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ABSTRACT

The all-d-metal Ni-Co-Mn-Ti Heusler alloy is a promising candidate for magnetic refrigeration
application because of its considerable magnetocaloric effect and excellent mechanical properties. In
this study, the influence of powder particle size on the martensitic transformation, magnetic and
mechanical properties of Ni37Co13Mn34Tii6 spark plasma sintered samples have been investigated. It
was found that the martensite transformation temperature was shifted to a higher value, while the
mechanical properties decreased significantly with an increase in particle size. The sintered sample
(S1) with a particle size of 0-15 um exhibited enhanced characteristics such as thermal effect,
magnetic and mechanical properties. The S1 martensitic transformation temperature occurred near
ambient temperature, and the sample exhibited the maximum magnetic entropy changes as high as
37.53 J-kg "K' under a 5 T magnetic field. Moreover, the associated compressive fracture stress and
strain were 2129 MPa and 27.78%, respectively, representing an 88.6% and 104.3% increase relative
to the as-cast sample.

Keywords: Ni-Co-Mn-Ti all-d-metal Heusler alloy; Spark plasma sintering; Martensitic
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1. Introduction

Refrigeration is an indispensable technology with far-ranging applications. Current refrigeration
technology involves vapor-compression, which can be harmful to the environment. Magnetic
refrigeration technology based on the magnetocaloric effect (MCE) is considered a preferable
alternative to standard vapor-compression, and is anticipated to be incorporated in future solid-state
refrigeration equipment!!#l. The Ni-Mn-Ga/In-based Heusler alloys®®! have been the subject of
magnetocaloric materials research for some time. Although Heusler alloys exhibit excellent magnetic
and thermal properties, their inherent brittleness has hampered practical application.

In 2015, Wei et al. proposed an all-d-metal Ni-Mn-Ti alloy!®! and doped an appropriate amount
of a fourth component (Co) into the ternary alloy to improve the magnetic properties and achieve
magnetic-structure transition coupling. The results demonstrated that the alloy exhibited a maximum
magnetic entropy change (4Sy) of 18 J-kg!-K-! with a high refrigerant capacity (267 J-kg!) at a
magnetic field of 5 T when the Co doping amount reached 15 at.%. These findings suggest that an
all-d-metal Heusler alloy has significant potential as a magnetocaloric material. Subsequent studies
have shown that the novel Ni-Mn-Ti-based Heusler alloy!!%-!*! can undergo martensitic transformation,
exhibiting a large adiabatic temperature change under a stress field or magnetic field. Liu et al., in
their exploration of Ni3s.5C013.5Mn3sTiis annealed ribbons,!'¥ reported a peak magnetic entropy
change of 24.9 J-kg!-K'! under a magnetic field change of 5 T. Liu et al. found that the reversible
entropy changes can be substantially increased from 8.9 J-kg'!-K™! to 24.1 J-kg'!-K"! for magnetic
field variations ranging from 0.01 T to 5 T in the case of Ni37.5Co12.sMn3sTiis alloy!"l. Guan et al.
prepared a Niz.6Co128Mns4.7Tiiso alloy!'® using directional solidification technology were the
maximum magnetic entropies were 23.2 J-kg!-K™! and 28.1 J-kg!-K'! under a magnetic field change
of 5 T and 7 T, respectively. The Ni-Mn-Ti-based Heusler alloy is recognized as one of the most
promising elastocaloric and magnetocaloric materials. Therefore, a simple and efficient preparation
process that can improve the multifunctional properties and end application value of Ni-Mn-Ti-based
alloys is of appreciable practical significance.

Alloys prepared using the spark plasma sintered (SPS) method have shown excellent mechanical
properties, notably high relative density, high hardness and toughness. Researchers have prepared

different Ni-Mn-based alloys by SPS!!'"?*! and demonstrated enhanced mechanical performance.
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Kuang et al. used SPS technology to prepare NisoMns47Iniss with different particle sizes!?’). The
sintered powder exhibited a particle size of 15 um with associated fracture stress and strain of 1800
MPa and 19.2%, respectively. The magnetic entropy change recorded for a particle size of 140 um
reached 18.8 J-kg!-K™! at a 5 T magnetic field. In addition, the magnetic entropy change was 17.1
J-kg!'K'! in the case of Ni3.75Mn37.5In12.5Co6.25 under a 5 T magnetic field. The fracture stress and
strain were 1440 MPa and 14%, respectively, compared with 520 MPa and 10.5% for the as-cast
sample, a response that may be attributed to grain refinement. The published results establish the SPS
technique as an effective approach to improve mechanical properties while maintaining the magneto-
caloric effect.

