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Abstract. The inspection of simplified fabrication and/or pessing routes in order to produce
materials with attractive magnetocaloric properisesf paramount importance for the development
of environmentally friendly magnetic cooling techmogy. In this work, we have made use of the
melt-spinning technique to obtain directly singleape YFe 7 polycrystalline ribbons avoiding any
high-temperature annealing for phase consolidatioth homogenization. The melt-spun ribbons,
with hexagonal T¥Ni;type crystal structure, exhibit a moderate maximuatue of the magnetic
entropy change AB/"*® = 2.4(4.4) J K§ K™ under an applied magnetic field change of 2(5) T.
Although these values are similar to those for itk alloy, theASy(T) curves are manifestly
broader, thus giving rise to an expansion of thekimg temperature range and the enhancement of
about 15% in the refrigerant capacity. We also stiwat the magnetic field dependenceAs "%

atT = T follows aH?® power-law.

Keywords: Y,Fe; intermetallics; melt-spun ribbons; magnetocalogifect magnetic entropy

change; refrigerant capacity.



1. INTRODUCTION

An important challenge of modern society consistseducing energy consumption through
the development of more energy efficient techn@sgf massive use [1]. Consequently, national
and international funding agencies are promotirsgaiech and development focused on this target.
Commercial refrigeration is a typical example inievhthe search for a more proficient and clean
technology is needed [2]. Therefore, magnetic gefation, a solid-state technology based in the
magnetocaloric (MC) effect, attracts great intetestause it is considered a feasible alternative fo
the conventional air-compressed refrigerant systdoes to, among other advantages, its higher
efficiency (of up to 60 % of Carnot's cycle) [3-&)ne of the most active fronts in the field is the
development of MC materials with enhanced refrigepaioperties [2,6].

Materials with second-order magnetic phase tramsitiSOMPT) exhibit appealing
characteristics for magnetic refrigeration such tlas absence of thermal hysteresis and the
smoothness of the transition [7-9]. Moreover, SOMRaterials provide a broader temperature
interval for the MC effect thus favouring remarlablalues of the refrigerant capacitg@), a
magnitude which permits an estimation of how muehtican be absorbed at the cold end of the
thermodynamic cycle and expelled through the hdt[@éf]. Amongst these SOMPT materials, Fe-
rich RoFe7 binary intermetallic compounds with R =Y, Pr od Ere certainly interesting due to a
combination of rather high saturation magnetizaaod near room temperature Curie poifg €
303, 335, and 285 K, respectively), together witlow amount of rare-earth content [11,12].
Recent works on the MC behaviour of these Fe-rikbys in bulk form confirm the moderate
values for the maximum magnetic entropy charkgaﬂea“] ~ 6 J kg' K™ and refrigerant capacity
RC~ 500 J kg under a magnetic field changgAH = 5 T [11-14].

Cooling (or heating) devices based on magnetidgesfation technology require fast heat
exchange in the cold and hot ends of the thermadimaycle between the MC material and the
fluid heat exchanger [2]; MC materials with largeface to volume ratios, and more precisely

melt-spun ribbons, can satisfy such condition [Nspreover, the melt-spinning method is a one-



step and low-cost fabrication process foF&; ribbons, which avoids the high-temperature long-
time processing needed for the phase homogenizetioanventional bulk alloys. In addition, the
integration of melt-spun XFe; ribbons into heat exchangers for magnetic refatgs and the
magnetocaloric performance of parallel-staked nisbowith micro- and nanocrystalline
microstructure is currently being considered [18pwever, the MC effect in melt-spuniRa;
ribbons remains almost unexplored except for theugs-binary NdPrRe alloy [17], and a
preliminary study performed under a low applied netg field (i.e., 1 T) on ¥e 7 [18].

The aim of this work is to provide a detailed imgation on the magnetic and
magnetocaloric properties of single-phasé&ef; melt-spun ribbons. Our results are compared with
those obtained for a synthesized bulk alloy and algh data reported in the preliminary study

carried out by Fang et al. [18].

