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The crystal structure, martensitic transformation and magnetocaloric effect have been studied in all-d-metal
Ni35Co15Mn33Fe,Tis alloy ribbons with different wheel speeds (15 m/s (S15), 30 m/s (S30), and 45 m/s (S45)). All
three ribbons crystalize in B2-ordered structure at room temperature with crystal constants of 5.893(2) A, 5.898(4) A, and
5.898(6) A, respectively. With the increase of wheel speed, the martensitic transformation temperature decreases from
230 K to 210 K, the Curie temperature increases slightly from 371 K to 378 K. At the same time, magnetic entropy
change (ASy,) is also enhanced, as well as refrigeration capacity (RC). The maximum ASy, of 15.6(39.7) J/kg-K and RC of
85.5 (212.7) J/kg under AH = 20 (50) kOe (1 Oe = 79.5775 A-m™ b appear in S45. The results indicate that the ribbons
could be the candidate for solid-state magnetic refrigeration materials.

Keywords: martensitic transformation, magnetocaloric effect, wheel speeds, all-d-metal Heusler ribbons

PACS: 71.15.Mb, 31.15.A—, 71.20.-b, 75.20.En

1. Introduction

Magnetic materials with outstanding magnetoresponsive
performances have been attracted researchers’ interest in re-
cent years.!!] Among them, compared to conventional refrig-
eration technologies based on vapor compression which have
caused the environmental pollution and greenhouse effect,
the solid-state magnetic refrigeration (MR) technologies, [*-!8]
based on the magnetocaloric effect (MCE), have been shown
as high efficiency alternative and environmentally friendly
method that we seek in sustainable society. Until now, sev-
eral materials based on first-order magnetostructural transi-
tions (FOMSTs) with large MCE have been reported, in-
cluding rare earth (RE)-based compounds,!!>!%1°1 Hexagonal
MM’X alloys,?%2!] and Heusler alloys,?>?3! efc. Searching
and designing novel magnetic materials with outstanding mag-
netocaloric performance is one of the topic issues at present
stage.

In 2015, Wei et al.””*! reported a new alloy system with
FOMSTSs named all-d-metal Heusler alloys, substituting p—d
orbital hybridization between main-group element and transi-
tion group element (Al, Ga, In, efc.) by d—d orbital hybridiza-
tion between transition group elements (Ni with high valence-
electrons and Ti with low valence-electrons), which has ac-
celerated the exploration of new multifunctional materials.
The d—d orbital hybridization can also stabilize parent phase
structure and introduced Co atoms make the establishment of
ferromagnetism.>! Subsequently, Bez et al.!*®! reported that
solidified ribbons exhibit magnetic entropy change (ASy,) as
high as 27 J/kg-K with magnetic field change of 20 kOe in
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© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac6edf

Ni37.5C012.5Mn3sTijs. Using digital image correlation and in-
frared thermography technologies, Wei et al.?’! observed ir-
reversible (reversible) AT,q of 10.7 K (9.0 K) at a strain level
of 3.9% (4.6%) for NisoMn3,Tijg and Ni35Coi15Mn3sTis, re-
spectively. At the same time, the prediction of crystal and
electronic behaviors, phase stability, magnetic state, and pos-
sible martensitic transformation (MT) have also been calcu-
lated by the first principle calculations based on density func-
tional theory (DFT) to explore the more all-d-metal Heusler
alloys.?82°1 Most of them are focused on the modification of
chemical composition, thermal treatment, and pressure in the
all-d-metal alloys. For ribbon samples, little attention has been
focused on the effect of linear wheel speed on MT and MCE.
Improving phase compatibility and minimizing thermal
hysteresis between the martensite and the austenite through
hydrostatic pressure and/or chemical substitutions (such as
Fe element) have been reported. (526,301 [n this work, the
effect of wheel speeds (15 m/s, 30 m/s, and 45 m/s) on
the crystal structure, MT and mangetocaloric properties in
Ni35Co15Mn33Fe; Tis ribbons are systematically investigated.
With the increase of wheel speed, the grain size becomes
smaller resulting in the decrease of martensitic transformation
temperature (7;) from 230 K to 210 K, i.e., the austenite is
stabilized. Meanwhile, Curie temperature of martensite (Té\)
slightly increases from 371 K to 378 K. It is worth noting that
the enhancement of ASy, of 15.6 (39.7) J/kg-K and refriger-
ation capacity (RC) of 85.5 (212.7) J/kg with magnetic field
change of 20 (50) kOe can be obviously obtained for S45, the
values are comparable or even larger than some reported mag-
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netocaloric materials.

