and (d) aged Ni�Ti alloys manufactured
ere recorded at room temperature and those for the aged alloy were recorded at about



Fig. 9. (a-c) Temperature variation during the 1st, 5th and 10th cycles of loading (with a strain rate of 10�3 s�1), unloading (with a strain rate of 6 s�1) and holding, shown as a func-
tion of time, for the (a) as-fabricated, (b) solution-treated and (c) aged Ni�Ti alloys manufactured with hs = 0.08 mm. The maximum applied stress is 550 MPa for the as-fabricated
and solution-treated alloys and 750 MPa for the aged alloy. The adiabatic temperature change ΔTad is indicated in the figures. (d) Schematic illustration of the loading-unloading pro-
cedure.

Y. Cao et al. / Acta Materialia 194 (2020) 178�189 185
Fig. 9a�c. For each cycle, after initial holding the sample was loaded
with a strain rate of 10�3 s�1 to the maximum stress (which is
550 MPa for the as-fabricated and solution-treated samples and
750 MPa for the aged sample) and then the sample was rapidly
unloaded (with a strain rate of 6 s�1) to zero stress followed by fur-
ther holding (see Fig. 9d for the loading-unloading procedure). It
should be noted that no prior training was performed before the elas-
tocaloric measurements.

As seen from the sample temperature vs. time profiles shown in
Fig. 9a�c, the as-fabricated, solution-treated and aged samples all
show a large elastocaloric effect during unloading. The ΔTad during
unloading, which is indicated in the figures, is 17.2 K for the as-fabri-
cated sample (Fig. 9a) and 18.4 K for the solution-treated sample
(Fig. 9b) in the first cycle. Remarkably, the aged alloy shows a ΔTad of
as high as 23.2 K in the first cycle. As the number of cycle increases,
the ΔTad for the as-fabricated and solution-treated samples slightly
decreases, and the ΔTad in the 10th cycle becomes 14.6 K and 15.9 K
for the as-fabricated sample and the solution-treated sample, respec-
tively. Notably, the large elastocaloric effect in the aged alloy exhibits
good stability during the cyclic tests. The ΔTad for the aged sample is
22.1 K in the 10th cycle and the degradation is less than 5%. As dem-
onstrated above, large tunable elastocaloric effects are achieved at
different temperatures (room temperature for the as-fabricated and
solution-treated alloys and about 333 K for the aged alloy) in the SLM
fabricated Ni�Ti alloys manufactured with hs = 0.08 mm. Actually,
we also examined the elastocaloric effects in the alloys manufactured
with other hs values. As an example, the results for those manufac-
tured with hs = 0.06 mm are shown in Fig. S1 (Supplementary
Information). Evidently, large elastocaloric effects, with ΔTad values
similar to those in the alloys manufactured with hs = 0.08 mm, are
achieved at 310 K in the as-fabricated and solution-treated alloys
manufactured with hs = 0.06 mm (it is worth mentioning that the Af

of the as-fabricated and solution-treated alloys manufactured with
hs = 0.06 mm is higher than that of the corresponding alloys manufac-
tured with hs = 0.08 mm, as shown in Fig. 2). This confirms that the
large elastocaloric effects can indeed be tuned by varying SLM proc-
essing parameters.