2. EXPERIMENTAL PROCEDURE.

Polycrystalline ribbons with nominal composition,Fé; were produced by rapid
solidification using a homemade melt spinning getat a linear speed of the copper wheel of 20
ms* from bulk pellets previously obtained by arc mejtiPure metallic elements were used as raw
materials £ 99.9 %). Both the arc-melted starting alloys dmelmelt-spun ribbons were fabricated
under a highly pure Ar atmosphere. For comparisapgses, one of these arc-melted pellets was
annealed at 1373 K in a vacuumed quartz ampould faeek; after annealing the sample was
guenched in water.

The microstructure and elemental composition of filons were analysed in different
ribbon pieces using a FEI Dual beam Helios Nan®ldb scanning electron microscope (SEM)
equipped with an energy dispersive spectroscopysS{E€ystem. The resulting composition of the
as-cast ribbons coincides with the nominal one iwitBxperimental uncertainty. The room
temperature X-ray powder diffraction (XRD) pattemas collected in a finely powdered ribbon
sample in order to promote a random orientationthef crystallites, thus avoiding texture and/or

preferential orientation effects. The experimenswanducted in a Bruker AXS model D8 Advance



X-ray powder diffractometer using Cuekradiation A = 1.5418 A), within the angular range®20
26 < 80° and a step increment of 00The diffraction pattern was analysed using thiPorf suite
package based on the Rietveld method [19].

Magnetic measurements were performed using thatuilgy sample magnetometer option of a
9 T Quantum Design PPMEverCoof-I platform. The magnetic fieldgtl was applied along the
ribbon axis (i.e., the rolling direction) in ord&r minimize the demagnetizing field effect. The fow
field (MoH = 5 mT) magnetization as a function of temperatit@l), was measured between 200
and 400 K in order to accurately determine the evabli the Curie temperaturdc, from the
minimum of the #M/dT vs. T curve. Furthermore, a set of isothermal magnetizaturves M(uoH),
were collected in the temperature range of 195HO00ith a AT step of 5 K up to a maximum
applied magnetic field of 5 T. Then, th&y(T) curves were calculated from numerical integration
of the Maxwell relation:

aM(T', H')

o dH

MoH
ASy(T, poH) = .Uof [
0 TI=T

For each isotherma¥(u,H) curve, the magnetization was measured for a latgeber of
magnetic field values with the aim of minimizingetarror in the calculation &Sy. Three different
criteria were followed to estimate of the refriggr&@apacity,RC [8,10,13,20] (a) by finding the
product ASu”®® x 8Tewum (RC-1), wheredTewmm = Thot - Teold, COrresponds to the full-width at
half-maximum of theASy(T) curve; it is usually assumed th&Trwym coincides with the
temperature span of the thermodynamic cycle béipg and T.oq the hot and cold ends,
respectively; (b) by calculating the value of théegral area under th&eS,(T) curve betweefyqt

andT.oq(RG2);and (c) by maximizing the produsBy x 8T below theASy(T) curve RG3).

3. RESULTS AND DISCUSSION
Figure 1 shows four characteristic SEM micrographthe as-cast ¥e7 ribbon. Fig. 1(a)

corresponds to a typical cross-sectional view efrthbons that show an average thickness of 23 *



2 um. The microstructure of the ribbons exhibitBsordered polycrystalline growth with grain size
values in the range 0.2-2 um [see Fig. 1(b)], macher than those found in NdPiF-eibbons €
10-20 nm) [17]. We can also perceive in the SEMgesathat both ribbon surfaces are rather
smooth and homogeneous on the micrometer lengtb-g=e Figs. 1(c) and (d) for wheel-side and
free-side surfaces, respectively]. Our ribbon sasplisplay a coarse microstructure compared with
the previously reported [18]. These differences mm@ayinderstood taken into account the number of
parameters affecting the macroscopic features ef rihbons derived from the melt spinning
technique, such as the wheel speed, the temperafutke molten alloys at ejection (which
determines its viscosity), the nozzle diametehefquartz crucible, the distance between the nozzle
and the wheel surface or the ejecting over-pressure

