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Cryogenic magnetic refrigeration is a highly efficient and environmentally friendly technique for gas liquefac-
tion. However, refrigerant materials undergoing large magnetocaloric response at the interesting cryogenic range
are dominated by critical elements (mainly rare-earth elements) which impedes practical applicability of such
refrigeration systems. Therefore, there is a need for dedicated investigations on optimization of magnetocaloric
response at cryogenic range by utilizing compositions that are rare-earth free. In this work, we synthesize the
mechanically stable and rare-earth free, all-d-metal NizsCo15Mn3sTi;s Heusler alloys and investigate the role of
varying Mn:Ni ratio on the magnetostructural and magnetocaloric properties of the alloy system. The results of
the microstructural characterization indicate homogenous composition for the investigated alloy series. As the
Mn:Ni ratio increases from 1.01 to 1.10, the martensitic transition shifts from near-room temperature down to
cryogenic region (120-140 K) while the magnetization of the austenitic phase remains unaltered. Isothermal
entropy change as high as ~ 13 J kg™! K™! at 1.5 T is achieved for the sample with the highest Mn:Ni ratio at the
temperature region for natural gas liquefaction, which significantly surpasses the values previously reported in
the literature for similar alloys. In addition to large magnetocaloric response, the martensitic transformation falls
in an interesting temperature of the cryogenic region, paving the way for various low-temperature magneto-

caloric applications.

1. Introduction

The quest to increase the energy efficiency and environmental
friendliness of refrigeration processes stems from the global warming
challenge that directly leads to an ever-growing demand for cooling
appliances [1,2]. In addition to the need of refrigeration systems
working around room temperature, there is also an increasingly demand
for gas liquefaction (Hy, natural gas, etc.), which requires refrigeration
systems functioning at cryogenic temperatures [3]. It is expected that
the efficiency of such appliances can be substantially improved by uti-
lizing systems based on the magnetocaloric effect (MCE) [1,4]. The MCE
is defined as the temperature (entropy) change that a magnetic material
shows when subjected to adiabatic (isothermal) magnet-
ization/demagnetization processes. The effect is maximum when large
magnetization changes with temperature and field occur, e.g. along a
thermomagnetic phase transition. However, the search for magneto-
caloric materials with a good compromise between criticality/cost,
performance and mechanical stability is still ongoing. Magnetocaloric
materials are currently classified according to their undergoing
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magnetic transition which can be either first-order (FOPT) or
second-order (SOPT) [5]. These materials hold a key significance in the
success of such emerging technology, with materials exhibiting FOPT
attracting the most attention due to their larger MCE compared to SOPT
ones [2]. Among the different families of FOPT materials, Heusler alloys
exhibiting magnetostructural transformation (martensitic type) are
placed as potential candidates for applications. However, further
research is required as some intrinsic characteristics of this type of FOPT
can have a relevant detrimental effect in working conditions. The main
drawback in such materials is the associated thermal hysteresis which
drastically decreases the reversible response and cannot be simply
overcome by increasing the applied magnetic field [6-9]. In addition,
poor mechanical stability in cyclic operating conditions due to succes-
sive volume changes during the transition can rapidly degrade their
response and structural integrity due to the relatively weak grain
boundary cohesion [10-12]. Compared to classic Heusler alloys, the
newly reported all-d-metal Ni(Co)-Mn-Ti Heusler alloys show improved
mechanical performance than those containing p-block elements while
keeping an excellent magnetocaloric response [13,14].
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Regarding cryogenic applications, the most promising magneto-
caloric materials are the rare-earth containing such as the Laves-phase
type RCoy, RAl; and RNij alloys (R = rare-earth element) and their
solid solutions and composites [15-19]. However, the large-scale
applicability of such refrigerant materials becomes limited due to the
economic and environmental challenges which rare-earth elements
impose. Criticality, which deals with the supply risk of the material
together with its economic importance, is another vital parameter which
determines large-scale applicability of a material [20]. A possible solu-
tion is to extend the applicability of well-known FOPT rare-earth free
magnetocaloric materials for room-temperature applications down-
wards the cryogenic range by compositional modifications. Some at-
tempts include the (Mn,Fe),(P,Si) alloys for which the transition
temperature can be tuned from 300 K to 99 K by varying both Mn:Fe and
P:Si ratios, reaching a maximum isothermal entropy change of ~11 J
kg~! K~! for an applied magnetic field of 2 T at 110 K [21]. Another
promising class of FOPT materials for cryogenic applications are the La
(Fe,Si)13 alloys [22]. J. Lai et al. had successfully demonstrated that the
transition temperature below 77 K can be reached by partially doping La
by Ce and Fe by Mn [22]. MnTX alloys undergoing FOPT are also
promising rare-earth free magnetocaloric materials, among them we
highlight (Mn,Fe)Ni(Si,Al) compositions as they are based on abundant
elements and show a tunable transition near-room temperature [23,24].
Regarding the promising Ni(Co)-Mn-Ti Heusler alloys, B. Beckmann
et al recently demonstrated that martensitic transition in the
near-cryogenic temperature range is achievable for this alloy family by
varying the Mn:Ti ratio [25]. Z. Guan et al. reported isothermal entropy
changes up to ~ 16 J kg~* K~! for a large field values of 5 T at ~ 150 K
[26]. However, further optimization is needed as large thermal hyster-
esis and relatively lower MCE as compared to that of rare-earth con-
taining alloys still remains a real concern for the magnetic refrigerant
materials exhibiting FOPT at cryogenic range.

