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ABSTRACT

We fabricated Ni37.5Co12.5Mn35Ti15 melt-spun ribbons at linear wheel speeds (WS) of 20 and 8 ms-1 (series A and B, respectively). The effect
of a short time thermal annealing (30 min.) between 1023 K and 1173 K on the martensitic-like structural transition and the crystal structure,
microstructure and magnetic entropy change ΔSM(T) curves and related parameters for as-solidified (AS) samples of series A were studied.
Whereas the Curie temperature of austenite (AST) TC

A keeps nearly constant, both the reduction of the solidification rate and the increase on
the thermal annealing temperature increase the temperature of the structural transformation reducing the magnetization change across the
AST to martensite (MST) transition. The martensitic transformation (MT) in AS samples undergoes from a B2-type ferromagnetic (FM) AST
with TC

A
= 328 K to a monoclinic martensite (MST); SEM images evidenced a partially grain-oriented microstructure formed by columnar in

shape-elongated grains with their major axis oriented along the thermal gradient during solidification. Magneto-structural transition for AS
ribbons of series A occurs in the vicinity of room temperature and is accompanied by a magnetization change of around 63 Am2kg-1. For a
magnetic field change of 2 T these samples showed a maximum magnetic entropy change ∣ΔSM∣

max of 13.8 (9.5) J kg-1 K-1 for the MST→AST
(AST→MST) transformation. This is below the previously reported for this alloy composition (27.2 J kg-1 K-1), and is related to the broader
magneto-structural transition.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000163

I. INTRODUCTION

The sizeable magnetocaloric,1–4 elastocaloric,5 barocaloric6 and
magneto-strain7 effects around temperature (RT) associated to the
martensitic transformation (MT) found in the newly reported all-
3d-metal quaternary Ni-Mn-Co-Ti alloys are a strong motivation for
their further investigation. These alloys also show excellent mechan-
ical properties,1,3,4 which contrast with the widely studied (Ni-Mn-
X)-based Heusler alloys (X = Ga, In, Sn and Sb) that are quite
brittle. The realization of martensitic-like magnetostructural trans-
formation was first reported by Wei et al. in bulk Ni50-xCoxMn35Ti15
(x = 8, 9.5),1 and Mn50Ni40-xCoxTi10 (x = 8.0, 9.5) alloys,7 who also
pointed out most of the physical phenomena that gave rise to the

above-mentioned functionalities. The MT takes place from a high-
temperature ferromagnetic (FM) austenite (AST) with the cubic
B2-type crystal structure to a weak magnetic martensite with a mon-
oclinic crystal structure (P2/m).1–4,7 With the increase in the Co
content, the Curie temperature of AST TC

A increases, whereas the
temperature of the structural transition can be tuned in a wide
temperature interval from above to well below room temperature
(RT).1,4 From the available literature it seems that the temperature of
the MT is strongly influenced by microstructural features.1,3 In most
of the early experimental reports, these alloys, both in bulk or as
melt-spun ribbons, showed a broad magnetostructural transition.1,3

However, in a more recent study Neves Bez et al. produced rapidly
solidified Ni50-xCoxMn35Ti15 melt-spun ribbons (12 ≤ x ≤ 15),
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with a high chemical homogeneity and a quite abrupt magneto-
structural transition.4 For the quaternary alloy Ni37.5Co12.5Mn35Ti15
they obtained one of the highest maximum magnetic entropy change
∣ΔSM∣

max values around RT ever found for a first-order magne-
tocaloric material for a magnetic field change μoΔH of 2 T. Consider-
ing the noticeable current interest in these multifunctional alloys, we
selected the Ni37.5Co12.5Mn35Ti15 alloy and produced melt-spun rib-
bons at two surface linear speeds of the rotating copper wheel, 8 ms-1

and 20 ms-1 (the latter was the same WS used in Ref. 4). Finally, sev-
eral aspects of interest, such as the influence of a 30 minutes thermal
annealing at temperatures between 1023 K and 1173 K on the MT as
well as the magnetic entropy change for (AS) samples produced at
20 ms-1, were studied.

