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polycrystalline NiMn-based thin ribbons; however, there remains a research gap
concerning the functional and thermo-mechanical characterization of the bench-
mark NiMnTi alloy. The present study investigates the effects of the melt spinning
process on the microstructural, structural, calorimetric, functional and mechani-
cal properties of two NiMnTi alloys with Ti contents of 15 at.% and 18 at.%. The
results suggest that wheel speed may play a relevant role in the development of
residual stresses, thickness inhomogeneity and solidification defects in NiMnTi
ribbons, thereby influencing their calorimetric, mechanical and functional proper-
ties. The potential elastocaloric response of NiMnTi ribbons is preliminarily inves-
tigated, highlighting the necessity of further improvements and optimization
for potential future developments in mini- and microscale elastocaloric devices.
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Introduction

All-d-metal alloys are an emerging class of Heusler
alloys that exhibit improved mechanical properties
with respect to the traditional NiMn-based systems,
including NiMnTi-based alloys [1, 2]. Indeed, in
NiMn-based alloys, the strong covalent interaction
between the constitutive elements caused by the p—d
orbital hybridization promotes an intrinsic brittleness
[2]. Conversely, since all-d-metal alloys are exclusively
composed of elements from the 34 transition group,
they are characterized by a d—d orbital hybridization in
which the valence electrons are uniformly distributed
and therefore generate a strong metallic bonding [2].
This allows remarkable mechanical properties that are
beneficial to the potential application of these alloys.

Among all-d-metal alloys, NiMnTi-based alloys are
gaining increasing research interest for their excep-
tional mechanical, functional and caloric properties. In
particular, superelasticity up to 7% and elongation at
break up to 13% are achieved by these systems [2—4].
Some studies investigate the elastocaloric effect of
NiMnTi and NiMnTi-based alloys that is associated
with the high entropy change and volume change of
the unit cell involved in the thermoelastic martensi-
tic transformation [5-10]. The highest elastocaloric
performance has been found in directionally solidi-
fied textured samples with adiabatic AT up to 37.3 °C
and AS up to 50 J/(kg °C) [10]. By the addition of Co
[11], it is possible to enhance the magnetic proper-
ties and therefore the magnetocaloric behavior of
NiMnTi alloys. For instance, the partial substitution
of Ni with Co has been shown to enhance the ferro-
magnetic interaction between Co and Mn atoms in the
parent phase, leading to a more pronounced thermally
driven magnetization change coupled with the struc-
tural transition [12-15]. Similarly, the substitution of
Ni with Zn has been shown by Bachagha et al. [16]
to shift both the martensitic transformation (MT) and
Curie temperatures to lower values.

NiMnTi and related alloys are typically produced
by means of casting methods, i.e., traditional arc melt-
ing [7, 17, 18], directional solidification processes [2,
10, 19, 20], and single crystal growth [21]. Only a few
studies have reported the production of NiMnTi-based
alloys by melt spinning, and these have primarily
focused on alloys with Co addition for magnetic and
magneto-functional applications [22-26]. Melt spin-
ning allows the production of polycrystalline alloys
with fine, textured microstructures and homogeneous
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composition. It has proven to be an effective method
for synthesizing traditional Heusler alloys such as
NiMnGa, NiMnSn, NiMnlIn, NiFeGa, and their deriva-
tives [27-31]. This technique involves the rapid solidi-
fication of a molten alloy onto a water-cooled rotating
wheel with a polished surface typically made of cop-
per. By melt spinning, it is possible to cool down the
material from the liquid phase with cooling rates in
the order of 10*-10° K/s [32]. Such rapid quenching
enables the formation of alloys with unique micro-
structures, including metastable phases and refined
grains [33, 34]. For instance, rapid solidification in
melt-spun NiMn-Sn/In ribbons favors the formation
of the lower-symmetry B2 cubic structure, by sup-
pressing the formation of higher-symmetry L2, [22, 32,
33]. In contrast, in other studies, a single L2; austen-
ite phase was obtained [30, 31, 34-36]. The crystalline
structure of melt-spun ribbons often exhibits columnar
grains in the cross section, extending from the bottom
to the top surface, perpendicular to the ribbon plane
[32, 35]. Another characteristic of melt-spun ribbons is
their preferential crystallographic orientation, which
results in pronounced texturing [32, 34, 35, 37]. It has
been found for NiMn-Sn/In that melt spinning pro-
cess promotes grain refinement [33-37], leading to a
decrease of the martensitic transformation tempera-
tures [33]. For instance, martensitic transformation
temperatures of NiMnSn ribbons are about 150K lower
than those of conventionally cast ingots [32].