In this work, we investigate the influence of significant variations of
Mn:Ni ratio on the microstructure, martensitic transformation, and MCE
in the parent NigsCo;5Mn3sTi; 5 Heusler alloys. Previous work has shown
that Mn:Ni ratio can tune the magnetostructural and magnetocaloric
properties of all-d-metal Ni(Co)-Mn-Ti Heusler alloys downwards lower
temperatures with slight changes in composition. However, there is still
room for improving the magnetocaloric response and to explore the
cryogenic applicability of these compounds as the maximum entropy
change reported is 11.3 J kg’1 K ! for 5T at 290 K [27]. It is found that
with an increasing Mn:Ni ratio up to 1.10, the martensitic trans-
formation decreases towards cryogenic temperatures (down to 120 K).
The decrease in transition temperature is accompanied by a non-linear
increase in the isothermal entropy change, reaching 13 J kg™* K~! for
the sample with the highest Mn:Ni ratio at moderate magnetic fields of
1.5 T. This MCE response at the cryogenic temperature range is more
promising than those previously reported for this family of alloys,
showing more than 100% improvement in the isothermal entropy
change and a 20% reduction in thermal hysteresis [25,26]. Furthermore,
in comparison with rare-earth containing alloys [28-31], the MCE
response for moderate field changes is significantly improved in the
explored range together with an estimated criticality which is substan-
tially low compared to that of rare-earth containing alloys.

It has been shown in this work that the novel strategy involving
variation of Mn:Ni ratio in all-d-metal Ni(Co)-Mn-Ti Heusler alloys is
viable and effective in shifting the martensitic transition temperatures
from near-room temperature down to cryogenic temperature range
without deteriorating the magnetocaloric response, while showcasing
low criticality as compared to the rare-earth containing alloys, both of
which play a vital role in practical applicability of these materials.

2. Materials and methods

The Mn:Ni ratio in the parent NigsCoisMnssTi;s composition was
systematically varied. The samples were initially synthesized by arc

Journal of Alloys and Compounds 973 (2024) 172938

melting (Edmund Biihler MAM-1) starting from raw materials (at least
99.9% purity) in an argon-controlled atmosphere. The resulting ingots
were remelted 3 times using induction melting (Edmund Biihler Copper
boat) and flipped each time to ensure homogeneity. The as-cast ingots
were annealed at 1273 K for 4 days followed by water quenching, which
was established as optimal annealing protocol in previous works on all-
d-metal Ni(Co)-Mn-Ti Heusler alloys [32,33].

Microstructure and composition were characterized using X-ray
diffraction (XRD, Bruker D8I diffractometer with Cu-Ka radiation) and
scanning electron microscopy equipped with energy dispersive X-ray
spectrometry (SEM-EDX; FEI™ Teneo).

The samples have been designated according to the measured Mn:Ni
ratio, with an error margin of 3% derived from the EDX measurements,
such as, 1.01 (S1), 1.03 (S2), 1.05 (S3) and 1.10 (S4).