4. Discussion

4.1. Effect of processing parameters and post heat treatments on phase
transformation

As mentioned earlier, to study the effect of hatch spacing hs, dif-
ferent hs values were used to fabricate Ni�Ti SMAs while the other
parameters were held constant: p = 200 W, v = 1500 mm/s, and
t = 0.04 mm. According to Eq. (1), the laser energy density decreases
with increasing hs (Table 1). It was found that almost fully dense sam-
ples can be fabricated with 0.04 � hs � 0.08 mm. When hs is higher
than 0.08 mm, the porosity of the fabricated samples becomes high
and the density is low. On the other hand, when hs is lower than
0.04 mm, it is difficult to obtain high-quality samples because of the
balling effect that is caused by the excessive energy density at low hs
[53]. Meanwhile, the higher energy density at lower hs leads to
higher temperature of the melt pool and lower solidification rate,
which results in more impurities [33]. Therefore, suitable processing
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parameters with 0.04 � hs � 0.08 mm are crucial to the high quality
of the SLM fabricated samples. Actually, these SLM processing param-
eters (Table 1) are close to those used for fabricating high-quality
Ni�Ti parts in earlier works [47,54,55], i.e. p = 250 W, v = 1100 mm/s,
hs = 0.06 mm and t = 0.03 mm in Ref. [54], p = 250 W, v = 1250 mm/s,
hs = 0.12 mm and t = 0.03 mm in Ref. [55], and p = 200 W,
v = 1000 mm/s, hs = 0.12 mm and t = 0.03 mm in Ref. [47].

Previous studies have discussed the effect of processing parame-
ters [33,47,54,56�58], especially hs [54,57,58], on the phase transfor-
mation of SLM fabricated Ni�Ti alloys. Here we only make a brief
discussion. When the laser beam melts the Ni�Ti powders, the high
temperature usually leads to Ni loss via evaporation since Ni has a
lower evaporation temperature than Ti. With increasing hs, the
energy density decreases and the temperature of the melt pool
becomes lower, which results in less Ni evaporation and thus more
Ni in the samples. Since the transformation temperatures of Ni-rich
Ni�Ti SMAs decrease rapidly with increasing Ni [50], the transforma-
tion temperatures of the samples fabricated with higher hs become
lower. This accounts for the significant decrease of Af with increasing
hs (Fig. 2a and d).

It was reported that Ni-rich secondary phases may form during
SLM fabrication of Ni-rich Ni�Ti SMAs [34,59], leading to the
decrease of Ni content in the matrix. Moreover, there is inhomoge-
neous distribution of Ni element and internal stress fields in the as-
fabricated samples, which results in the broadening of the phase
transformation interval (see the DSC peaks in Fig. 2a) in the as-fabri-
cated samples. During solution treatment which is followed by water
quenching, the Ni-rich secondary phases are dissolved into the
matrix, leading to the increase of Ni content, the internal stresses are
eliminated, and the Ni element becomes homogenously distributed.
Therefore, Af decreases (Fig. 2b and d) and the DSC peaks become
sharpened (Fig. 2b) after solution treatment. The dissolution of sec-
ondary phases leads to a higher volume fraction of material that par-
ticipates in martensitic transformation, and thus transformation
entropy change DS increases after solution treatment. During subse-
quent ageing, a certain amount of fine Ni-rich Ni4Ti3 precipitates
form, which results in the decrease of Ni content in the matrix. There-
fore, Af increases after ageing (Fig. 2c and d). As mentioned before, the
Ni content is higher in the samples fabricated with higher hs. During
ageing, more Ni4Ti3 precipitates form in the samples with higher Ni
content. This eventually results in more or less the same Ni content
in the matrix of the aged samples manufactured with different hs.
This is why the aged samples manufactured with different hs have
almost the same Af (Fig. 2c and d). The formation of Ni4Ti3 precipi-
tates decreases the volume fraction of material that takes part in
martensitic transformation, and hence the DS for the reverse trans-
formation decreases after ageing. It should be noted that the DS
derived from the DSC data for the aged samples is an averaged value
for the whole material containing the phase-transforming matrix and
the precipitates. Taking into account the HAADF STEM image in
Fig. 7b and the values reported in the literature [24,50], the volume
fraction of the precipitates in the aged sample manufactured with
hs = 0.08 mm is about 6% and thus the normalized transformation
entropy change for the phase-transforming matrix in this sample is
68 J kg�1 K�1. The Ni4Ti3 precipitates in the aged samples have a size
below 80 nm (Fig. 7a and b) and it is usually considered that the
Ni4Ti3 precipitates with a size below 100 nm are coherent with the
matrix [60]. The presence of coherent Ni4Ti3 precipitates (Fig. 7a and
b) favors the formation of R phase [18,24,50], and this is why there
are two-step B2 ! R ! B190 transformations during cooling in the
aged samples (Fig. 2c), in contrast to the one-step transformation
during cooling in the as-fabricated (Fig. 2a) and solution-treated
(Fig. 2b) samples. Indeed, the phase transformation can be tuned by
varying the SLM fabrication parameters and/or post heat treatments,
and this is the basis for obtaining tunable elastocaloric effects in the
SLM fabricated Ni�Ti SMAs.
4.2. Effect of post heat treatments on mechanical properties