In this study, an all-d-metal Ni37Co13Mns4Tii6 alloy has been prepared by both arc melting and
SPS technology, and the effects of particle size on the martensitic transformation, magnetic properties
and mechanical properties of the sintered samples were systematically studied. The objective of this
work is to produce a Ni37Co13Mn34Tii6 alloy with high magnetic entropy change and enhanced

mechanical properties at near room temperature by adjusting the particle size.
2. Experimental methods

High-purity Ni (99.9%), Co (99.9%), Mn (99.5%), and Ti (99.9%) were used to prepare a
Ni37Co13Mn34Tii6 ingot by arc melting under argon protection. More than 3% Mn was added due to
the loss of Mn by evaporation during melting. The as-cast sample was annealed at 1223 K for 48
hours. Subsequently, high-pressure gas was used as an atomizing medium to crush the molten ingot
into spherical powders. Following screening using a standard sieve, alloy powders with particle sizes
of 0-15 yum, 15-53 um, 53-106 um, and 106-150 um were obtained. SPS equipment was used to sinter
the alloy powders at 1223 K for 15 min. The sintered samples were annealed at 1223 K for 6 hours
to ensure uniformity of chemical composition. After annealing, all as-cast and sintered samples were
immediately removed and quenched in water. The sintered samples are denoted as S1, S2, S3, and S4
in ascending order of powder particle sizes.

Sample microstructure and composition were analyzed using a scanning electron microscope
(SEM, Zeiss SUPRAS5) equipped with an energy dispersive spectrometer (EDS). A 3 x 3 x 5 mm?
rectangular sample was subjected to compression testing on a mechanical testing machine (AG-

XPLUS100KN). The martensite transformation temperature was determined by differential scanning
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calorimetry (DSC, Q100). Magnetism was measured using a quantum design physical property
measurement system (PPMS) equipped with a vibrating sample magnetometer (VSM). The
isothermal magnetization curve (M-H) was measured using the cyclic method where a discontinuous
heating protocol was used to determine the A4Sy value. In each measurement, the sample was first
cooled to 150 K under zero field to ensure a complete martensite state, and then heated to the test

temperature under zero field, and the M-H curves were recorded.
3. Results and discussion

3.1. Martensite transformation and microstructure

The feasibility of studying the Ni-Co-Mn-Ti alloy prepared by SPS was evaluated by testing and
comparing the density, martensitic transformation and microstructure of SPS samples with the as-cast
sample. The density of the sintered samples and the relative density with respect to the as-cast sample
are shown in Fig. 1(a). The density of the as-cast sample was 7.166 g-cm ™, and the density of the
SPS samples decreased from 7.09 g-cm™ to 7.07 g-cm >, with a relative density decrease from 98.96%
to 98.66% as powder particle size decreased. This suggests that the Ni37Co13Mn34Ti16 alloy sintered
by the SPS technique was in a dense state with little porosity. The DSC curves of the as-cast and SPS
samples with different powder particle sizes are presented in Fig. 1(b). The characteristic martensitic

transformation temperatures (Ms, My, As, Ay) were determined using the tangent method[24], where
the transformation thermal hysteresis is defined by ATy, = [(AS + Af) - (MS + Mf)] /2. The

variation of martensite transformation temperature and thermal hysteresis for the as-cast and sintered

samples is illustrated in Fig. 1(c). The enthalpy change (AH) and entropy change (A4S = AH/T,, Ty =
(AS + Af) /2) of the samples are given in Table 1. It can be seen (Fig. 1(b)) that the sintered samples

with different particle sizes exhibit the same typical endothermic and exothermic peaks as the as-cast
sample during the martensitic transformation. The martensitic transition temperatures of the sintered
samples were shifted to higher values relative to the as-cast sample, with the transition temperature
close to ambient temperature. This proximity to room temperature is favorable for the generation of
the magnetocaloric effect (MCE) in practical applications. In addition, variations in the powder
particle size significantly influenced the martensitic transformation temperature. With an increase in
particle size, the DSC curves of the sintered samples were shifted to higher temperatures, with a