The few studies about NiMnTiCo melt-spun rib-
bons investigate mainly the magnetocaloric prop-
erties of the material. The most interesting results
are reported by Neves-Bez et al. showing magnetic
entropy change of 27 J/(kg °C) and cycling mechani-
cal stability [25]. Ni-rich and Mn-rich ribbons in both
as-spun [24, 38] and annealed conditions [22, 23, 25,
26] have been thoroughly investigated from the calo-
rimetric, microstructural, structural and magnetic
point of view. It was found that an increase in Co
content and a refinement of the microstructure lead
to a decrease in the transformation temperatures [22].
Moreover, it is proven that the process parameters, in
particular the wheel speed, also affect the physical,
functional and magnetic properties of the ribbons. Ma
et al. [24] showed that by increasing the wheel speed
the structural parameters, i.e., average grain size and
unit cell volume, are decreased together with the mar-
tensitic transformation temperatures and the magnetic
entropy change. NiMnTiCo alloys modified with
B and Y have been shown to be able to enhance the
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magnetocaloric properties [38, 39]. Finally, the devel-
opment of NiMnTiCo ribbons/polymer composites
toward possible applications in magnetic devices with
a flexible substrate has been investigated in ref. [40].

The present work aims to investigate the effect of
melt spinning and heat treatment parameters on the
physical, microstructural, calorimetric, functional and
mechanical properties of two NiMnTi-based alloys,
i.e., NisgMn,;Ti;5 and NigyMns,Tig (atomic %). The
study explores the effects of the process parameters on
the ribbons” properties to understand how the manu-
facturing process influences the material’s structure,
martensitic transformation and performance. Several
characterization techniques—such as X-ray diffraction
(XRD), scanning electron microscopy (SEM), differen-
tial scanning calorimetry (DSC), as well as mechani-
cal and functional testing—are employed to investi-
gate the alloy’s behavior and to preliminarily assess
its potential for elastocaloric applications. This study
aims to fill the gap regarding the production of the
benchmark NiMnTi alloy through melt spinning to
define a roadmap toward a possible miniaturization
of functional devices.

Materials and methods

Two series of NiMnTi ingots were produced by means
of an arc melting furnace starting from high purity
metallic elements (electrolytic Ni with purity level
of 99.97%, electrolytic Mn with purity level of 99.5%
and grade 1 Ti wire ASTM B348) and following six
remeltings. Their compositions are Nis Mn;5Ti;5 and
NizoMn;,Ti g (at.%), and they were labeled NMT15
and NMT18 respectively.

