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a b s t r a c t

All-d-metal Ni(Co)-Mn-Ti Heusler alloys show high magnetocaloric/barocaloric effects ascribed to the oc-
currence of a martensitic transformation together with excellent mechanical properties. However, high 
magnetic fields are needed to fully drive the transformation and to obtain their maximum responses. To 
further tune the martensitic transition and the associated magnetocaloric response, we systematically in-
vestigate the role of partial Mn substitution by Fe or Cr on the parent composition Ni36Co14Mn35Ti15. On the 
one hand, Cr doping increases the entropy change of the transformation but causes a tighter overlap of both 
martensitic and Curie transitions. This significantly reduces the magnetization difference between austenite 
and martensite and, consequently, strongly decreases the magnetocaloric response. On the other hand, Fe 
doping reduces the entropy change of the transformation and separates both martensitic and Curie tran-
sitions while keeping the magnetization difference among both phases. These two combined features re-
duce the magnetic field needed to completely drive the martensitic transformation and leads to higher and 
broader isothermal entropy change peaks for moderate magnetic field changes, reaching up to 25% en-
hancement for 2 T when compared to the undoped alloy.

© 2022 Elsevier B.V. All rights reserved. 

1. Introduction

Materials exhibiting magnetocaloric (MC) effect are still in-
creasingly getting scientific attention due to their application in 
solid-state magnetic refrigeration devices [1,2]. These devices are 
called to replace conventional gas compression-expansion re-
frigeration systems due to their larger energy efficiency and the 
avoidance of harmful substances [3,4]. Moreover, these MC re-
frigeration systems are expected to be used not only for room 
temperature applications but also in other high-demand applica-
tions at cryogenic temperatures related to the liquefaction of hy-
drogen as an energy vector [5]. The MC effect is quantified by the 
temperature change produced in adiabatic conditions or by the en-
tropy change produced in isothermal conditions during magnetic 
field application/removal. Both magnitudes are maximal in the vi-
cinity of a thermomagnetic phase transition and, therefore, MC 
materials are classified according to the order of the phase transition 
that they undergo, either first- (FOPT) or second-order (SOPT) type 
[6]. Typically, materials undergoing FOPT show significantly larger 

MC responses than those undergoing SOPT and, therefore, since the 
discovery of a so-called giant effect in Gd5(Si,Ge)4 alloys [7], most 
studied materials nowadays belong to the FOPT category [8]. Some 
well-known families of FOPT MC materials are La(Fe,Si)13 [9,10], 
(Mn,Fe)2(P,Si) [11] and Heusler alloys [12,13].

Heusler alloys are an interesting and versatile class of ternary 
intermetallic alloys with XYZ or X2YZ stoichiometry (half or full 
Heusler, respectively), although they can be also off-stoichiometric. 
Typically, X and Y are transition metal elements and Z is an element 
of III-VA group of the periodic table [14]. Among the various FOPT 
Heusler alloys, Ni-Mn-Z (Z = In, Sn or Ga) alloys are intensively stu-
died because of their multifunctional properties including magne-
tocaloric effect [15–17]. However, their intrinsic brittleness, usual in 
intermetallic compounds, together with the volume changes during 
the transformation lead to mechanical instabilities which degrade 
the response under cyclic working conditions [18,19]. Improved 
mechanical performance has been found in all-d-metal Heusler al-
loys which is attributed to strong interatomic bonding force of the d- 
d orbital with respect to the covalent character of the p-d orbital 
hybridization [20,21]. Recently, a novel all-d-metal Ni-Co-Mn-Ti 
composition was proposed by Wei et al. showing enhanced me-
chanical properties when compared to the previous Ni-Mn-Ti alloys 
[22]. In this system, off-stoichiometry compositions lead to a mag-
netostructural transition and the stabilization of the austenitic phase 
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[20]. With respect to their magnetic behavior, Ni substitution by Co 
is necessary for having a large magnetization change between 
martensitic and austenitic phases [23–25]. These improved me-
chanical and magnetic properties would lead to better durability and 
to the extension of the material into a multicaloric stimuli devices 
(e.g., combining magneto- and baro-caloric effects) [24]. The stoi-
chiometric variation or partial atomic substitutions would lead to 
changes in the electron interaction, a unique feature which is ex-
pressed as the valence electron concentration per atom (e/a) ratio 
[21]. However, further optimization is still needed: the obtained 
response requires high magnetic field changes to reach saturation 
(to complete the transformation from austenite to martensite and 
vice-versa) and there exist significant thermal and magnetic hys-
teresis associated to the response which are detrimental for MC 
applications [26].