2. Experimental details

With high purity metals (> 99.9%), the polycrystalline
Ni3zs5Co1sMn3s3Fe;Tips alloy ingot was fabricated by arc-
melting method under the argon atmosphere. The alloy ingot
was turned and re-melted for 4-times to ensure homogeneity
and then cut into three pieces. The Mn losses were compen-
sated for by adding the excess of Mn elements. The three rib-
bons, ejecting (ejection pressure of ~ 0.1 MPa) the ingots onto
a rotating copper wheel with a surface speed of 15 m/s (S15),
30 m/s (S30), and 45 m/s (S45), were prepared by using melt-
spinning techniques as studied samples. The scanning elec-
tron microscope (SEM, Sigma 300, Zeiss) with x-ray energy-
dispersive spectroscopy (EDS) was carried out to investigate
the microstructure and composition of melt-spun ribbons. The
crystal structures were investigated by room temperature (RT)
x-ray diffiraction (XRD, SmartLab-9 kW, Rigaku) with Cu-K4
radiation. The differential scanning calorimeter (DSC, Dis-
covery DSC 25, TA) was used to measure thermal property.
The microstructure was measured by using scanning electron
microscope (SEM, Sigma-300, Zeiss). The magnetization data
(thermomagnetic (M-T) curves and isothermal magnetization
(M-H) curves) were obtained by magnetic property measure-
ment system (MPMS3, Quantum Design).

3. Results and discussion

The microstructure of free surface using SEM at
room temperature (RT) is depicted in Figs. 1(a)-1(c) for
Ni3z5Co15Mn33Fe; Tips with S15, S30, and S45, respectively.
The visible equiaxed-grain-like austenite without the appear-
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ance of plat-like martensite can be clearly seen. The average
grain size obviously declines from 3.5 pm (S15) to 2.8 pm
(S30) and further to 1.0 pm (S45) with increasing wheel speed,
i.e., lower grain size with higher cooling rate. RT XRD pat-
terns of NiszsCo;5Mns3Fe,Tijs with different wheel speeds are
shown in Fig. 1(d). The similar phenomenon can be seen
for all ribbons. Due to absence of the superlattice diffrac-
tion peaks of L2 structure, all three ribbons crystalize in B2-
ordered structure which is similar to other reported all-d-metal
Heusler alloys,>*3!1 meaning that the ribbons prefer to form
B2 rather than L2 structure during melt spun process. It also
indicates that the martensitic transformation temperature (7;)
is below RT, which is conformed to SEM analysis. The miller
indexes of (220), (400), (422) are signed in the correspond-
ing peaks. The characteristic peaks move slightly towards to
small angle with increasing wheel speed, the crystal constant,
5.893(2) A for S15, 5.898(4) A for S30, and 5.898(6) A for
S45 (see Table 1), monotonically increases. Another is worth
noting is that the more intensive intensity of the diffraction of
(220) plane, showing that the (110) direction is closely par-
allel to the solidification direction, is the preferred direction
during melt spun process. 333