resultant reduction in the heat absorbed and released by the sintered samples. The peak width was
4



wider as a consequence of this shift. Moreover, the temperature range of the martensitic
transformation AT (AT = M; — M) exhibited a marked increase from 20 K to 61 K, demonstrating

that an increased powder size resulted in a less obvious martensitic transformation. The maximum
thermal hysteresis observed for the S1 sample was 19.8 K. Previous studies have reported that the
martensitic transformation can be suppressed when the grain size is reduced to a certain threshold!>*
26]

The microstructure and morphology of the powder and sintered samples are shown in Fig. 1(d)
and (e), respectively. The boundaries between particles are clearly seen in Fig. 1(e). Notably, no
evident defects, such as large pores and intergranular cracks, were observed in the sintered samples
(S1-S4), confirming their high relative density. According to SEM image statistics, the median
particle sizes of the sintered samples are 10.535 um, 39.305 um, 80.335 um and 132.205 um for S1-
S4, respectively. The grain size of the sintered sample is consistent with that of the original powder
size. In the sintering process, heat and pressure are transmitted between particles. As a result, in the
sintered sample, all particles are deformed and occupy the space between them, resulting in the
sintered sample with a relatively high density!*).

The actual compositions of the as-cast sample and sintered samples are provided in Table 1. The
composition of all sintered samples is close to that of the as-cast sample, which is approximately the

nominal composition of Niz7Co13Mn34Tiie.

Actual composition
Samples AH/I gt AS/TK!kg!
Ni/ at. % Co/ at. % Mn/ at. % Ti/ at. %

As-cast 36.64 13.20 34.27 15.87 9.8 37.2
S1 37.16 12.83 34.65 15.36 12.1 40.5
S2 37.24 12.91 34.50 15.35 11.9 39.3
S3 36.79 13.45 34.51 15.26 12.3 39.6
S4 36.88 13.12 34.19 15.81 10.5 33.1

Table 1. Actual composition, AH and AS of the as-cast and sintered samples.
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Fig. 1. (a) Density and relative density of sintered samples. (b) DSC curves of the as-cast and sintered samples. (c)
Variations in the martensite transformation temperature and thermal hysteresis. (d) and (¢) SEM of the powders and

corresponding sintered samples.

3.2. Mechanical properties

Compression stress-strain tests were performed to assess the mechanical properties of as-cast
and SPS samples. The room temperature compressive stress-strain curves of both sintered and as-cast
Ni37Co13Mn34Tiie are presented in Fig. 2(a). The compressive fracture stress and strain of all the
sintered samples, regardless of particle size, exhibited a clear enhancement relative to the as-cast
sample. With a decrease in particle size, the fracture stress-strain of the sintered sample increased.
The compressive fracture stress and strain of the as-cast sample were 1128.93 MPa and 13.6%,
respectively. The compressive fracture stress and strain of S1 were 2136.92 MPa and 27.78%,
respectively, representing a distinct improvement (89.29% and 105.17%) compared with the as-cast
sample.

The remarkable mechanical properties exhibited by the sintered samples can be attributed to fine
grain strengthening. The reduction in grain size in the sintered sample results in an increased number
of grain boundaries, effectively impeding crack propagation. Consequently, this fine grain structure

enhances the overall mechanical properties. In addition to the influence of grain size, the
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microstructure also plays a significant role in determining the mechanical properties of the sintered
samples. The sintered sample is composed of austenite and martensite phases at room temperature.
The austenite contributes to plasticity and ductility, while the martensite is a hard and brittle phase.
The relative content of each phase in the sintered sample determines the mechanical properties. All
sintered samples underwent a homogenization annealing treatment to eliminate residual stress during
sintering. The sintered samples with different particle sizes did not show any obvious defects such as
cracks, as can be assessed from the images provided in Fig. 1(e). The combined effect of the factors
noted above serves to appreciably improve the mechanical properties of the SPS samples.