Temperature dependent isofield magnetization measurements, M(T),
were performed in a Lake Shore 7407 vibrating sample magnetometer
(VSM) using a sweeping rate of ~ 10 K min~". The isothermal entropy
change, AS;,, was indirectly obtained from isothermal magnetization
measurements, M(H), using a discrete approximation to the following
equation [34,35]:

H

o\,
ASiso = ,M()/ <a7> dH, (1)
H

0

where y, is the magnetic permeability of vacuum, M the magnetization,
T the temperature, and H the magnetic field. The different M(H) curves
were measured using a discontinuous protocol which resets the history
of the samples prior each isothermal measurement in order to prevent
the appearance of spurious results due to the hysteretic behavior in
FOPT materials [36-38]. For example, for obtaining the AS;, upon
heating, the erasing temperature was established well below the tran-
sition (where the M(T) plot shows no hysteresis). Subsequently, the
sample was heated without field from the erasing temperature to the
desired measuring temperature where the field was then increased in
isothermal conditions. Needle-like samples were used (~ 3 mg each) to
minimize the demagnetization factor and to have a negligible influence
on the isothermal entropy change calculations [39]. To evaluate the
magnetocaloric performance of the studied series, the temperature
average entropy over a span (AT) of 5 K and 10 K, TEC(5) and TEC(10),
were calculated using the following equation [40]:

T+AT
AS;,,(T)dT (2

T—AT

1
TEC(AT) = A7 max

3. Results and discussion

Fig. 1 shows the backscattered scanning electron (BSE) images
combined with elemental mapping at room temperature taken on pol-
ished sample surfaces of the alloy series. The needle-like structures
evident in the BSE images of S1, S2, and S3 seem to correspond to the
martensitic phase [32,41]. The large parallel variants of martensite are
rather evident in S1. In contrast, the growth of martensitic variants is
slightly hindered for S2 and became subtle for $3. Whereas no evidence
of needle-like structure is found for S4. Elemental mapping analysis
reveals a homogeneous composition for the series, confirming that the
dark and bright regions observed in the BSE images do not correspond to
compositional contrast [42]. The composition of the alloys obtained by
EDX analysis is drawn in Fig. 2.

It can be observed from Fig. 2 that the Mn content increases from S1
to S4 while the Ni content is reduced according to the nominal com-
positions. This leads to the desired Mn:Ni ratio variation through the
series. According to these results, the obtained Mn:Ni ratios are found to
be 1.01 for S1, 1.03 for S2, 1.05 for S3 and 1.10 for S4, with an error
margin of 3% derived from the EDX measurements. The Co and Ti
content remains relatively constant (all the measured contents are
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Fig. 2. Obtained composition from EDS analysis: (a) Ni, (b) Co, (c) Mn, and (d)
Ti. Dashed lines indicate the parent composition.

within the error margin of the measurements which is around 2%). All
the obtained compositions are close to the expected ones and only the Ti
content is slightly deviated for all the samples (~ 3% smaller from the
desired value of 15 at%).

The room temperature powder XRD analysis is used to obtain useful
insights about the different phases present in the studied alloy series,
with the patterns depicted in Fig. 3. For S1, a mixture of modulated 5 M
martensite (indexed by grey lines) and cubic B2 austenite (indexed by
red lines) is observed along with small amounts of L1( phase (which is
presented in all the samples). In accordance with the BSE analysis, an
increase in the Mn:Ni ratio from S1 to S3 shifts the transition towards
higher fractions of cubic B2 austenite. However, compared to S2 and S3,
S4 shows pattern which resembles that of S1 with a relevant amount of
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Fig. 3. Room temperature powder XRD spectra for the studied series. Indexed
peaks for 5 M (grey lines) B2 (red lines) and L1, (blue) structures.

modulated 5 M martensite at room temperature. This seems to be
counterintuitive according to previous BSE analysis. However, it should
be considered that the grinding process for powder XRD measurements
can change the structural and thermomagnetic behavior of Ni-Mn based
alloys [43]. In the subsequent section, this effect will be further
discussed.

