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We have investigated the magnetocaloric (MC) effect in a two-phase composite based on melt-spun
ribbons of the intermetallic DyNi, and TbNi, Laves phases. The temperature dependence of the
isothermal magnetic entropy change, ASy(T), has been calculated for the biphasic system
x(DyNi,) + y(TbNi,) with 0<x<1 (i.e., y=1—x). The optimum MC properties, i.e., a ASy(T)
curve with table-like shape, has been found in the temperature interval of 18—44 K for the composite
with x = 0.4 and for values of the magnetic field change (,AH =2 and 5T, in good agreement with
the experimental data. The refrigerant capacity, RC, reaches 221(526) J kg~ ' with a temperature
span 0Tgwpwm of 32(41) K for u,AH of 2(5) T, thus improving the values obtained for the individual
RNi, ribbons. Our findings constitute a good starting point to stimulate the search for new composites

with enhanced MC properties at cryogenic temperatures. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4915480]

Magnetic refrigeration is an emerging cooling technol-
ogy based on the magnetocaloric (MC) effect that is being
developed in the wide range from room to low temperatures.
In the latter, its main application is connected with the lique-
faction of gases such as hydrogen and nitrogen.! In view of
this, many investigations have been focused on the assess-
ment of the MC properties of many rare earth-based RTX
and RT, families (R =rare-earth metal, T = transition metal,
and X =p-metal), owing to their large spontaneous magnet-
ization and its rapid fall at the magnetic phase transition
temperature, which may result in large values for the mag-
netic entropy change ASy; within the cryogenic range.>™®
Nevertheless, a MC material is attractive for magnetic
refrigeration if sizeable ASy; and adiabatic temperature
change AT,y are combined with a large refrigerant capacity
(RC). This physical magnitude quantifies the amount of heat
that can be extracted from the cold sink and transferred to
the hot reservoir if an ideal refrigeration cycle is
considered.’

Recently, it has been reported that melt-spun polycrys-
talline ribbons of the RNi, Laves phases with R =Tb and Dy
may show enhanced RC values in comparison with their
bulk counterparts produced by casting and prolonged high
temperature annealing.®” Actually, as RC basically depends
on having a large peak value of the magnetic entropy change
|AS M| and a broad ASy(T) curve, it is difficult to increase
beyond a certain limit for a single-phase material. A realistic
approach to enhance RC is the fabrication of a two- or multi-
phase MC material based on phases with a proper difference
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in their magnetic transition temperatures. The latter leads to
a decrease in the maximum value of the magnetic entropy
change but expands the working temperature range of the
resulting ASy(7) curve that is usually quantified by its full-
width at half-maximum temperature span 67 gwn- There are
two types of composites, those obtained in-situ when the
chemical composition, synthesis parameters and/or the proc-
essing method combine favorably to form a two-phase or
multi-phase magnetic system'®'! and those made of two
amorphous melt-spun alloy ribbons in a proper weight frac-
tion having an adequate difference in their T¢ values and
similar values of |ASyP**|.">"'> On the other hand, compo-
sites may also exhibit a table-like shaped ASy(T) curve,
which is a desirable and pursuit attribute when the Ericsson-
like magnetic refrigeration cycle is chosen.’ Recently, Jeong
reviewed Active Magnetic Regenerative (AMR) refrigera-
tion technology for low temperature applications, underlying
the importance in exploring layered composite structures
with an extended operating temperature range.'®

Motivated by these considerations, the aim of the pres-
ent work is to investigate and optimize the MC effect in a
two-ribbon composite system based on the intermetallic
Laves phases DyNi, and TbNi,.

The melt-spun ribbons were fabricated from Argon
arc-melted as-cast bulk ingots previously produced from
highly pure elements (99.99% purity for Ni and 99.9% for
Dy and Tb). The induction melted alloys were ejected
through a circular nozzle of 0.5mm in diameter onto the
polished surface of a rotating copper wheel at a linear speed
of 25 and 20ms ™' for DyNi, and TbNi,, respectively. The
process was carried out under a highly pure Argon
environment.