Superelasticity and elastocaloric effect in SMAs both originate
from stress-induced martensitic transformation. If there is no perma-
nent plastic deformation by dislocation slip during stress-induced
martensitic transformation, perfect superelasticity and almost revers-
ible temperature changes can be obtained. Owing to the relatively
large size of most grains in the as-fabricated and solution-treated
samples (Fig. 5a and b), the yield strength of the as-fabricated and
solution-treated samples is not very high. During the first loading-
unloading cycle, dislocations are created in these samples, leading to
permanent plastic deformation, and the dislocation strain field stabil-
izes some of the stress-induced martensitic variants so that such
martensitic variants do not transform back to austenite during
unloading [59]. Thus, the strain cannot be fully recovered and there
remains some residual strain after unloading in these samples (Fig.
8b and c). Due to the plastic deformation and remnant martensite,
the volume fraction of material that takes part in stress-induced mar-
tensitic transformation in subsequent loading-unloading cycles
becomes lower. The dislocations and remnant martensite generated
in the first cycle are located at the “correct” places, creating favorable
internal stress for subsequent transformation [10,61] and thus result-
ing in lower critical stress for stress-induced martensitic transforma-
tion in subsequent cycles (Fig. 8b and c). Moreover, the initially
generated dislocations and remnant martensite reduce the energy
dissipation during transformation, leading to lower stress hysteresis
in the following cycles (Fig. 8b and c), and discourage further disloca-
tion formation [10,61]. Thus, fewer and fewer additional dislocations
are created during subsequent cycles [62], which results in smaller
residual strain in subsequent cycles (Fig. 8b and c), and eventually
there are almost no new dislocations generated after a certain num-
ber of cycles [62]. This is why starting from the sixth cycle the strain
becomes almost fully recoverable and the critical stress and stress
hysteresis become nearly stable (Fig. 8b and c).

After ageing, there are nanoscale fine coherent precipitates ran-
domly dispersed in the matrix (Fig. 7a and b). These fine precipitates
strongly impede dislocation slip and give rise to pronounced precipi-
tation hardening [33]. Therefore, the yield strength of the aged sam-
ple is greatly enhanced. As seen from Fig. 8a, after loading to the
maximum stress of 960 MPa, the strain can still be fully recovered
after unloading, suggesting that the yield strength of the aged sample
is higher than 960 MPa. As a result of the high yield strength, the dis-
location generation during stress-induced martensitic transformation
is inhibited. Hence, the aged sample shows perfect superelasticity
with hardly any irrecoverable strain after unloading (Fig. 8d). Fur-
thermore, the low stress hysteresis of the aged sample leads to low
energy dissipation during the stress-induced martensitic transforma-
tion and its reverse transformation [61], and reduces the irrecover-
able deformation during cycling [62]. Owing to the high yield
strength and low stress hysteresis, the aged sample exhibits almost
stable superelastic response; the critical stress for martensitic trans-
formation and stress hysteresis remain almost unchanged during
cycling (Fig. 8d). Because of the suppression of dislocation generation
during stress-induced martensitic transformation, the volume frac-
tion of material participating in the transformation is high and it
shows little change during cycling.