II. EXPERIMENTAL PROCEDURE
Two 4 grams arc-melted ingots of nominal composition

Ni37.5Co12.5Mn35Ti15 were fabricated from pure elements (≥ 99.9 %).
The samples were flipped and re-melted several times to improve
their starting chemical homogeneity; the mass of the samples
remained unchanged. Then, the Edmund Buhler model SC melt
spinner system was used to produce ribbon flakes under UAP Ar
at linear speeds of the copper wheel of 20 ms-1 and 8 ms-1 (here-
after referred as series A and B, respectively); the rest of process
parameters were the same for both series. Some ribbon samples were
thermally annealed in vacuumed sealed quartz ampoules at 1023
K, 1073 K, 1123 K, and 1173 K for 30 minutes; annealing ended by
quenching in iced water. The phase constitution for as-solidified
ribbons was qualitatively determined from X-ray powder diffrac-
tion (XRD) patterns collected in a Rigaku Smartlab diffractometer
(CuKα1). Microstructural and semi-quantitative elemental chemi-
cal composition analyses were performed in a FEI QUANTA 200
SEM equipped with an EDS system. Differential scanning calorime-
try (DSC) analyses were done with a temperature sweep rate of 10
Kmin-1 in a model Q200 system from TA Instruments. The ini-
tial and final temperatures of the direct and reverse MT (MS and
Mf, and AS and Af, respectively), were determined by a simple
extrapolation, whereas the thermal hysteresis ΔThyst was estimated

as ΔThyst = Af - MS. Magnetization measurements were done in a 9 T
QD PPMS® Dynacool® system using the VSM option; the magnetic
field was applied along ribbon length to reduce the internal demag-
netizing field. Finally, the thermal dependencies of the magnetiza-
tion were measured with a temperature sweep rate of 1.0 Kmin-1

following zero-field-cooling (ZFC) and field-cooling (FC) regimens
under static magnetic fields of 5 mT and 2 T [referred as M(T)5mT

and M(T)2T, respectively].

III. RESULTS AND DISCUSSION
Figs. 1(a) and (b) show the typical microstructure at the cross

section of as-solidified ribbon samples for both series. The main dif-
ference between them lies in the average ribbon thickness ⟨d⟩ that,
as expected,8 is higher in samples produced at a higher solidifica-
tion rate (measured ⟨d⟩ values were ∼ 42-48 μm and ∼ 80-85 μm,
for series A and B, respectively). The microstructure of both batches
is formed by columnar in shape grains whose longer axis tends to
align across the ribbon thickness. This denotes a strong effect of the
thermal gradient during solidification on crystal growth that gives
rise to partial texture. These microstructural features are similar to
those reported by other authors.2,3 Considering the different scales
of the pictures, the width of columnar grains is higher for series
B (∼ 3.5-4.0 μm versus ∼ 2.0-2.5 μm, respectively). EDS spectra,
shown in Figs. S1(a) and (b) (supplementary material), only dis-
play the peaks coming from the four constituents (with the excep-
tion of those of C and Al peaks that come from the sample holder
and ribbon used to attach samples). For both samples, the inten-
sity of the peaks is similar suggesting that, within uncertainty of
the determination (∼ 1.0 at. %), their average elemental chemical
composition is quite close: Ni36.3Co12.6Mn36.2Ti14.9 (series A) and
Ni37.1Co12.4Mn36.2Ti14.3 (series B). They are also close to the nom-
inal one. The results correspond to nearly 20 EDS analyses carried
out on both ribbon surfaces and the cross-section.

The XRD patterns for as-solidified ribbons samples of series A
and B appear in Figs. 1(c) and (d). In both cases the phase consti-
tution agrees with the ones expected from the cooling pathway of
the DSC scans depicted at the inset of Fig. 1(c). In consonance with

FIG. 1. SEM micrograph of the typical microstructure at the cross-section XRD pattern of as-solidified Ni37.5Co12.5Mn35Ti15 melt-spun ribbons of series A [(a) and (c)] and B
[(b) and (d)], respectively. Inset in (c): DSC curves for both samples. The vertical line drawn in the graph indicates the approximate temperature at which the XRD patterns
were collected.
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FIG. 2. AS as a function of the thermal annealing temperature of both series of
samples (the horizontal dashed line indicates TC

A).

earlier reports,1–4 the major phases indexed in the patterns were a
cubic B2-type AST (series A; aB2 = 5.906 Å) and a five-layer modu-
lated (5M) monoclinic MST (series B; aB2 = 5.895 Å, a5M = 4.400 Å,
b5M = 5.480 Å, c5M = 21.216 Å, and β = 92.48○), respectively. Due
to the vicinity of RT to AS the higher intensity XRD peaks of MST
appear as a minor reflection in the pattern of Fig. 1(d). As in previ-
ous studies,2,3 the XRD pattern for MST shows a minor unidentified
peak at 2θ = 59.3○ (indicated by an asterisk), that was not observed
for this alloy in Ref. 4.

The DSC scans of thermally annealed samples of both series are
shown in Figs. S2(a) and (b). As Fig. 2 shows AS increases almost lin-
early upon the increase of the thermal annealing temperature (with

a different slope for each series). However, notice that in the AS
samples of both series AS was found outside of the linear depen-
dence. The characteristic temperatures of the direct and reverse
MT transitions and ΔThyst of the transformation are summarized in
Table S1.