Compositional modification via element substitution is the most 
employed and easier strategy for tunning the magnetocaloric re-
sponse in bulk materials. In this work, the influence on the mar-
tensitic transition and magnetocaloric effect of partial substituting 
Mn by Fe or Cr in the reference composition Ni36Co14Mn35Ti15 are 
studied. On the one hand, Mn atoms have been selected because, 
despite their complex magnetic behavior making them a promising 
target for substitutions, most of the substitutions presented in the 
literature focus on Ni [27,28]. On the other hand, Fe and Cr have been 
selected for having similar atomic radius but different number of 
valence electrons and magnetic moment. It is found that while Cr 
doping has a clear detrimental effect on magnetic behavior of the 
martensitic transformation and, therefore, on the magnetocaloric 
effect, Fe doping leads to a significantly enhanced magnetocaloric 
effect at the desired field range of 2 T. This improvement for Fe 
doping is associated to the separation of the martensitic and Curie 
transitions together with a significant decrease of the entropy 
change of the transformation [29,30]. Moreover, both features allow 
to reduce the magnetic field needed to induce the transformation 
from paramagnetic martensite to ferromagnetic austenite, in-
creasing the shifting of the martensitic transition with field and the 
width of the MC response.

2. Materials and methods

Starting from Ni36Co14Mn35Ti15 as reference composition, two 
alloy series partially substituting Mn by Fe or Cr were produced with 
nominal compositions of Ni36Co14Mn35−xFexTi15 (where x = 3, 5 and 
7) and Ni36Co14Mn35−yCryTi15 (where y = 1 and 3). The different 
samples were produced by arc melting (Edmund Bühler MAM-1) 
starting from raw materials (at least 99.9% purity) in argon-con-
trolled atmosphere. The resulting ingots were melted and flipped 
four times to ensure homogeneity. An extra 6 wt% of Mn was added 
to compensate the evaporation losses during arc-melting. The as- 
cast ingots were annealed at 1273 K for 4 days and then quenched in 
water. Samples are denoted by the nominal doping content of the 
alloys as Fe3, Fe5, Fe7, Cr1 and Cr3, whereas the reference alloy is 
designated as Ref.

Microstructure and composition were characterized using 
powder X-ray diffraction (XRD, Bruker D8I diffractometer with Cu- 
Kα radiation) and scanning electron microscopy equipped with en-
ergy dispersive X-ray spectrometry (SEM-EDX; FEI™ Teneo). To 
evaluate compositional uniformity, at least three EDX point analyses 
were performed at different regions. The final compositions were 
obtained by taking an average of the different points, which showed 
no significant deviations among them. Thermal analysis was carried 
out using a TA Instruments Q20 differential scanning calorimeter 
(DSC) at a heating rate of 10 K/min. Temperature dependence of 

magnetization measurements were performed in a Lake Shore 7407 
vibrating sample magnetometer (VSM). For minimizing the de-
magnetizing factor, samples were selected with plate-like shapes 
(approximately 2 ×1 ×0.1 mm) and a mass of 3 mg, with the magnetic 
field applied in-plane along the length of the plate. In addition, three 
different pieces from the annealed ingot were M T( ) tested, showing 
good reproducibility of the results. Curie temperatures, TC , and 
martensitic transition temperatures, Ttrans, were determined from the 
inflection points of magnetization vs. temperature at 5 mT. Magnetic 
field dependence of magnetization measurements up to 9 T were 
performed in the VSM option of a Quantum Design Physical Property 
Measurement System (PPMS). The isothermal entropy change, Siso, 
was indirectly obtained from isothermal magnetization measure-
ments using a discrete approximation to the following equa-
tion [1,31]:

µ=S
M
T

Hd ,iso

H

H
0

0 (1) 

where µ0 is the magnetic permeability of vacuum, M the magneti-
zation, T the temperature and H the magnetic field. Due to the sig-
nificant magnetic hysteresis of the studied alloys, discontinuous 
protocols for erasing the history of the samples prior to any iso-
thermal magnetization measurement were performed [6,32,33]. 
From Siso data, the field dependence exponent n was calculated 
using the following equation [34]:

=n
S
H

dln| |
dln

iso
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To evaluate the magnetocaloric performance and to compare it 
with literature data, the temperature averaged entropy change over 
a span of 5 K, TEC (5), was calculated. For its calculation, the fol-
lowing approximation was made [35]:

+ + +
TEC

S T S T S T
(5)

( 2.5 K) ( ) ( 2.5 K)
3

,iso pk iso pk iso pk

(3) 

where Tpk is the temperature corresponding to the peak value of 
Siso. This approach simplifies the calculation from literature data, 

avoiding the digitization of the whole curves [36,37].

3. Results and discussion

Fig. 1 shows the room temperature powder XRD spectra for the 
series. For Ref sample, a majority of the modulated 5M monoclinic 
martensite is observed (indexed by gray dashed lines) in addition to 
minority of B2 austenite (indexed by red dotted lines) and Ni3Ti 
(approx. 4%). For Cr doped samples, 5M martensite becomes more 
prominent and only small amount of L10 phase (approx. 10%) is 
detected with higher Cr additions (Cr3). On the other hand, for Fe 
doped samples, in addition to the martensite, peaks corresponding 
to B2 austenite are also observed. With higher Fe additions (Fe5 and 
Fe7), weak peaks corresponding to the tetragonal L10 structure are 
observed (indexed by blue triangles), estimated to approx. 15 and 
10 wt%. The phase identification from XRD analysis agree with pre-
vious works [20,22,38]. The obtained results indicate that Mn re-
placement by Fe stabilize the austenitic phase whereas Cr has an 
opposite effect as it stabilizes the martensitic phase.

Backscattered scanning electron (BSE) images of the different 
samples were taken on the polished surfaces at room temperature 
(Fig. 2). They reveal a relatively homogeneous composition for all 
samples, except for Fe5 and Fe7, in addition to the main phase whose 
composition corresponds to the nominal, a minor phase which could 
be the L10 structure identified in XRD is also observed. For Fe5, the 
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secondary phase is enriched in Ni and Ti (labeled by A in Fig. 2) and 
for Fe7 it is depleted in Ti (labeled by B in Fig. 2). Compositions of 
these observed main and secondary phases are further summarized 

in Table 1. It is observed that the measured compositions of the 
samples are in good agreement with the nominal compositions. For 
Cr3 and Ref, although XRD spectra shows minor amounts of sec-
ondary phases, different contrast regions are not identified in the 
BSE images. This could happen to Heusler-type alloys as the sample 
pulverization step during XRD preparation can affect the phase 
transformation, differing from the bulk counterparts [39,40].

Fig. 3a illustrates the heating DSC scans for the studied series, 
where well-defined peaks are observed. With Cr additions, mar-
tensitic phase is stabilized whereas the Fe additions stabilizes aus-
tenitic phase, which also agree with the XRD observations. The 
transformation temperatures (Fig. 3b), obtained from the peak 
temperature of the DSC curves, decrease as the e/a ratio increases. 
The effect for Fe doping is − 10(1) K/at% while it is 28(2) K/at% for Cr 
doping, which is almost three times larger. The entropy change due 
to the transformation is calculated as =S TddQ

Ttrans [41], with 
values depicted in Fig. 3c. There also exists a clear trend, with the 
transformation entropy change decreasing as the e/a ratio increases 
(in agreement with the temperature change trend, the transforma-
tion entropy change decreases with Fe and increases with Cr 
doping). It should be highlighted that the performed doping not only 
modifies the e/a ratio but also helps in obtaining different trends of 
the magnitudes for Fe and Cr doping.