The experimental and calculated X-ray powder dificm patterns corresponding to the
powdered ribbon are depicted in Fig. 2. As a ats¢mpt to properly fit the whole pattern, the two
stable crystallographic phases for theF®&; series of compounds were included, namely, the
hexagonal TiNiy~type (space group B&mc) and the rhombohedral Jim;~type (space group
R3m). However, the best fit clearly indicates that pFe;; ribbons are single-phase alloys with
hexagonal crystal structure, and lattice parameikresa = 8.4602(5) A and = 8.3103(6) A. This
result confirms that the formation of a polycrybita single-phase alloy is straightforward by using
the rapid quenching technique, in contrast to cotiveal arc-melted bulk alloys that usually
solidify as a mixture of both rhombohedral and gl phases, and then, additional long time
processing at high-temperatures is needed forrabtpa single-phase intermetallic compound. The
XRD analysis for the annealed bulk alloy confirmted formation of a mixture of the hexagonal
and rhombohedral phases (in the approximate priopoit5:25); such a mixture has been also
observed by other authors inFé 7 bulk alloys synthesized by arc melting and subsetjthermal
annealing [21,22].

We can observe from the temperature dependende ahagnetization under a low value of

the applied magnetic field [see Fig. 3(a)] for btk Y>Fe 7 ribbon and bulk alloys that the two



samples have almost the same Curie temperaflire; B01 + 1 K and 303 + 1 for the ribbon and
bulk samples, respectively, see inset in Fig. 8&ajhe AM/dT vs. T curve], in excellent agreement
with previously reported values [12].

In Fig. 3(b) we show the virgiM(u,H) curves for both ¥Fe;; ribbon and bulk samples
measured afl = 5 K. The two curves show a similar shape (thghsldifferences in the low
magnetic field range could be ascribed to the difie magnetic shape anisotropies expected from
the unlike geometries of the specimens), and eixhildlose-to-saturation state under an applied
magnetic field above 4 T. The saturation magnetimaMs, has been estimated from a fit of the
high-magnetic-field region of th®(u,H) curve to an approach-to-saturation law [23]. Bahene
value,Ms = 144 + 5 A mikg”, is obtained for both samples, being slightly lowen that of the
ferromagnetic BFe; (162 A nfkg™) compound [24]. Taking into account that a similatue for
the magnetic moment of the Fe atoms in both alk@ysbe assumed, the non-magnetic character of
the yttrium atoms is the responsible for the smalle

The isothermal magnetization curvés(u,H), for the Y>Fe; ribbon and the corresponding
Arrott plots are given in Figs. 4(a) and 4(b) retpely. The absence of any change in the
concavity of any Arrott plot at each single tempera [see Fig. 4(b)], together with the opposed
concavity between plots at different temperaturelsw and abovéc, indicates the second order
nature of the magnetic phase transition, accortbntipe Banerjee criteria [25]. A first look at the
M(uoH) curves shown in Fig. 4(a) reveals that the magaigbn is not fully saturated even fpgH
=5 T. This non-saturating behaviour of #@u,H) curves, which is more evident in the immediacy
of Tg, is typical of Fe-rich compounds exhibiting stromggneto-volume coupling such as FeNi
Invar alloys [26-28]. We have recently reportedmailar behaviour in other fe; alloys (R = Pr,

Er or Dy) accompanied by non-vanishing values efghontaneous magnetostriction in the vicinity
of Tc. This behaviour is usually originated from sha@mge magnetic correlations that inH&;

compounds are found to persist up to temperatwésya asl ~ 1.4T¢ [24,29,30].