In order to highlight some of the distinctive characteristics
of the magnetostructural transition in the studied ribbon samples,
Fig. 3 compares the M(T)5mT and M(T)2T for selected samples of
both series. In Fig. 3(a) the M(T)5mT and DSC curves for AS sam-
ples of series A and B are presented. With the reduction of the
wheel linear speed (and thus the solidification rate), the structural
MT markedly increases around 48 K, whereas in oth series the TC

A

[determined from the minimum of the dM/dT(T) curve at 5 mT]
keeps around 328 K. In fact, it must be noticed that for series B AS
exceeds TC

A. Hence, as Figs. 3(a) and (b) show the magnetic tran-
sition for ribbon samples of series B is negligible at 5 mT, while at
2 T is broad and accompanied by a low magnetization change ΔM.
In contrast, for series A the estimated magnetization change at
2 T was ΔM2T

∼ 63 Am2kg-1. For these reasons, the magnetocaloric
characterization presented below has been only focused on this sam-
ple. For AS Mn50Ni31.5Co8.5Ti10 alloy ribbons Ma et al. reported a
moderate increase in the MT temperature of about 14 K when the
WS is reduced from 25 ms-1 to 15 ms-1,9 a fact that has been corre-
lated with an increase of the crystal defects density with the decrease
in the average grain size, and has been observed in other Heusler
alloys.10,11 If the ZFC-FC M(T)5mT curves for AS ribbons of series
A are roughly compared with those measured by Neves Bez et al.
under 0.1 T,4 is noticed that for our samples TC

A is ∼ 6 K lower,
whereas the temperature of the MST→AST (AST→MST) transition
is higher in ∼ 16 K. Considering that TC

A is mainly determined by
the alloy composition,1 this difference has been attributed to slight

FIG. 3. DSC and M(T) curves at
5 mT (a) and M(T) at 2 T (b) of as-
solidified melt-spun ribbon sample of
series A and B. Comparison of the M(T)
curves at 5 mT (c) and 2 T (d) of as-
solidified and thermally annealed sam-
ples of series A and B.
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differences in the final chemical composition between our samples
and those produced in Ref. 4 where the authors only referred to
the nominal composition. The difference in the structural transi-
tion temperature is comprehensible due to being strongly influenced
by the solidification rate and, of course, the selected melt spinning
process variables which also depend on the technical features of the
melt spinning apparatus used. The effect of thermal annealing on
the magnetostructural transition has been illustrated in Figs. 3(c)
and (d) in which M(T)5mT and M(T)2T for AS and annealed sam-
ples have been compared. For comparison, we selected annealed
samples that had a similar AS temperature, determined from the
M(T)5mT curve, than the as-solidified ones that in this case corre-
spond to annealed ribbons at 1023 K and 1173 K for series A and
B, respectively. The graphs show, that after the thermal annealing
neither the total magnetization change at 2 T nor the abruptness
of the magnetostructural transition or the TC

A had significantly
changed, (but it is highlighted that this result is restricted to the
annealing temperatures tested in the present work, i.e., from 1023 K
to 1173 K). Ref. 3 similarly demonstrated that a short thermal
annealing (10 min.) between 923 and 1123 K had a marginal effect on
the modification of the magnetostructural transition and the related
∣ΔSM∣

max. It is known that the optimization of the magnetostruc-
tural transition towards the enhancement of magnetocaloric prop-
erties (namely ∣ΔSM∣

max and ∣ΔTad∣
max) in (Ni-M)-based Heusler

alloys is closely connected with to a proper selection of the anneal-
ing temperature with respect to the alloy melting point (in our case
the melting point of the processed alloys was roughly estimated
as ∼ 1400 K from the reading of an infrared radiation pyrometer,
model KT 18.03RLL from Heitronics, used in the melt spinner sys-
tem).12 Hence, our results suggest that the higher thermal treat-
ment temperature used in the present study was not high enough
to activate neither the diffusion nor atomic rearrangement pro-
cesses that optimize the chemical homogeneity and crystallographic
ordering.