© 2015 AIP Publishing LLC
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Magnetic measurements were performed by vibrating
sample magnetometry in a Quantum Design PPMS®
EverCool®-9T platform. The magnetic field u,H was applied
along the ribbon rolling direction in order to minimize the
demagnetizing field effect. The magnetization as a function
of temperature, M(T) curves, was recorded on cooling at
0.5 K/min under p,H =5 mT. The temperature dependencies
of the magnetic entropy change AS\(7) were obtained by
numerical integration of the Maxwell relation from a set of
isothermal magnetization curves M(u,H) measured up to a
maximum applied magnetic field of 5T. The RC has been
estimated from the ASy(T) curves assuming the three criteria
used in the literature; they will be referred to as RC-I,
RC-2, and RC-3 and their definition can be found in Ref. 17.

The typical low-field M(T) curves measured for DyNi,
and TbNi, melt-spun ribbons are shown in Fig. 1(a); their
Curie temperature values T¢, estimated as the minimum in
the dM/dT vs. T curve, are 21.5 and 37 K, respectively. Thus,
the Curie temperature difference ATc is 15.5K. The total
magnetic entropy change for the two ribbon composite
ASME°™P(T) has been estimated from the calculated ASy(T)
curves for the single DyNi, and TbNi, melt-spun ribbons
[these are displayed in Figs. 2(a) and 2(b) for a magnetic
field change u,AH of 2 and 5T, respectively]. A non-
interacting field model with a rule-of-mixtures sum of the
individual magnetic entropy change for different weight
fraction values has been used (see Ref. 18 for further details).
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FIG. 1. (a) Temperature dependence of the magnetization measured under
1ol =5mT for DyNi, and TbNi, melt-spun ribbons together with that of
the composite (x =0.4). (b) and (c) isothermal magnetic entropy change as a
function of temperature calculated for a magnetic field change of 2 and 5T,
respectively, for the two-phase composite with 0.1 <x<0.9 (see text for
details). The lines are guides to the eye.
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FIG. 2. Calculated and experimental AS\(7T) curves of the composite with
x=0.4 for t,AH=2T (a) and 5T (b). The AS\(T) curves measured for
melt-spun DyNi, and TbNi, alloy ribbons are also plotted for the sake of
comparison. The inset in (a) shows the measured isothermal magnetization
curves for the composite. (c) Refrigerant capacities RC-1, RC-2, and RC-3
as a function of 1, AH for the composite. Inset: T}, and 714 as a function of
UoAH for the composite.

The magnetic entropy change for the composite system x
(DyNi,) + y (TbNi,) is given by

AS (T, 1, AH, x) = xASPN2 (T, p AH)
+ yASM VAT, o AH), (1)
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where x and y =1 —x are the weight fraction of the DyNi,
and TbNi, ribbons, respectively. In Figs. 1(b) and 1(c), we
show the AS°"P(T, x) curves (for u,AH=2 and 5T,
respectively) obtained following the above mentioned proce-
dure [Eq. (1)]. As expected [see Fig. 1(b)], the curves exhibit
a double-peak shape for x values between 0.3 and 0.7 in the
case of u,AH=2T. This feature results from the particular
shape of the ASy(T) curves and the value of AT, as already
observed in other composites.'*'* The position of the peaks
coincides with the value of T for the single ribbons (i.e.,
21.5 and 37K). However, the difference in height between
these two peaks diminishes as the magnetic field change
increases from 2T up to 5T [see Fig. 1(c)]. Interestingly, the
ASNO"P(T, x) curve for the composite with x =0.4 shows an
almost flat or table-like shape for u,AH=5T [between
T =18 and 44 K, see Fig. 1(b)]. Therefore, we have selected
x=0.4 to prepare and characterize a two-phase composite. It
consists of two stuck ribbons wrapped between two Kapton®
adhesive films with the following approximate dimensions:
4mm (long), and 1 mm (wide). The experimental M(T) curve
measured under low applied magnetic field (5 mT) exhibits
the expected two-step behavior [see Fig. 1(a)]. From the set
of isothermal magnetization curves, M(H), shown in the inset
of Fig. 2(a) (measured from 10 to 60K in AT steps of 2K),
we have obtained the ASy °"P(T) curves.