Fig. 4a shows the temperature dependence of magnetization for 
the alloy series for an applied field of 5 mT. All the samples show a 
gradual increase of magnetization upon heating, which corresponds 
to the martensitic transition, followed by a decrease in magnetiza-
tion due to the Curie transition of austenitic phase. When cooling, 
the martensitic transformation shifts to lower temperatures, which 
accounts for the characteristic hysteretic behavior of the transfor-
mation. It is also observed that the Curie transition of the austenitic 
phase slightly increases with Fe doping while it is significantly re-
duced by Cr doping (the Curie temperature of the austenite is 
marked by arrows). Fig. 4b shows the martensitic transition tem-
perature values upon heating and cooling from magnetization 
measurements. This agrees with the trend observed previously from 
DSC measurements: the transition temperature decreases as the e/a 
ratio increases. These combined effects (shifts of the martensitic 
temperature and the Curie temperature upon doping) lead to the 
separation of the of martensitic and Curie transitions for Fe doping, 
while they become tightly overlapped for Cr doping. For Cr3, the 
magnetization values are zoomed 100 times, indicating the low 
magnetic response of both austenite and martensite. This is due to 

Fig. 1. Room temperature XRD spectra for the studied series. Indexed peaks for 5M, 
B2 and L10 structures.

Fig. 2. BSE images of the studied series where A and B represent observed secondary phases. 
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the strong overlap of both martensitic and Curie transitions, which 
leads to a martensitic transformation between two paramagnetic 
phases [29]. Therefore, Cr3 sample is discarded from further mag-
netic analysis due to its low magnetic response. The magnetization 
values obtained for the alloy series at a field of 9 T are displayed in 
Fig. 4c, where the high magnetization values correspond to the 
austenitic phase and low magnetization values correspond to the 
martensitic phase.

Isothermal entropy change is plotted as a function of tempera-
ture for the different field changes up to 9 T in Fig. 5a. It is worth 
mentioning that after all the measurements, the integrity of the 
pieces remains unaltered, making a significant difference when 
compared with other first-order MC materials [42,43]. The trend of 

Siso with e/a ratio is not comparable with the one observed pre-
viously for the transformation entropy change. This is because the 
values of Siso for the different samples depend on the chosen 
magnetic field change. For fields as high as 9 T, maximum values are 
found for the Fe3 sample (which slightly improve the values of the 
reference sample). For larger Fe and Cr contents, the values are lower 
(specially for the Cr case). The arrows in Fig. 5a indicate the total 
entropy change due to the martensitic transformation obtained by 
DSC, in order to compare how relevant the decrease of Siso is with 
respect to the saturation values of the entropy change when the 

transformation is driven by the field. It is observed that as the e/a 
ratio increases, the Siso values are closer to Strans, reaching the 
same value for the Fe7 sample. This indicates that Fe doping helps to 
decrease the field needed to complete the transformation, reaching 
saturation for a magnetic field change of 7 T. However, as Strans

decreases with increasing e/a ratio, maximum Siso values for 9 T are 
smaller for Fe7 in comparison to the reference sample. Nevertheless, 
for the technologically relevant field range of 2 T, we find that Siso

values increase with increasing e/a ratio. Comparing to the reference 
sample, there is an increase of 20% for Fe7. This is a significant im-
provement caused by the replacement of Mn by Fe. Fig. 5b shows the 
evolution of the transition temperature with the magnetic field for 
the studied series, together with a comparison with the values 
predicted by the Clausius-Clapeyron relation =dT

dH
M

S
trans

trans
[14]. A 

good agreement between the experimental results and the Clausius- 
Clapeyron relation is obtained, reinforcing the analysis performed. 
Notably, there is a significant increase of the field evolution of the 
transformation with increasing e/a ratio, having a 100% increase for 
Fe7 sample with respect to the reference. In addition, this feature 
leads to broader magnetocaloric peaks for a given magnetic field 
change. For example, the width of the Siso for Fe7 increases with 
respect to the reference from 20 K to 24 K for 2 T. This also proves the 

Table 1 
Compositions determined from EDX analysis. A and B indicate secondary phases found for Fe5 and Fe7, respectively. 