The DSC curves with different wheel speeds were mea-
sured upon heating and cooling rates of 10 K/min under ni-
trogen atmosphere, which are displayed in Fig. 1(e). The ob-
viously exothermic and endothermic peaks (below RT) with
thermal hysteresis appear for three ribbons, which show that
the type of transition belongs to first order nature. T; (T})
monotonously decreases with the increase of wheel speed (Ta-
ble 1), meaning that MT is sensitive to wheel speed. The
T; (T)) of 231 (268) K for S15 decreases to 218 (246) K for
S30 and further to 206 (243) K for S45.
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Fig. 1. (a)—(c) Microstructure of free surface using SEM, (d) room-temperature XRD patterns, and (e) DSC curves for NizsCo;sMnszFe; Tijs with

wheel speed of 15 m/s, 30 m/s, and 45 m/s, respectively.
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Fig. 2. (a) Thermomagnetic (M-T) curves under 1 kOe. (b) The derivative of M-T (dM/dT) curves as a function of temperature. (c)—(e)
Temperature dependence of magnetization (M-T) curves under 1 kOe and 50 kOe. (f) The driving rate by magnetic field (AT;/AH, normal MT,
circle; AT/ /AH, reverse MT, square) for Ni3sCojsMnj33Fe, Tijs with wheel speed of 15 m/s, 30 m/s, and 45 m/s, respectively.

The thermomagnetic (M-T) curves were measured at
5 K/min in a magnetic field of 1 kOe between 10 K and 400 K,
as depicted in Fig. 2(a). The three ribbons, upon cooling pro-
cess, firstly undergo the Curie temperature in austenite (Té)
from paramagnetic state to FM state. Subsequently, a mag-
netostructural transitions happen accompanied by a sudden
drop of magnetization from FM austenite to weak-magnetic
(WM) martensite. The reverse curves upon heating are not
coincided with the curves upon cooling, i.e., the thermal hys-
teresis obviously exists, indicating the characteristic of first
order transition.*! Herein, to gain the 7; (7}) and T values,
the derivative of M-T curves (dM/dT) was performed and
the pattern is shown in Fig. 2(b). The results show that the 7;

(TC"*) is sensitive (insensitive) to the wheel speed. With the in-
crease of wheel speed, the T; (7;/) monotonously declines from
230 (262) K for S15 to 210 (238) K for S45, which are basi-
cally in good agreement with the values from DSC. The Té*
(371 K for S15, 374 K for S30, and 378 K for S45) slightly
rises simultaneously. The corresponding data are listed in Ta-
ble 1. The larger wheel speed is used, the more stable the
austenite keeps. More importantly, compared with S15 the
thermal hysteresis declines for S30 and S45. Smaller hystere-
sis benefits refrigeration because a reduction in the refrigerant
capacity caused by the irreversible behaviors associated with
large hysteresis.!3! Furthermore, the magnetization change
(AM) increases from 63.5 emu/g (S15) to 81.9 emu/g (S45) by
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enhancement of Mn—Co—Mn interaction resulting in the more
effective magnetoresponsive performance, which is benefit to
the magnetic refrigeration in practice application under low
magnetic field.[*’]

To find out the fact what affects martensitic transforma-
tion, we analyzed possible reasons. For many FOMST al-
loys, the increase of grain size through heat treatment can tai-
lor MT to high temperature, such as NiMn-based, 30391 Cu-
based %41l Heulser alloys, and Ni-Co—Mn-Ti.[*?] Recently,
Ma et al.'*3] reported that the decline of MT for all-d-metal
Heusler ribbons MnsgNi3; sCog sTijg with increasing wheel
speed results in the decrease of grain size. The atomic ra-
tio is not obviously changed for three ribbons (EDS) and the
three ribbons show very similar lattice constant with B2 struc-

ture (XRD), which give rise to the unchanged valence elec-
tron concentration (e/a) and ordering. The e/a value and
ordering should not be taken into account in the presented
case. Therefore, the grain size in three ribbons should play
important role. The reason is similar to Mn—Fe—Ni—Ge-Si[44]
and MnsoNi3; 5Cog 5Tijg, % during the MT the strain en-
ergy stored in the material is produced by shearing and by
volume change totally, the more produced defects with in-
creasing wheel speed result in the smaller grain size, then the
more large driving force was needed to complete MT process.
Therefore, the MT shifts to low temperature with increasing
wheel speed, i.e. increase of wheel speed can stabilize parent

phase. %]