An Edmund Biihler Melt-Spinner SC was employed
to produce the NiMnTi ribbons. The arc-melted ingots
were cut into 9-11g pieces to ensure uniform heating
inside the induction-heated crucible. Quartz crucibles
were manually prepared by softening and shaping the
edges of quartz tubes with a diameter of 10 mm and a
wall thickness of 1 mm. All crucibles were fabricated
with circular nozzles having diameters ranging from
0.80 to 0.85 mm. The distance between the nozzle and
the copper wheel was fixed at 1.5 mm. An ejection
pressure of 700 mbar was chosen in order to avoid
excessive Mn evaporation during the induction melt-
ing step, with a pressure difference of 200 mbar used
to eject the molten alloy onto the copper wheel. The
linear wheel speed (WS) was tuned between 10 and
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40 m/s. The as-spun samples were labeled according
to their alloy composition and the wheel speed used
during the production process: NMT15_10/15/20/
30/35/40 and NMT18_10/15/20/25/30/35/ 40.
The microstructural, morphological and compositional
characteristics of the ribbons were assessed through
SEM and energy-dispersive X-ray analysis (EDX). Cal-
orimetric analysis was performed by means of DSC
TA Instruments Q200 with a heating and cooling rate
of 10 °C/min. The transformation temperatures were
determined at the intersection of the tangent lines
drawn at the inflection points of the peaks and at the
baseline. The X-ray diffraction (XRD) analysis was car-
ried out on entire ribbon samples by means of an X-ray
Diffractometer Panalytical XPert PRO equipped with a
thermal chamber for measurements below and above
room temperature, for the study of the martensitic
and parent phases. The mechanical characterization
of the ribbons consisted of both strain recovery and
stress—strain tests in tensile configuration by means of
a dynamic thermal and mechanical analyzer (DMTA
TA Instruments Q800) equipped with a load cell of 18
N. The strain recovery tests were performed with a
rate of 5 °C/min at fixed applied stresses (from 0.5
to 100 MPa) between 40 and 250 °C for NMT15 alloy
and between-180 and 130 °C for NMT18 alloy. The
stress—strain measurements were carried out with a
stress rate of 5 MPa/min up to stresses between 150
and 250 MPa. Quasi-adiabatic tensile and bending
measurements were carried out with an applied force
rate equal to 150 N/min. The temperature signal was
acquired by means of T-type thermocouples with bare
wires of a diameter equal to 0.127 mm fixed on the
sample surface with silver paste and connected to a
high-frequency acquisition system (NI 9212 thermo-
couple input module for NI CompactDAQ) controlled
by National Instruments LabView software.

Results and discussion

A detailed microstructural, calorimetric, functional,
mechanical and caloric characterization of the precur-
sor NiMnTi arc-melted alloy was carried out in previ-
ous works [17, 18].

Ribbons morphology analysis

The transversal cross sections of NiMnTi melt-spun
ribbons were analyzed by means of scanning electron
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microscopy. The thickness of the ribbons is inhomoge-
neous, and the average values decrease with increas-
ing wheel speed (WS). Particularly, the reduction in
thickness between the lowest WS (10 m/s) and 25 m/s
is approximately 50% for both alloys. At higher WS,
the thickness tends to stabilize around a limit value of
approximately 25 um. Figure 1 summarizes the thick-
ness trend measured for NMT15 and NMT18.

Moreover, SEM micrographs of the fractured cross
sections of the melt-spun ribbons are shown in the
insets in Fig. 1a and b for NMT15 and NMT18, respec-
tively. The fracture occurs principally with intergranu-
lar mode. Particularly in the ribbons produced at the
lowest WS, the characteristic microstructure of melt-
spun ribbons is visible, featuring equiaxial grains in
correspondence of the “wheel side” of the ribbon,
which was subjected to the highest cooling rate, and
columnar grains extending along the heat extraction
direction in the cross section. For both alloys, grain
size decreases with increasing WS, as higher cooling
rates limit the grain growth.

Martensitic transformation

The wheel speed parameter significantly affects the
martensitic transformation behavior of the as-spun rib-
bons. Both NMT15 and NMT18 produced with wheel
speeds up to 30 m/s show sharp transformation DSC
peaks, as shown in Fig. 2. In contrast, ribbons pro-
duced at higher speeds (35 and 40 m/s) exhibit lower
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and broader peaks, likely indicating that the material
does not transform homogeneously. As a possible con-
sequence, the complete transformation occurs over a
wider temperature range. As will be further discussed
in the XRD section and as observed in different previ-
ous works [27, 28], the extremely rapid solidification
promoted by melt spinning process is consistent with
the formation of solidification defects distributed in
the textured grain structure of the obtained ribbons.
This could have a first consequence in the wide trans-
formation temperature range observed in DSC curves
and in XRD patterns. Moreover, the peculiar inverse
strain recovery and functional behavior presented in
the following section will provide further suggestion
about the fact that the solidification defects could act
as stress-pinning points, likely introducing transfor-
mation inhomogeneity and residual stresses stored in
the material.