Fig. 4a shows the temperature dependence of magnetization, M(T)
plots, for the alloy series for an applied field of 1 T. Upon heating, all
samples show a significant magnetization increase which is related to
the magnetostructural transition from low temperature martensitic
phase to high temperature austenite with higher magnetization. This
abrupt magnetization increase is followed by a gradual decrease in
magnetization due to the Curie transition of the austenitic phase. Upon
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Fig. 4. (a) Temperature dependence of magnetization for 1 T (b) martensitic transition temperatures for heating (red line) and cooling (blue line) and (c) M(T) plots

upon heating for bulk and powder samples at 1 T.

cooling, the magnetization coincides with the heating path due to the
absence of hysteresis in the Curie transition of the austenite. However,
the cooling branch of the magnetostructural transition is shifted to lower
temperature compared to the heating one due to the characteristic
thermal hysteresis of the martensitic transition. Interestingly for S4, an
increment in the magnetic contribution of the low temperature
martensitic phase leads to the decrease in the magnetization change
during the martensitic transformation. It is clearly observed how the
martensitic transition temperature, Tyqns, shifts from near-room tem-
perature for S1 to cryogenic temperatures for S4. Panel (b) illustrates
the dependence with the Mn:Ni ratio of Tyens upon cooling and heating,
calculated as the temperature of the maximum of dM/dT of the corre-
sponding branch of the martensitic transition. It is common in Heusler
alloys to find a linear dependence of the martensitic transition temper-
ature with the electron per atom ratio (e/a), showing large changes in
transformation temperatures upon minute variation in the e/a ratio [14,
32,41,44]. For the studied alloy series, the e/a ratio decreases from 7.89
for S1 to 7.86 for S4, leading to a decrease in transformation tempera-
tures from 270 K (S1) to 120 K (S4) upon cooling. This drastic decrease
in transformation temperatures upon minute decrease in the e/a ratio is
recently reported for all-d-metal Ni(Co)-Mn-Ti Heusler alloy family: a
decrease in e/a ratio of 0.12 for a series of alloys with similar compo-
sitions resulted in a decrease in transformation temperatures from ~
430-145 K upon heating [25]. It is interesting to note that even with this
large shift in Tiqens from S1 to S4, the magnetization of the austenitic
phase remains almost unaltered. Previous studies have shown that the
Co content is mainly responsible of Curie temperature variations in this
family of alloys [32], which agrees with the observed invariant magnetic
behavior of the austenite according to the constant Co content obtained
by EDX results for the investigated alloys. The thermal hysteresis of each
sample is obtained from the difference between the Ty4,s upon cooling
and heating. A thermal hysteresis around 10 K is found for S1, S2 and S3
while a significant increase to 20 K is obtained for S4. This increase for
S4 is already observed for this system when approaching the cryogenic
range due to the slower kinetics [25]. The value of thermal hysteresis
obtained for S3 of about 8K is similar to some of other
high-performance Ni(Co)-Mn-based Heusler alloys reported in the
literature [45,46].

According to the results obtained from magnetization, the amount of
austenitic phase at room temperature is expected to increase with the
Mn:Ni ratio, in opposition to the results obtained from powder XRD. To

clarify this, Fig. 4c shows the M(T) plots upon heating for bulk and
powder samples. It is evident that pulverizing the samples leads to a shift
in Tians towards higher temperatures with respect to the bulk ones. In
accordance with the results obtained from XRD analysis at room tem-
perature, it can be inferred from the M(T) plots that powder S1 and S4
show majority of martensite whereas powder $2 and S3 show majority
of austenite.