The compressive stress-strain curves of sample S1 sample (solid red line) shown in Fig. 2(b) can

10, 28, 29

be compared with the response for Ni-Mn-Ti-based alloys! ! and other Ni-Mn-based magnetic

shape memory alloys(MSMAs) prepared using the SPS techniquel'” '8 20 21. 23, 241 Both
Nisg sMn298Gaz1.5!'") and NisoMn2oGaz1!'8) are characterized by a compressive fracture strain close to
the S1 sample, but the compressive fracture stress was ca. 400 MPa lower. The NissCosMn36.7In13.3
and NisoMn347Inis3 alloys exhibit considerable compressive fracture stress, but the fracture strain
differed by ca. 10% compared with S1. Furthermore, the compressive fracture stress and strain of S1
were nearly twice that recorded for the directionally solidified Ni-Mn-Ti sample!'”) and the as-cast
Ni-Co-Mn-Ti sample®® 2} | The results establish that S1, fabricated using the SPS process, exhibits
superior mechanical properties to others Ni-Mn based MSMAs.

In order to clarify the fracture mechanism of the as-cast and sintered samples, the fracture
morphologies were examined by SEM. The image presented in Fig. 2(c) illustrates a typical
intergranular fracture and cleavage fracture in the as-cast sample, indicating a mixed fracture mode.
In contrast, the morphologies shown in Figs. 2(d)-(g) reveal the surface fracture morphology
associated with samples S1-S4, which was primarily cleavage fracture. The growth path of the
cleavage crack can be seen in Fig. 2(f), which reveals the fracture mechanism associated with the
sintered samples. When subjected to external stress, cracks initiate within the grain of the sintered
sample. These cracks traverse the boundaries of neighboring particles, generating new cracks on
adjacent particles from which the cracks propagate and ultimately extend throughout the entire
particle. The crack source originates at a central point in the particle and spreads outward in a fan-
shaped pattern, forming a cleavage sector (indicated by the circular dotted line in Fig. 2 (f)). As the

particle size increases, at the same sintering pressure the binding force between particle boundaries
7



decreases, leading to inter-particle fracture (Fig. 2(g)). It can be seen from Fig. 2(c) that the particle

size of the as-cast sample is about 187 um. Fig. 2(h) displays the relationship between particle size

and mechanical properties. As the particle size decreases, there is a notable upward trend in both the

compressive stress and strain, which proves the Hall-Petch relationship.
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Fig. 2. (a) Stress-strain curves of as-cast and sintered samples. (b) Comparison of the mechanical properties of S1 and

other Ni-Mn based samples. (c)-(g) Fracture morphologies of as-cast and sintered samples with different powder sizes.

(h) The relationship between the mechanical properties and grain size.

3.3. Magnetic properties

Considering the isothermal entropy change during martensite transformation and the mechanical

property of SPS samples, S1 was selected to determine the magnetization-temperature (M-T) and

isothermal magnetic hysteresis (M-H) curves. The M-T curves for S1 under 0.05 T and 5 T magnetic

fields are presented in Fig. 3, showing a typical magnetic-structural transition from ferromagnetic

austenite to weakly magnetic martensite. The characteristic temperature of martensitic transition
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under a 5 T magnetic field shows a distinct shift to a lower temperature compared with the 0.05 T
magnetic field. This response suggests that the higher magnetic field is more conducive to the stability
of the austenitic phase with a consequent shift of the martensitic phase transition to a lower
temperature!?* 28 . The characteristic temperature of the martensitic transition under a magnetic field

was determined using the tangent method, and the corresponding values are given in Table 2.
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Fig. 3. M-T curves of S1 under 0.05 and 5 T magnetic fields. The inset shows the relationship between dM/dT and T.

As a basic parameter that characterizes magnetically controlled multifunctional material, the
magnetization difference ( AM ) between austenite and martensite during the martensitic
transformation was determined from the entries in Fig. 3. Alarger AM signifies a favorable magnetic
control functionality. The AM of S1 at a 5 T magnetic field was 79.98 emu-g™!, similar to the current
Ni-Mn-based alloy®*34 | The difficulty of the magnetic field-induced inverse martensitic transition
is reflected in the dM/dT values'®*! , as illustrated in Fig. 3. Ti and T represent the peak temperatures
of martensite transformation and reverse martensite transformation, respectively, which are given in
Table 2. In the case of S1, the change in 74 was —9.99 K, corresponding to a dM/dT value of — 2.02

K/T when the magnetic field was varied from 0.05 Tto 5 T.