Figure 5(a) shows th&$u(T)| curves for ¥Fe;; ribbon calculated for selected values of the
magnetic field change ranging from 1 to 5 T. Theedike shape of these curves together with the
linear trend of A4Sy vs. (wAH)?? [see inset of Fig. 5(a)] are typical features of ihaterials
exhibiting a SOMPT [31]. Figure 5(b) compares th&T)| curves (that were obtained under
magnetic field changes,piH = 2 and 5 T) for the as-quenched ribbon and thie &lloy (see inset
for the normalized\Sy/ASy"** vs. T/To). In Table I, we present a summary of the datatferMC
properties of both materials. In addition, we intdwalso the data reported by Fang et al. [17] under
a magnetic field change of 1 T for melt spun ribbenlidified at the wheel speed of 20K they
are compared with the latter, fopAH = 1 T RG1 anddTrwum Of the fabricated ribbons are
superior in 38 % and 75 %, respectively. In additihhere are two remarkable issues in Fig. 5 that
deserve a special consideration. Firstly, althotigh value for 45,"**{ is almost equal in both
samples (but slightly lower than the reported ir. [RE2] under an applied magnetic field change of
5 T for a bulk sampleAB/"*¥ = 5.1 J ki K™, the ribbon exhibits an enhancement of the
refrigerant capacity that reaches 15 % (see Talded to a broadening of th&S,(T)| curve forT
> Tc. Secondly, the ribbon sample display&&y|(T)| curve with a flattening, which is a desirable
feature when the Ericsson-like magnetic refrigeratcycle is preferred [10]. The (operating)
temperature range where ti&}(T)| curve is almost flat reacha3 ~ 21 K for wAH =5 T, giving
rise to an effective refrigerant capadRfer = AT x ASP**{ > 90 J kg, larger than that estimated
for composite materials made of two or more Fe-thagdons [32,33].

Figure 6 shows how the values of the refrigerapaicaiesRG1, RG-2, RG-3 vary aguAH is
increased up to 5 T. In the inset the evolutiorthef characteristic temperatur€égq and Tho IS
plotted as well. The values for these magnitudesabways larger than those for the bulk alloy (see
Table I), and fori,AH = 5 T the refrigerant capacity of;Fe 7 ribbons is roughly 80 % of that
reported for GARG1 = 687 J kg, RG-2 = 430 J kg, RG3 = 283 J k) [13]. In fact, this is a

consequence of the width of th&y(T) curves,dTewrv ", which reaches 121 K aAH = 5 T,



thus suggesting that the rapid solidification prhoe favours the temperature span of the

magnetocaloric effect in diverse polycrystallineenmetallic compounds [16,34,35].

4. SUMMARY AND CONCLUSIONS

Y.Fey has been synthesized in thin ribbon shape by rapldlification using the melt
spinning technique. The polycrystalline ribbons sirggle-phase alloys with a hexagonabNih+-
type crystal structure. The ribbons exhibit a samiihagnetic behaviour to that of the synthesized
polycrystalline bulk alloys, with a Curie tempenaulc ~ 301+t1 K and a low temperature
saturation magnetizatiolls ~ 144 + 5 A nfkg’. A moderate magnetocaloric effect is observed
around room temperature with an improved refrigecapacity, roughly 15% superior, compared
with that exhibited by the bulk alloy. The one-stppcess employed largely simplifies the
fabrication procedure since it eludes the long-tligh-temperature thermal annealing needed to

ensure a single-phase when arc-melted byfeR alloys are produced.
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TABLE I. JASW"®, RC-1, RG2, 8Trwim, Thot Teols RG3, STRC2 andTioC™ and Teog "2 (i€,
related toRG-3) for Y,Fe; melt-spun ribbons and bulk alloy. All of them ajigen for magnetic
field changes yAH of 1, 2 and 5 T. The data for,ffe ; melt-spun ribbons atjAH = 1 T was
estimated from the magnetic entropy change cumperted in Ref. [18] for the sample solidified at

20 msh.