The isothermal entropy change as a function of temperature for
magnetic field changes of 0.5, 1.0 and 1.5 T is plotted in Fig. 5a. All the
alloys show large and sharp AS;, responses, characteristic of materials
undergoing FOPT. Furthermore, it can be noted that the position of the
maximum of the isothermal entropy change shows a larger shift to lower
temperatures with increasing field for S4 in comparison to the other
samples. This is ascribed to the larger transition temperature evolution
with the magnetic field obtained for S4 (—8 K/T) which is doubled in
comparison to S3, S2 and S1 (—4 K/T). The peak values for 1.5 T
(Fig. 5b) increases with increasing Mn:Ni ratio following a non-linear
trend, reaching a maximumof 13 J kg~! K! for both $3 and $4 sam-
ples. In addition, Fig. 5¢ shows the temperature average entropy change
(TEC) plotted for the alloy series over a span of 5 K and 10 K, indicating
that the TEC values for S3 and S4 are almost similar. Furthermore, the
transition temperature for $4 (120 K upon cooling) represents one of the
lowest transformation temperatures for Ni-Mn based Heusler alloys
[47]. This low working temperature for S4 falls in the range of natural
gas liquefaction. Furthermore, the observed AS;, response for S4 is
almost 100% larger than that previously reported Ni(Co)-Mn-Ti samples
with martensitic transition occurring in the cryogenic range [26].
Regarding hysteresis, the observed values for S4 (Fig. 4b) are 20%
reduced in comparison to those of the literature at the cryogenic range
[25]. The reversible magnetocaloric response for the most favorable
case, i.e., S3 with the lowest thermal hysteresis, has been obtained from
the overlapping of the heating and cooling branches of isothermal en-
tropy changes at 1.5 T (inset of Fig. 5a) [48]. It should be highlighted
that the cooling response is significantly smaller than the heating one.
This is ascribed to the more gradual magnetization change upon the
cooling branch of the martensitic transformation in comparison to the
heating one (see Fig. 4a). The resulting reversible response, which is
grey colored, has a maximum value of 5.1 Jkg~! K~! for 1.5 T, corre-
sponding to the 40% of the heating peak value of AS;,. Although we
have achieved a relevant reduction of the hysteresis of all-d-metal
Heusler alloy systems for cryogenic applications with respect to
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Fig. 5. (a) Temperature dependence of the heating isothermal entropy change at moderate magnetic fields. The inset shows the reversible magnetocaloric response

max
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for $3, (b) maximum isothermal entropy change (AS
respectively for 1.5 T.

previous reports [25,26], further investigations and thorough material
understanding directed towards further reduction of the thermal hys-
teresis is still required for improving the cyclic performance.

Besides high MCE, the material should show a proper balance be-
tween performance and criticality to be considered for final application.
Fig. 6 draws a comparison between the AS;,, for the studied alloy series
with reported magnetocaloric materials including Heusler alloy series
[26,41,49-52], MM’X type [53] and, rare-earth based alloys [28-31] at
the moderate magnetic field change of 1 T. In Fig. 6, the size of different
symbols depicts their supply risk index values obtained using Ref. [20],
where the alloy with lowest index is depicted with the smallest diameter.
This index increases as the criticality of the material increases, where 1
is established as the threshold between non-critical and critical mate-
rials. It is observed that the studied alloy series shows index values
around 1 for the series, which are rather low in comparison to the
rare-earth containing alloys. Furthermore, S4 shows a larger isothermal
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Fig. 6. |AS;s| comparison between the investigated alloy series with various
alloys reported in literature for 1 T. The size of the data points is proportional to
their criticality index.

) for 1.5 T and (c) temperature average entropy change (TEC) over a temperature span of 5K and 10 K

entropy change for 1 T than most of the materials reported in the
literature for this temperature range [28-31,53]. This promising mag-
netocaloric performance together with relatively low criticality makes it
a promising candidate for low-temperature applications.

4. Conclusions

The influence of the Mn:Ni ratio on the microstructure, martensitic
transformation, and magnetocaloric performance of all-d-metal Ni(Co)-
Mn-Ti Heusler alloys has been systematically investigated. The micro-
structural characterization reveals homogeneous compositions close to
the nominal ones while depicting mixtures of austenite and martensite
with minor presence of L1y structure for the studied series. The
martensitic transition temperatures decrease from near-room tempera-
ture downwards cryogenic temperatures (120-140 K) as the Mn:Ni ratio
increases. The magnetocaloric response is non-linearly increased as the
transition temperature is shifted to lower temperatures. A large AS;;, of
13 Jkg ' K! for 1.5 T is obtained close to the natural gas liquefaction
temperature for the sample with the highest Mn:Ni ratio. This response
is double in comparison to that of recently reported Ni(Co)-Mn-Ti alloys
at similar cryogenic temperatures. Together with relatively low criti-
cality, these results open the possibility of considering this type of all-d-
metal Heusler alloys also for cryogenic applications.
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