Table 1. The values of Tt (T{), Thys, AT; (ATY), and AT, /AH (AT /AH) using DSC under zero magnetic field and MPMS under the fields of 1 kOe and 50 kOe
for Ni35CojsMn33Fe, Tis with wheel speed of 15m/s, 30 m/s and 45 m/s, respectively.

XRD DSC MPMS
Wheel speed
a T; T/ Thys H =1kOe H =50 kOe AT, AT/ AT, /AH AT//AH
A K ® K [ER K TyE TEEK LE LK G KK KD (KT
15 m/s (S15) 5.893(2) 231 267 36 230 262 32 371 214 250 36 —16 —12 —-33 —24
30 m/s (S30) 5.898(4) 218 246 28 220 244 24 374 198 226 28 -21 —18 —4.3 -3.7
45 m/s (S45) 5.898(6) 205 243 36 210 238 28 378 190 224 34 -20 -—14 —4.1 -29

*a: lattice constant at room temperature; T;, T{: normal/reverse MT temperature; Thys: difference between T/ and T;

Té‘“: Curie temperature in austenite; AT;, AT{: change of T; and T;' with increasing magnetic field from 1 kOe to 50 kOe;

AT, /AH, AT/ /AH: Driving rate by magnetic field for normal/reverse MT.

Figures 2(c)-2(e) display the thermomagnetic (M-T)
curves recorded under magnetic fields of 1 kOe and 50 kOe
between 10 K and 400 K for MnsgNisz; 5Cog 5Tijg with S15,
S30, and S45, respectively. It is worth noting that the ferro-
magnetism of austenite is stronger than that of martensite, the
T; (T) calculated from the inset of Fig. 2(e) obviously declines
with increase of external magnetic field owing to the trans-
formation from FM to WM state. The behaviors result from
the magnetic field stabilizing the phase with a higher mag-
netization by introducing Zeeman energy, i.e., magnetic field
stabilizes parent phase in the system. The results are similar
to many conventional Heusler shape memory alloys, just like
Ni-Mn-In,**) Ni-Co-Mn-In, *%! Co-V-Ga,*”) and Ni-Mn-
Sn.[*8 The maximum changes of T; () induced by magnetic
field (AT,/AH, AT, /AH) can reach —4.3 (—3.7) K/T (Fig. 2(f),
Table 1) for S30, which are compared with and even larger
than other materials. [43:49-50]

For solid-state magnetic refrigeration materials, the mag-
netic entropy change (ASy,) and refrigeration capacity (RC) are
important factors to determine refrigeration performance in
practical applications.!®) The temperature loop method,3!->!]
with the temperature step (AT) of 3 K, was used in vicinity
of MST to eliminate the residual effect generated in previous
measurement and avoid overestimating the ASy,. Figure 3(a)
displays the isothermal magnetization (M—H) curves for S15
measured around reverse MT. Below T, the quasi-linear in-
creased magnetization under a magnetic field up to 50 kOe in-

dicates the weak-magnetic behavior. The magnetic hysteresis
is low due to the absence of change of magnetization induced
by variation between austenite and martensite. Above T;, char-
acteristic FM behaviors with low saturation-field of austenite
can be observed, showing that the samples are easy to be mag-
netized and saturated with increasing magnetic field. In the
vicinity of 7;, obviously magnetic-field-induced reverse MT,
with critical field (H;) of 42 kOe, can be seen, the feature of
metamagnetic transformation with obvious magnetic hystere-
sis appears.