A structural characterization of NiMnTi melt-spun
ribbons was carried out through XRD analysis at dif-
ferent temperatures, i.e., above and below the mar-
tensitic transformation temperature range. Figure 3
presents the results obtained for samples produced
at 20 m/s.

In both samples, a typical Heusler face-centered
cubic (FCC) austenitic structure was observed at high
temperatures, whereas a monoclinic martensitic phase
was identified at low temperatures through Lebail fit-
ting. Preferential orientation of grains is indicated by
the pronounced intensity of the peaks corresponding
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Figure 1 Trend of the NMT15 a and NMT18 b melt-spun ribbons thickness (measured from cross-section SEM micrographs in the

inset) at increasing wheel speed.
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Figure 2 Differential scanning calorimetry of NMT15 and NMT 18 ribbons produced with a wheel speed of 20 m/s, 30 m/s, and 40 m/s.
Exothermal direction: up.

to the (121) reflection of the monoclinic cell. The XRD correspondence in terms of crystal lattice parameters
patterns of samples produced at wheel speeds rang-  for both alloys. Figure 4 presents a comparison of the
ing from 10 m/s to 30 m/s exhibited an almost exact martensitic phases in ribbons produced at low (10 m/s)
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Figure 3 X-ray diffraction analysis below and above the martensitic transformation temperature range for ribbons NMT15_20 a and
NMT18_20 b.

T T T T T T T T T T T T T T and high (40 m/s) wheel speeds with those in arc-
melted (as-cast) samples, offering additional insights.
The XRD pattern of the ribbon produced at 10 m/s
closely matches that of the as-cast sample obtained via
arc melting. In contrast, ribbons produced at higher
wheel speeds exhibit a noticeable peak shift toward
lower diffraction angles, for instance, the peak at 46.7°,
indicating possible changes in lattice parameters or
internal stress states. Table 1 summarizes the unit cell
parameters derived by Lebalil fitting for the monoclinic
martensitic phase in the ribbons produced at 40 m/s
wheel speed and for the arc-melted sample of the same
composition.

Notably, the lattice parameter b of the NMT15_40
ribbon is larger than that of the arc-melted as-cast
39 ' 4'0 ! 4' 1 ! 4'2 ! 4'3 ! 4'4 ! 4'5 ! 4l6 ' 4'7 ! 48 NMT15 mar’Fensi'te, wi.th a strain of. Ab/b=0.004, inc.li—

cating a tensile distortion of the unit cell along b-axis.

2 theta (deg) This effect is consistent with the rapid cooling and

highly directional solidification inherent to the melt
spinning process [41] and, as previously discussed,
suggests the formation of a coherent microstructure

NMT15_as_cast

NMT15_10

a.u.

| NMT15_40

Figure 4 Comparison of the X-ray diffraction analysis of
NMT15_10, NMTI15_40 produced by melt spinning, and
NMT15_as_cast produced by arc melting.

Table 1 Unit cell parameters for martensite phase in NMT15 melt-spun ribbon produced with wheel speed equal to 40 m/s and in arc-
melted samples from [17]

Sample a(A) b (A) c(A) a(®) B 7 ()
NMT15 as-cast (arc melting) 4.3325 5.5026 4.2524 90.0 91.04 90.0
NMT15_40 (melt spinning) 4313 5.527 4.222 90.0 91.03 90.0

@ Springer



J Mater Sci (2026) 61:19853-19865

compatible with strain defects that broaden the calo-
rimetric response. Additionally, the indexing of the
newly observed peaks in samples fabricated at high
wheel speed was successfully achieved by introducing
a modulation vector q=0.40-c*, where c* is a reciprocal
lattice vector. The significant intensity of the modula-
tion reflection at 20 = 45.5° suggests pronounced struc-
tural distortions induced by the faster cooling rates at
wheel speeds exceeding 30 m/s.

Based on the geometrical, microstructural and calo-
rimetric characterizations, NMT15_20 and NMT18_20
samples exhibited the best properties in terms of a
favorable balance between sharp martensitic transfor-
mation peaks, relatively homogeneous thickness and
slightly coarser grains. Therefore, they were selected
for further investigation of their mechanical and func-
tional properties.