Sample Label Nominal e/a ratio Spot Ni (at%) Co (at%) Mn (at%) Doping element (at%) Ti (at%)

Ni36Co14Mn28Fe7Ti15 Fe7 7.98 Main phase 34.4(1.1) 13.9(1.3) 31.2(1.1) 4.8(1.5) 15.6(1.2)
B 35.5(1.1) 13.4(1.3) 31.8(1.0) 9.6(1.2) 9.7(1.4)

Ni36Co14Mn30Fe5Ti15 Fe5 7.96 Main phase 34.1(1.1) 14.0(1.3) 33.1(1.1) 3.7(1.7) 14.2(1.2)
A 49.1(1.0) 14.6(1.1) 10.6(1.5) 3.0(2.1) 22.6(1.1)

Ni36Co14Mn32Fe3Ti15 Fe3 7.94 34.6(1.1) 14.6(1.3) 33.9(1.1) 1.9(2.4) 15.0(1.2)
Ni36Co14Mn35Ti15 Ref 7.91 34.4(1.1) 14.7(1.3) 35.8(1.1) – 15.2(1.2)
Ni36Co14Mn34Cr1Ti15 Cr1 7.90 33.9(1.1) 14.8(1.3) 35.9(1.1) 1(4) 15.3(1.2)
Ni36Co14Mn32Cr3Ti15 Cr3 7.88 33.4(1.0) 15.2(1.3) 30.6(1.1) 5.5(1.5) 15.4(1.2)

Fig. 3. (a) DSC curves for the studied series, (b) obtained martensitic to austenitic phase transformation temperatures and (c) entropy change of the transformation. Each of the 
compositions have the same color code for all panels.
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enhanced MC applicability of the system due to Mn substitution by 
Fe. It is worth noting that Cr increases the entropy change due to 
transformation (Fig. 3c), which could be beneficial for baro-/elasto- 
caloric applications where magnetization does not play a sig-
nificant role.

To compare the MC response of this alloy series with literature 
data, Fig. 5c collects different TEC (5) values for 2 T for similar Ni-Co- 
Mn-Ti alloys [24,25,44], including other Fe-doped alloys 
[27,28,45–47]. The figure indicates that the synthetized series has an 
enhanced response in comparison to other reported alloys. Litera-
ture survey suggests that, on the one hand, when Fe substitutes Ni, it 
plays a similar role as Co [27]. This Fe/Ni substitution strategy causes 
a significant decrease of the MC response [27]. Fe and Co can also be 
added together substituting Ni. Through this strategy, the MC re-
sponse at 2 T slightly decreases as the (FeCo) content increases from 
16 to 20 at% [28]. On the other hand, Fe can be used for substituting 
Mn (as in the present work). While a recent study in which Fe/Mn 
substitution is performed did not show a clear trend for the mag-
netocaloric effect [47], our work shows that Fe/Mn substitution 
clearly decreases the required field for saturating the transforma-
tion, which compensates the decrease in the transformation entropy 
change. The other doping direction of Mn substitution by Cr followed 
in this work produces a larger overlap between the Curie and mar-
tensitic transitions, decreasing the magnetic moment and therefore 
the total magnetocaloric response.