4.3. Elastocaloric effect

As mentioned before, the as-fabricated, solution-treated and aged
samples all exhibit a large transformation entropy change DS; this is
one prerequisite for achieving large elastocaloric effects. For the as-
fabricated and solution-treated samples, owing to the plastic defor-
mation and stabilized martensite as mentioned above, only part of
the stress-induced martensite transforms back to austenite during
unloading and the ΔTad during unloading in the first cycle is 17.2 K
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for the as-fabricated sample (Fig. 9a) and 18.4 K for the solution-
treated sample (Fig. 9b). The volume fraction of material taking part
in the transformation becomes lower as the number of cycle
increases and thus the ΔTad slightly decreases during cycling (Fig. 9a
and b). The aged sample exhibits high yield strength which inhibits
dislocation generation during stress-induced martensitic transforma-
tion, and there is a high volume fraction of material participating in
the transformation. Thus, owing to the large DS and high yield
strength, the aged sample shows a ΔTad of as high as 23.2 K during
unloading in the first cycle (Fig. 9c). By virtue of the high yield
strength and low stress hysteresis, the aged alloy shows good elasto-
caloric stability during cycling (Fig. 9c).

The stress-induced isothermal entropy change ΔSiso is the other
important parameter that characterizes the elastocaloric effect. With
the stress�strain curves at different temperatures, the ΔSiso can be
evaluated based on the integration of the Maxwell relation [5]:

DSiso ¼ 1
r

Z e

0
@s=@Tð Þede ð2Þ

where r is the density which was obtained from our measurements
based on Archimedes’ Principle. Considering that permanent plastic
deformation during stress-induced martensitic transformation occurs
in the as-fabricated and solution-treated samples, leading to accumu-
lative irrecoverable strain during successive stress�strain measure-
ments, we only measured the temperature-dependent stress�strain
curves of the aged sample. Fig. 10 shows the stress�strain curves
measured at different temperatures between 328 K and 348 K for the
aged sample. With these stress�strain curves, ΔSiso is estimated
numerically. It turns out that the ΔSiso for 4% strain (which is the max-
imum applied strain in Figs. 8d and 10) at 333 K is 34.9 J kg�1 K�1.
Actually, this is a large ΔSiso value. With this ΔSiso value, we also
attempted to estimate the adiabatic temperature change with the fol-
lowing relation [16]: ΔT'ad � �TΔSiso/Cp, where Cp is the specific heat
capacity which was obtained by our measurement with the modu-
lated DSC technique. ΔT'ad turns out to be 24.7 K, which is slightly
higher than the directly measured ΔTad (23.2 K). This slight difference
might be attributed to the insufficient adiabatic condition. In addi-
tion, the presence of Ni4Ti3 precipitates may have some influence on
the application of the above relation and Eq. (2) for estimation of
ΔT'ad and ΔSiso, but considering the low volume fraction of precipi-
tates the influence is not expected to be significant.