Ribbons Ribbons ' Bulk

Tc (K) 301 304 303
HoAH (T) 1 2 5 1 2 5
AS,™ 15 2.4 44 1.8 24 4.6
(0 kg K . . . . . .
RC-1(Jkgh) 75 178 533 54 156 478
RC-2 (Jkg)) 58 138 414 44 121 367
3Trwhm (K) 51 74 121 29 65 103
Thot (K) 335 351 385 324 339 365
Teoid (K) 284 277 264 295 274 262
RC-3(Jkg) 38 90 270 - 82 249
T3 (K) 62 101 134 - 101 126
Thot > (K) 340 363 391 - 353 374
Teoid > (K) 278 262 257 - 252 248

11



FIGURE CAPTIONS

FIG. 1. SEM micrographs of the typical microstructure ofsafidified Y,Fe 7 ribbons: (a) fracture
cross-section; (b) higher magnification image af frains at the ribbon cross-section; (c) ribbon

wheel-side surface, and; (d) ribbon free surface.

FIG. 2. Room temperature experimental and calculated XRiems for as-quenchedFe ; melt-
spun ribbons. The difference between both pattexrdepicted at the bottom of the figure. The
vertical green bars correspond to the positiontefBragg reflections for the Fémc hexagonal

crystal structure.

FIG. 3. (a) M(T) curves measured for,¥e; ribbons and bulk alloys under a low value of the
applied magnetic field (5 mT). InsetMdT vs. T curve for melt-spun ribbons and bulk alloys. (b)

Magnetization curves measuredlat 5 K.

FIG. 4. (a) Isothermal magnetization curvéd(u,H), measured in the 195 - 400 K temperature
range for as-quenched,fe ; alloy ribbons. (b) Arrott plots corresponding ttetmagnetization

curves in (a).

FIG. 5. (a) ASu(T)| curves for pAH between 1 and 5 T for,Fe 7 melt-spun ribbons. The almost
linear behaviour ofASy"*® versus (yAH)?* is shown in the inset. (b) Comparison of th&j(T)|
curves for the as-quenched ribbon and those camelspg to the polycrystalline bulk alloy for
MoAH=2and 5 T.

FIG. 6. Refrigerant capacitieRG-1, RG2, andRG-3 as a function ofi,AH. for YaFe; ribbons.
Inset: Thot andTeoig VS. hAH (see text for details).

12



FIGURE

1

13



Intensity (arb. units)

experimental
calculated

30 40

e

60 70

20 (degree)

FIGURE

2

80

14



D
o

—_ | —o—ribbons '
"o —o—buk |
X I 2
~_ 30t 5
e g
< =
S 20| 2
© 250 275 300 325 350
-_§ Temperature (K)
2 1o
g (@)
= 5mT
0 L oy
200 250 300 350 400
Temperature (K)
,-\200 T T — T T T
- - —O— ribbons
2 | (b)) [zo buk
“e 150 1
< |
C -
© 100 1
© I
N :
Q 5ol -
5 " f
& I
= |
0

1INV J

15



-
(o))
=
|

—n——s ) 195 K

-
N
o

Magnetization (A m* kg™)

u HM (Tkg A" m?)

16



— 1T =0=2T ]
== 3T ==4T
——5T

Y0 20 300 30 400
Temperature (K)

melt-spun ribbons
—A—2T —~—5T
bulk alloy

00 150 200 250 300 350 400
Temperature (K)

FIGURE 5

17



Temperature (K)

200 7
——RC-1
100 —O—RC-2 A
. —/—RC-3
.
OO

FIGURE 6

18



Manuscript title: “Investigating the magnetic entropy change in lenhase YFe 7 melt-
spun ribbons™:

Authors: J.L. Sanchez Llamazares, P. Alvarez-Alonso, C&acBez-Valdés, P.J. Ibarra-
Gaytan, J. A. Blanco, and Pedro Gorria.

Journal: Current Applied Physics.

Highlights
- Single-phase Xe;7 melt-spun ribbons obtained with hexagonal crystialcture.
- The one-step fabrication process circumventshagly-temperature annealing.
- We compare the magnetocaloric properties ofithieons with those for bulk alloys.

- Both the refrigerant capacity and the working penature range enhance about 15 %.