Fig. 6a shows the temperature dependence of exponent n for the 
studied series for a magnetic field change of 9 T. A clear overshoot 
above 2 can be observed at temperatures lower than those of the 
peak temperature, which is typical for inverse MC materials. This 
overshoot indicates the first-order character of the transformations. 
Interestingly, the magnitude of the overshoot is similar for all the 
compositions except for Cr1, the one with smaller magnetization 
difference among austenite and martensite. Moreover, the values of 
the exponent n at temperatures close to the transition temperature 
for 9 T gives information about the evolution of the transformation 
with the magnetic field. Negative values of exponent n are mainly 
observed for Fe7 sample, indicating that Siso values are decreasing 
with field. This occurs once the FOPT is completed, with the corre-
sponding inverse Siso saturated, while the response of overlapping 
Curie transition of the austenitic phase (of opposite sign) is still in-
creasing with field, as described in [30]. For lower e/a ratio samples, 
the exponent n values are much closer to zero or even positive after 
the overshoot, indicating that the inverse MC response is still far 
from being saturated. This agrees with the analysis of the Siso values 
with respect to the Strans obtained from DSC. The character of the 
transformation can also be studied from Arrott plots by applying the 
Banerjee’s criterion: negative slopes in the H/M vs. M2 plots corre-
spond to first-order transitions while positive ones indicate second- 
order. Fig. 6b shows the Arrott plots for the alloy series at tem-
peratures close to the martensitic transformation for each sample for 

Fig. 4. (a) Temperature dependence of magnetization for low fields for the studied series where arrows illustrate the value of Tc. (b) Martensitic transition temperatures and (c) 
austenite and martensite magnetization around the transformation temperature for 9 T.
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Fig. 5. (a) Temperature dependence of the heating isothermal entropy change. Arrows indicate the transition entropy change obtained from DSC. (b) Transition temperature shift 
with magnetic field (solid symbols) and predicted values by Clausius-Clapeyron relation (hollow symbols). (c) Comparison to other reported bulk Ni(Co)-Mn-Ti alloys (data 
interpolation for 2 T has been employed for [28]).

Fig. 6. (a) Temperature dependence of the exponent n and (b) Arrott plots for the studied series (except Cr3) for a temperature 10 K below the transition temperature. 
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applied fields up to 9 T. From the Arrott plots, it is evident that all the 
samples belong to the first-order category, in agreement with pre-
vious exponent n results. Furthermore, it can be observed that the 
transformation for Fe7 is completed for 9 T as positive slopes can be 
recovered at fields around 7 T as indicated with the arrow in Fig. 6b. 
This serves as further confirmation of previously presented analysis.

4. Conclusions

A series of all-d-metal Ni-Co-Mn(X)-Ti Heusler alloys been in-
vestigated employing X=Fe or Cr as dopants. On the one hand, Cr 
doping shifts the martensitic transition to higher temperatures 
while decreasing the Curie temperature of the austenitic phase and 
increases the entropy change due to the transition. The increasing 
overlap between martensitic and Curie transitions with Cr doping 
causes a significant deterioration of the MC response, although the 
transition entropy change is higher. On the other hand, Fe doping 
shifts the martensitic transition to lower temperatures while slightly 
increases the Curie temperature of the austenitic phase and de-
creases the entropy change during the transformation (from 35 J kg−1 

K−1 for the reference down to 23 J kg−1 K−1 for Fe7 sample). However, 
it is shown that as Fe content increases, the saturation of the mag-
netocaloric effect is reached for lower fields due to an improved field 
evolution of the transition. These features for Fe doping lead to 
improved isothermal entropy changes for moderate magnetic field 
changes, showing an increment of 20% for the Fe7 sample with re-
spect to the parent composition for 2 T. This work, on the one hand, 
evidences the importance of the overlapping between Curie and 
martensitic transformations for modulating the isothermal entropy 
change of a sample with even large transformation entropy change. 
On the other hand, lowering the magnetic field required for satur-
ating the transformation also plays a significant role in the practical 
applicability of magnetocaloric materials. For these reasons, Mn 
substitution by Fe is a useful way for improving the magnetocaloric 
applicability of the Ni-Co-Mn-Ti system.
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