In the present work, large elastocaloric effects are achieved in the
SLM fabricated Ni�Ti SMAs. Remarkably, the DTad during unloading
Fig. 10. Stress�strain curves at different temperatures measured with a strain rate of
10�4 s�1, for the aged Ni�Ti alloy manufactured with hs = 0.08 mm. For clarity, only
the curves measured during loading are displayed. The inset shows a full stress�strain
loop measured at 333 K, as an example.
in the aged sample is as high as 23.2 K. It is worth mentioning that
the rapid cooling and layer-by-layer deposition during SLM fabrica-
tion result in specific microstructure (Figs. 4 and 5) with grains much
smaller than those in the conventionally cast and heat treated bulk
alloys, which is beneficial for improving the yield strength, and, fur-
thermore, the finer grain structure helps promote uniform dispersion
of Ni4Ti3 precipitates during ageing, which is advantageous for pre-
cipitation hardening; thus, the SLM fabricated Ni�Ti SMAs display
large elastocaloric effects. To make a comparison between the DTad
we achieved in the SLM fabricated Ni�Ti SMAs and that reported in
the literature [1,7,22,23,51,63�67], Table 2 lists the DTad during
unloading for typical Ni�Ti SMAs. As can be seen, the DTad in our
aged SLM fabricated sample is among the highest values reported for
all Ni�Ti SMAs fabricated by both conventional methods and additive
manufacturing. It is worth noting that the conventionally fabricated
Ni�Ti SMAs with large DTad above 20 K are mostly in the form of
small-size wires or nanocrystalline thin sheets which require very
complex thermomechanical processing and only have simple shapes.
In contrast, the sample exhibiting large DTad in the present work was
fabricated by additive manufacturing which offers high flexibility in
shape design and has the capability to produce complex shapes with
large surface areas to boost heat exchange in elastocaloric refrigera-
tion. Meanwhile, additive manufacturing is a near-net-shape forming
technology; the manufactured Ni�Ti samples may need post heat
treatments but do not need complex cold/hot working and machin-
ing, which is quite beneficial especially when considering the poor
manufacturability of Ni�Ti SMAs by conventional methods. Further-
more, the large DTad in our present work is achieved in bulk samples,
which can be scaled up for large-scale elastocaloric refrigeration
applications. More importantly, the elastocaloric effect in the present
SLM fabricated alloys is tunable by varying SLM processing parame-
ters and/or post heat treatments, so that large elastocaloric effects
can be achieved at different temperatures for different applications.
To our knowledge, this is the first study on the elastocaloric effect in
SLM fabricated materials and the DTad (23.2 K) we achieved is much
higher than that reported in other additively manufactured SMAs.

5. Conclusions

Additively manufactured Ni�Ti SMAs with large elastocaloric effects
were successfully developed with the SLM technique. The phase trans-
formation temperatures of such SLM fabricated Ni�Ti SMAs can be
tuned by varying the SLM processing parameters and/or post heat treat-
ments, and thereby tunable large elastocaloric effects were achieved at
Table 2
Elastocaloric effect of the present SLM fabricated Ni�Ti and other typical Ni�Ti alloys
reported in the literature*.

Alloy Sample form Testing temperature
(K)

ΔTad (K) Reference

SLM Ni�Ti (aged) bulk pc 333 23.2 This work
SLM Ni�Ti (solu-
tion-treated)

bulk pc 295 18.4 This work

SLM Ni�Ti (as-
fabricated)

bulk pc 295 17.2 This work

LENS Ni49.8Ti50.2 bulk pc 396 7.5 [23]
Ni50.8Ti49.2 bulk sc 338 18.2 [64]
Ni48.9Ti51.1 wire 330 25 [1]
Ni50Ti50 wire 295 17 [7]
Ni50.8Ti49.2 wire 294 5.3 [65]
Ni50.4Ti49.6 film 300 16 [66]
Ni50.8Ti49.2 ribbon 294 14.1 [22]
Ni50.8Ti49.2 thin sheet 338 25.3 [51]
Ni50.8Ti49.2 thin sheet 298 12 [67]
Ni50.1Ti49.9 thin sheet 295 6 [63]

* ΔTad: directly measured adiabatic temperature change during unloading, pc:
polycrystal, sc: single crystal, LENS: laser engineered net shaping. Only the SLM Ni�Ti
and LENS Ni49.8Ti50.2 were fabricated by additive manufacturing.
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different temperatures, which may be used for different applications.
Owing to its large transformation entropy change DS and high yield
strength as a result of precipitation hardening, the aged alloy shows a
remarkably large elastocaloric effect with ΔTad during unloading as high
as 23.2 K, which is among the highest values reported for all Ni�Ti
SMAs fabricated by both conventional methods and additive
manufacturing. Furthermore, this large elastocaloric effect exhibits good
cyclic stability, which is attributed to the high yield strength and low
stress hysteresis of the aged alloy. The achievement of such large elasto-
caloric effects in alloys fabricated by near-net-shape additive
manufacturing that enables the fabrication of complex shapes with large
surface areas to enhance heat exchange capability may push a signifi-
cant step forward towards high-efficiency elastocaloric cooling applica-
tions. This study is instructive for developing high-performance solid-
state refrigeration materials by additive manufacturing.
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