Sample H/T MJ/K M/K A4/K A/K TJK TwWK AM/ emu-g!

0.05 31690 28630 297.73 320.08 309.95 299.97 31.51

S1
5 300.38 276.44 288.10 310.32 300.09 290.01 82.05

Table 2. Characteristic temperatures of martensitic transformation of S1 under a magnetic field (0.05 T and 5 T).

The MCE is a property of a magnetic material which allows absorption and release of heat when
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subjected to an external magnetic field, and it can be characterized by the associated magnetic entropy
change (4Sum). A series of M-H curves for S1 are shown in Fig. 4(a) in the magnetic field range 0-5 T
and temperature range 260 K-312.5 K. The M-H measurements were conducted at a temperature
interval of 5 K between 260 K and 300 K and a 2.5 K interval between 300 K and 312.5 K.

Magnetization of the complete martensite phase at 150 K was measured, and appears as the black
curve in Fig. 4(a). When the magnetic field was increased to 5 T, the measured magnetization of S1
was 1.92 emu-g™!, indicating the weakly magnetic nature of martensite, which is consistent with the
M-T curve in Fig. 3. As shown in Fig. 4(a), the magnetic saturation of S1 gradually increased at higher
temperatures. At 295 K, the curves do not overlap, indicating the occurrence of a magnetic field-
induced martensitic transition. At 300 K, a more pronounced reversible magnetic field-induced
martensitic transition can be observed. The results establish a typical magneto-structural coupling
transformation from weakly magnetic martensite to ferromagnetic austenite within the temperature
range of 270-312.5 K.

The series of isothermal-magnetization curves in Fig. 4(a) were subjected to Maxwell's equation
(1-1)*% | The resultant relationships between temperature and A4Sy for S1 in the magnetic field-

induced inverse martensitic are shown in Fig. 4(b).
ASy(T, H) sy = S(T, H) = S(T, 0) = [(dM/ 9 H)ydH (1-1)

In equation (1-1), M represents the magnetization intensity of the sample corresponding to the
increase of the magnetic field (H) at temperature (7).

As can be seen in Fig. 4(b), S1 exhibited a maximum A4Sy of 37.53 J-kg'!-K™! at 307.5 K under
a 5 T magnetic field. It should be noted that an abnormal peak (A4S of 11.95 J-kg™!-K!) at 300 K has
also been observed in previous studies!?®]. This peak can broaden the operating temperature range and
is a beneficial feature of the alloy magnetothermal effect. The maximum 4Su recorded in this work
is presented in Fig. 4(c) and can be compared with values reported for Ni-Co-Mn-Ti alloysl® 1 6. 28,
29.36-411 and other Ni-Mn based alloys!**! under a 5 T magnetic field. The A4Sy of S1 is at a high level,
indicating an enhanced ability to absorb and release heat under the action of a magnetic field. This
confirms that SPS delivers high efficiency in fabricating an all-d-metal Ni-Co-Mn-Ti Heusler alloy

with exceptional magnetocaloric effect performance that is a promising candidate for magnetic

refrigeration applications.
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Fig. 4. (a) Isothermal magnetization curves of S1 at 150 K and 260-312.5 K. (b) Relationship between A4Sy and

temperature for S1 under a 0-5 T magnetic field. (c) Comparison of the A4S values generated for S1 and related alloy

systems under a 5 T magnetic field.
4. Conclusions

The sintered samples with different powder particle sizes exhibit excellent formability with a
relative density greater than 98.6%. The sintered samples have few obvious defects, such as unfused
particle boundaries. The characteristic temperature of martensite transformation and mechanical
properties increase notably with a decrease in powder size. The compressive fracture stress and strain
of the as-cast sample are 1128.93 MPa and 13.6%, respectively. The compressive fracture stress and
strain of S1 are 2129 MPa and 27.78%, respectively, 88.6% and 104.3% higher than the as-cast
sample. Moreover, the mechanical properties of S1 are superior to most of other NiMn-based SMAs.
The maximum A4Sy exhibited by S1 under a 5 T magnetic field is 37.53 J-kg!-K™!, which is at a high

level among NiMn-based alloys.
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