Based on the isothermal magnetization (M—H) curves,
the values of ASy, are calculated using the formula of inter-
grated Maxwell relation:!' ASy, = Sy, (T,H) — Si (T,0) =
Ja'(OM/AT)ydH. The ASy, as a function of temperature
is depicted in Figs. 3(b)-3(d) for Ni35sCo;5Mn33Fe;Tij5 with
S15, S30, and S45 in the field change of 50 kOe, respec-
tively. The positive AS, originated from the AM between
austenite and martensite when MT happens. The maximum
value of ASp, appears at about 225 K for S30 (S45) and 255 K
for S15, which is consistent with M-T curves. For S15, the
maximum value of AS;, reaches 7.2 (18.6) J/kg-K with AH =
(20) 50 kOe. For S30, the maximum ASy, increases slightly
to 7.3 (19.8) J/kg-K with AH = (20) 50 kOe. As increase
wheel speed further to 45 m/s, visible enhancement of ASy,
can be achieved as optimal value among three wheel speeds,
The value reaches 15.6 (39.7) J/kg-K with AH = (20) 50 kOe,
respectively.
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Table 2. The values of ASp, and RC under the field change of 50 kOe for Ni35Co;sMn33Fe, Tijs and reported magnetocaloric materials, respectively.

Compounds ASm (J/kg-K) (0 kOe-50 kOe) RC (J/kg) (0 kOe-50 kOe) References
15 m/s (S15) 18.6 191.9
Ni3sCosMn33Fe; Tiys 30 m/s (S30) 19 92.1 this work
45 m/s (S45) 39.7 212.7
Ni35C015Mn35Ti15 18 267 [24]
Ni35C011F64Mn35Ti15 23 206.8 [31]
Niz6.0C014.0Mn3s5 7Ti14 3 28 197 [42]
Mn50Ni31‘5C08,5Ti10 11.4 129.9 [43]
Gds(Si; Gey) 14 - [52]
LaFe“_4Sil,6 14.3 - [53]
Ni37 C09F64M1’135Ti15 5 - [54]
Mns()Ni32COgTi10 16 121 [57]
Ni36_5C013_5M1135Ti15 24.9 239.7 [58]
Niz75C012.5Mn35Tis 27.1 - [59]
—&— AH =10 kOe 15m/s (b)
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~ )
2 =
E = 1ot
g
= %)
<
5 L
240 245 250 255 260 265
H (kOe) Temperature (K)
20 —— AH =10 kOe 30 m/s (c) 10 —&— AH =10 kOe 45 m/s (d)
—@— AH =20 kOe —@— AH =20 kOe
—&A— AH =30 kOe —&A— AH =30 kOe
< 15 —— AH =40 kOe < 30 I —y— AH =40 kOe
E; —49— AH =50 kOe & —49— AH=50 kOe
= 10t = 20f
g
5 < 10
1 1 0 1 1 1

235

230

0
210 215 220 225

Temperature (K)

220 225 230 235

210

215

Temperature (K)

Fig. 3. (a) Isothermal magnetization (M—H ) curves for Ni3sCo;sMns3Fe, Tijs with wheel speed of 15 m/s. (b)—(d) Magnetic entropy changes (ASp,)
in magnetic field change of 50 kOe for Ni35Co;5Mn33Fe,Tijs with wheel speed of 15 m/s, 30 m/s, and 45 m/s, respectively.