Mechanical properties and AS evaluation

The tensile strain recovery tests conducted on
NMT15_20 and NMT18_20 samples are shown in
Fig. 5. For both alloys, the curves exhibit an inverse
strain trend at low applied stresses, where the strain
decreases during cooling and increases upon heat-
ing. The same trend is observed for all the ribbons,
as reported in Figure S1 of Supplementary Material for
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sample NMT15_40. Thus, as observed in the prior cal-
orimetric and microstructural analyses, the mechanical
response is consistent with the presence of residual
stresses introduced by the rapid solidification pro-
cess and retained within the material. The influence
of solidification rate on the thickness of the ribbons
and defect formation is well established in melt-spun
systems [30, 42]. In the present work, the variation of
wheel speed primarily affects the cooling rate, which
likely promotes the formation of structural defects,
stored stresses and partially amorphous regions. The
mechanical response of ribbons further supports the
presence of such defect-related effects at the macro-
scopic scale. In particular, as already observed in pre-
vious works, the presence of such defects and stored
stresses in ribbons could induce an inverse strain
recovery behavior [28]. By strain recovery measures,
it is possible to have an indicative evaluation of the
amount of such residual stress, when the inverse
behavior resets and the material begins to show usual
direct recovery of strain. By linear interpolation of the
transformation strain values obtained for each applied
stress, it was possible to measure the stress value cor-
responding to the reset of stored stresses that induce
the inverse behavior: For the NMT15_20 sample, this
value is 31 MPa, whereas for NMT18_20 it is 22 MPa.
The favorable mechanical properties observed in the
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Figure 5 Tensile strain recovery tests for NMT15_20 a and NMT18_20 d as-spun ribbons.
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strain recovery tests enhance the interest in develop-
ing the elastocaloric performance of these ribbons. No
residual strains related to plastic deformation were
detected in either alloy. Moreover, NMT15 samples
demonstrated superior strength, withstanding con-
stant applied stresses up to 100 MPa before failure,
whereas NMT18 samples failed at stresses exceed-
ing 40 MPa. The maximum recoverable tensile load
exceeds previously reported values for NiMn-based
melt-spun ribbons, such as those based on NiMnGa
and NiMnSn [27, 28]. Moreover, the AS values meas-
ured range from 4 J/(kg °C) for NMT18 to 10-12 ]/
(kg °C) for NMT15, which is a considerable value
for NiMn-based melt-spun ribbons [27, 28]. Some
preliminary attempts to enhance the strain recov-
ery behavior of NMT18 ribbons by heat treatments
are briefly described and discussed in Supplementary
Material. Specifically, strain recovery and AS curves
are reported in Figure S2 and stress—strain measure-
ments are reported in Figure S3.

Tensile stress—strain tests were performed under
isothermal conditions. As expected, in the melt-spun
ribbons, the stress—strain behavior is affected by its
inherent brittleness and by failure at relatively low
tensile strains. Moreover, the tensile loading—unload-
ing curves shown in Figs. 6, 7 exhibit minimal hyster-
esis and do not show well-defined plateaus, suggest-
ing that the maximum applied stress without failure
may be insufficient to induce a complete martensitic
transformation. However, even a limited hysteresis

140F __150°C o
120l ——160°C

100 |

Stress (MPa)

NMT15_20m/s

0,0 0,1 0,2 0,3 0,4
Strain (%)

| J Mater Sci (2026) 61:19853-19865

is generally associated with the onset of transforma-
tion-related processes. In rapidly solidified systems,
such as melt-spun ribbons, the mechanical response
could be partially influenced by factors such as high
defect density, internal stresses and microstructural
heterogeneity. Under these conditions, a classical
flag-shaped response is not necessarily expected,
and transformation-induced features may appear
in a more gradual or distributed manner. A similar
behavior, including reduced hysteresis and absence
of clear plateaus, has been reported in the literature
for other NiMn-based systems like sintered NiMnGa
[43, 44]. The elastic modulus as a function of tempera-
ture shows the highest values, up to 46.5 GPa, for the
NMT15 alloy.