The insets in Figs. S3(a) and (b) display the sets M(μoH) curves
measured up to 2 T in the temperature range of the inverse and direct
magnetostructural transitions, respectively, for AS samples of series
A. The ΔSM(T) curves were determined from them by the numeri-
cal integration of the Maxwell relation. Due to the first-order nature
of the transition, the thermal protocol called Ref. 13 as back-and-
forward was followed to measure each M(μoH) curve, this is: for
the MST-to-AST (AST-to-MST) transition μoH was set to zero and
the sample was heated to 400 K (cooled to 200 K), cooled to 200 K
(heated to 400 K), and then slowly heated (cooled) in No Overshoot
mode to reach the measuring temperature. Figs. S3(a) and (b) show
the computed Arrott plots for both transitions that, according to the
Banerjee criterion,14 underline their first-order nature. Fig 4 com-
pares the ∣ΔSM(T)∣ curves for different μoΔH values determined for
both transitions with those reported in Ref. 4 for the MST→AST
transition. The produced ribbons show a broader ΔSM(T) curve for
the reverse transition with a peak value ∣ΔSM∣

max reduced around
a 50 %: 13.8 Jkg-1K-1 versus 27.2 J kg-1K-1. The latter is related to
the broader transition since ∣ΔSM∣ is proportional to ∣dM/dT∣, a fact
that is indirectly quantified by the full-width at half-maximum of
the ΔSM(T) curves (δTFWHM); for μoΔH = 2 T, δTFWHM, was esti-
mated as 7 K versus ∼ 3 K for the compared curve. This suggests that
in these alloys the width of the transition strongly depends on the
processing conditions. However, comparable ∣ΔSM∣

max values have

FIG. 4. ∣ΔSM(T)∣ curves obtained for both transitions for as-solidified melt-spun
ribbon sample of series A compared with those reported by Neves Bez et al. for
the MST→AST transition (0.5 T ≤ μoΔH ≤ 2 T).4

been reported by other authors for alloys with a similar composition:
Ni35Co15Mn35Ti15 (∼ 10 Jkg−1K−1; bulk),1 Ni36Co14Mn35.7Ti14.3
(∼ 10 Jkg−1K−1; AS ribbons),2 and Ni36.5Co13.5Mn35Ti15 (∼11
Jkg−1K−1; ribbons annealed at 1123 K for 10 min.).3 Table S2 sum-
marizes the significant magnetocaloric properties through both
transitions including the refrigerant capacity (RC) values, that were
calculated as: (i) RC-1 = ∣ΔSM∣

max
× δTFWHM, where δTFWHM

= Thot - Tcold; (ii) by calculating the area under the ΔSM(T) curve
between Thot and Tcold (RC-2); and (iii) by maximizing the prod-
uct ΔSM × δT below the ΔSM(T) curve (RC-3; Wood and Potter
criterion).15

IV. CONCLUSION
From the present study, in which melt-spun ribbons of the

all-3-d-metal Heusler alloy Ni37.5Co12.5Mn35Ti15 were produced at
two different wheel speeds (20 ms-1 and 8 ms-1), it was concluded
that: (a) the structural transition temperature strongly depends on
the solidification rate. In the produced ribbon samples, the MT
increased ∼ 48 K with the reduction of the linear wheel speed from
20 to 8 ms-1. Hence, as the TC

A is basically determined by the
chemical composition of the alloy, the solidification rate is a rele-
vant parameter that should be carefully controlled in order to get
the magnetostructural transition at a desired temperature with the
largest possible ∣ΔSM∣

max value; (b) the temperature of the struc-
tural MT increased with the increment of the thermal annealing
temperature. However, neither the total magnetization change nor
the abruptness of the magnetostructural transition or TC

A signifi-
cantly changed with the thermal treatments performed. Therefore,
a crucial aspect towards the optimization of the magnetocaloric
properties of ribbon samples in the as-solidified state demands a
deeper understanding of the effect of the others synthesis param-
eters involved in the melt spinning process as well as the test of
higher annealing temperatures; (c) in comparison with the pre-
vious data reported in the literature, the inferior ∣ΔSM∣

max values
obtained in the produced as-solidified ribbon samples of series A
were mainly related to attainment of a broader magnetostructural
transition.
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SUPPLEMENTARY MATERIAL

See supplementary material for: (a) the characteristic EDS spec-
tra of melt-spun ribbon samples of both series (Fig. S1); (b) the
DSC curves of as-solidified and thermally annealed ribbon sam-
ples of both series (Fig. S2); (c) a Table containing the starting
and finishing temperatures for the MST-AST and AST-MST transi-
tions of as-solidified and thermally annealed ribbon samples of both
series determined from DSC (Table S1); (d) the Arrott plots and
sets of isothermal magnetization curves measured across the inverse
and direct martensitic transition for as-solidified ribbon samples of
series A (Fig. S3), and; (e) a Table containing ∣ΔSM∣

max, estimated
refrigerant capacity and related temperature parameters under
μoΔH = 1 and 2 T of as-solidified melt-spun ribbons of series A
(Table S2).
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