The refrigeration capacity (RC), as another important fac-
tor, is used to evaluate magnetocaloric performances. Accord-
ing to the formula: ARC = fTTf |ASw|dT, where T; and Tp
represent the temperatures at full width half-maximum peak
(FWHM) of AS,, curve. For a better understanding the ac-
tual effect of wheel speed on magnetocaloric performances,
the ASy, and RC as a function of magnetic field are shown
in Fig. 4. The results of three parameters show the sim-
ilar tendency. For AS;, in Fig. 4(a), we can see that the
curves increase quasi-linearly and the values of ASy, for S45
are both obviously larger than that of S15 (S30), indicating

the enhancement of magnetic-field response increasing wheel
speed up to 45 m/s. The exciting enhancement of ASy, can
be achieved for S45 as optimal value among three wheel
speeds, which is more than twice compared to S15. The opti-
mal values of ASy, for S45 (Table 2) are 15.6 (39.7) J/kg-K
with AH = (20) 50 kOe and comparable with and even
larger than that of reported typical magnetocaloric materials,
such as 17.6 J/kg-K for Nizg3Co137Mn3sTiys, 120 14 J/kg K
for Gds(SixGe»),P?! 143 J/kg-K for LaFe;;4Si; ¢,
15.9 J/kg-K for Niss Niz;CogFesMn3sTijs,°4 and 15 J/kg-K
for Mng gCog»NiGeg 7502517 with AH = 20 kOe; and
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18 J/kg-K for NizsCo;sMn3sTiys,[** and 28 J/kg-K for
Ni3s5Cus 5C012.5Mn3sTi;5 42! with AH = 50 kOe.

40t
Y 30}
00
4
=
Z 20}
c;f
< 10}
O 1 1 1 1 1
10 20 30 40 50
H (kOe)
250
(b)
200}
R —a—15 m/s
% 150F —e—30m/s
= —A—45 m/s
o 100f
~
50}
O 1 1 1 1 1

10 20 30 40 50
H (kOe)

Fig. 4. Magnetic field dependence of (a) AS,, and (b) RC curves in the field
change up to 50 kOe for Ni35Co;sMn33Fe,Tijs with wheel speed of 15 m/s,
30 m/s, and 45 m/s, respectively.

In Fig. 4(b), the RC curves also increase quasi-
linearly with increasing wheel speed. The RC values reach
76.5 (191.9) J/kg and 85.5 (212.7) J/kg with AH = (20) 50 kOe
for S15 and S45, respectively. The RC values decline to
36.8 (92.1) J/kg, nearly half of the maximum values of S15,
for S30 owing to a smaller FWHM and comparative ASy, value
calculated by two formulas above. Thus, the optimal values
appear in S45 (listed in Table 2) and are comparable with
and even larger than that of reported magnetocaloric mate-
rials, such as 91.5 J/kg for NisoMn3, 7Cu; 3Inj¢ with AH =
20 k0elP® and 206.8 J/kg for NissCojiFesMn3sTis, B!
197 J/kg for NizsoCo140Mn3s7Tifs3,14% 121 J/kg for
MHSQNi32COgTi10,[57] 239.7 J/kg for Ni36.5C013.5Mn35Ti15 (58]
with AH = 50 kOe. The increase of wheel speed not only
tailors MT but also enhances magnetocaloric performances
(large ASy, and RC), which makes the all-d-metal ribbon more
probable for magnetic refrigeration application.

4. Conclusion

In summary, we investigated the crystal structure, marten-
sitic transformation, and magnetocaloric effect of all-d-metal
Ni35Co15Mn33Fe;Tips alloy ribbons with different wheel
speeds (15 m/s, 30 m/s, and 45 m/s).
cate that three ribbons crystalize ordered B2-type cubic struc-
ture at room temperature, and crystal constant is 5.893(2) A,
5.898(4) A, and 5.898(6) A, respectively. With the increase
of wheel speed, the T; declines and Tg slightly increases

The results indi-

due to the decrease of grain size.
enhanced magnetocaloric effect is also been gained. The
maximum value (S45) of magnetic entropy change (ASy)
and refrigeration capacity (RC) are 15.6 (39.7) J/kg-K and
85.5 (212.7) J/kg in the fields of 20 (50) kOe, respectively.
Therefore, Ni35Co15Mn33Fe; Tij5 alloys are considerable can-

More importantly, the

didate for magnetic refrigeration.
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