Three-point bending tests were carried out under
isothermal conditions and low displacement rate,
and the main results of as-spun samples are shown in
Fig. 8. The experimental setup for three-point bend-
ing tests does not involve the fixing of the ribbons in
a sample holder, but they lean on the two supports
without any deformation constraint. Nevertheless,
this experimental condition gives rise to some slipping
during the rapid martensite induction and shrinkage
in loading and unloading plateau. Due to the inhomo-
geneous stress distribution inherent to bending and
the low fracture strain of the studied ribbons, failure
occurred at displacements exceeding 3 mm, corre-
sponding to a maximum strain of 0.6% at the ribbon
midpoint, as calculated using Eq. 1:

b
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©
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L
_.--m
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44 1 .
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Figure 6 Tensile isothermal mechanical tests starting from Af+ 10 °C for NMT15_20 ribbons a and trend of the elastic modulus versus

temperature b.
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Figure 7 Tensile isothermal mechanical tests starting from Af+ 10 °C for NMT18_20 ribbon a and trend of the elastic modulus versus
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Figure 8 Three-point bending curves performed at different temperatures, starting from Af+ 10 °C for NMT15_20 a and NMT18_20 b

as-spun ribbons.
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where D is the maximum deflection at the midpoint
of the sample, t is the sample thickness, and L is the
support span, which in the current tests was 10 mm.
Martensite induction likely occurs in the material that
is able to withstand the applied deformation without
failure. However, the recorded mechanical curves,
even though they show some steps, indicate the
partial induction of martensite, suggesting a poten-
tial improvement also in elastocaloric performance
under this configuration. Additionally, the mechanical
response exhibited good cycling stability to 50 cycles

and minimal temperature dependence, as the mechan-
ical cycles conducted at different temperatures yielded
similar results.

Despite the limited tensile and bending mechani-
cal properties of NiMnTi ribbons, time-resolved tem-
perature profiles were recorded during quasi-adiaba-
tic unloading in both tensile (Fig. 9a, b) and bending
(Fig. 9¢, d) configurations. Due to specific experimental
constraints, the results are limited by reduced sensi-
tivity in temperature measurement. Indeed, the ther-
mocouple fixture on the ribbon surface inherently
limits the achievable temperature change signal. More-
over, the small thickness of the ribbons and their large
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Figure 9 Temperature versus time profiles obtained by quasi-adiabatic unloading of NMT18_20 ribbons in tensile a, b and three-point

bending c, d configuration.

surface-to-volume ratio enhance heat exchange with the
environment, making adiabatic conditions difficult to
achieve. As a consequence, the measured temperature
changes should be considered as conservative estimates,
likely underestimating the actual adiabatic temperature
change. Nevertheless, despite the low signal intensity,
the detection of small temperature fluctuations in the
range of 0.1-0.3 °C during rapid unloading remains
noteworthy. This represents an important starting point
for improving performance by optimizing ribbon size
and heat transfer in devices where flexural deformation
is controlled.

Conclusions
Melt spinning is a suitable method for producing

NiMnTi ribbons and exploring their potential for vari-
ous application devices at the microscale. The NiMnTi

@ Springer

ribbons produced by melt spinning appear to exhibit
characteristic features typical of this processing method,
such as strain defects distributed throughout the mate-
rial and pronounced anisotropic grain growth, both
resulting from the rapid solidification process. These
features likely affect the thermo-mechanical properties
and transformation behavior of ribbons. The produced
NiMnTi ribbons exhibit, for the first time, a combination
of favorable mechanical properties, absence of plastic
deformation, and promising AS values (10-12 J/(kg °C))
measured under strain recovery conditions. Among the
deformation modes evaluated, bending deformation
appears to be the most suitable and promising for the
development of applications at the mini—and micro-
scale. In particular, the NMT15 alloy shows superior
performance compared to NMT18, especially in tem-
perature ranges above room temperature. These find-
ings suggest that the potential functional properties
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previously observed in polycrystalline NiMnTi samples
may also be retained in melt-spun ribbons. However,
the preliminary quasi-adiabatic tests highlight the neces-
sity of further optimization to improve their elastoca-
loric response.
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