The AS\(T) curves for the constituent ribbons as well as
the ASy“™P(T) curve for the composite with x = 0.4 [the one
calculated using Eq. (1) and that obtained from experimental
M(H) data] are depicted in Figs. 2(a) and 2(b) for u,AH =2
and 5T, respectively. It is worth noting the excellent agree-
ment between both ASy“"P(T) curves. As foreseen by the
calculation, |ASyj| remains almost constant between 18 and
44K, and its value is comparable to that of |ASy"*| for the
TbNi, ribbon. Fig. 2(c) evidences that the refrigerant
capacity, whatever the calculation method is employed
(RC-1, RC-2, or RC-3), displays a quasi-linear dependence
upon the magnetic field change up to 5T. Table I summa-
rizes the MC properties of the composite. Note that the

J. Appl. Phys. 117, 17C116 (2015)

TABLE 1. Values of the peak of the magnetic entropy change |ASyP™|,
RC-1, RC-2, 5Trwims Thots Teotas RC-3, STR>, and Tpoq and Teoiq related to
RC-3 for the composite with x=0.4.

UAH

2T 5T
|AS\P*| T kg 'K 6.9 12.9
RC-1(Jkg™h 221 526
RC2(Tkg™ 173 441
STrwim (K) 32 41
Thot (K) 45 54
Teora (K) 13 13
RC-3 121 277
TR (K) 25 32
Tho X3 (KD 41 48
Teotd @ (K)* 16 16

“Related to RC-3.

values of 0Tgwum and RC—1, RC-2, and RC-3 are enhanced
with respect to the individual ribbons. Indeed, 0T gwinm is 2.0
and 1.5 times larger than the values found in DyNi, and
TbNi,, respectively. The inset in Fig. 2(c) shows how the
values of Ty and T.qq evolve as pu,AH is increased (i.e.,
OTewam = Thot — Teola =32 and 41 K for u,AH=2 and 5T,
respectively). Finally, Table Il compares the main MC
properties of the x=0.4 composite with those
corresponding with the single ribbons and with those
reported for other materials with a transition temperature
below 40K, *>8710-1972% the largest values of OTrwim
being those found for the composite. Moreover, the
value for RC-1 is higher than those of single DyNi,
and TbNi, melt-spun ribbons and close to those reported
for the bulk alloys Erg,TbggAl,, DyCoAl, and
DyCuAl*!-2

It is noteworthy that the shape and behavior of the
extensive entropy change AS\(T) curves can vary notori-
ously from one material to another. In particular, for

TABLE II. Transition temperature (Tns), peak value of the magnetic entropy change |ASy," e“k\, refrigerant capacity RC-1, and 0Tgwyy for the composite

with x = 0.4. For the sake of comparison data for RNi, (R =Dy and Tb) melt-spun ribbons and other materials with 20 < T,,s < 40K are included.

[AS\*| kg 'K RC-1 U kg™ 0Trwina (K)
Material Tirans (K) 2T 5T 2T 5T 2T 5T Transition type References
x = 0.4 composite . 6.9 12.9 221 526 32 41 FM-PM This work
DyNi, ribbons 21.5 13.5 23.5 209 519 16 23 FM-PM 8
TbNi, ribbons 37.0 8.0 13.9 166 441 20 32 FM-PM 9
ErosTbg,AlL" 27 8.6 18.8 253 666 29 36 FM-PM 19
DyCoAl* 37 9.2 16.3 234 616 26 38 FM-PM 5
DyCuAl* 28 10.9 20.4 190 566 17 28 FM-PM 20
GdCo,B," 25 9.4 17.2 166 474 14 27 AFM-FM 21
HosNi," 33 9.8 21.6 162 485 16 22 FM-PM 10
DyNi," 21 10.7 21.1 140 443 13 20 FM-PM 4
TbCoC," 28 7.8 15.3 114 379 14 25 FM-PM 22
ErCo," 35 33.0 332 11 AFM-FM 23
NdMn,Ge 4Si; 6" 36 12.3 18.4 91 274 7 14 AFM-FM 24

“Bulk alloy.
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materials undergoing a second-order magnetic phase transi-
tion (such as those RNi,) AS\(T) curve is often character-
ized by a broad caret-like peak.”™ The position is mainly
determined by the exchange interactions and appears to be
located in the vicinity of the magnetic ordering tempera-
ture.>*° The use of a composite constituted of two dissimi-
lar materials with different but close magnetic ordering
temperatures could improve the magnetocaloric effect of
the whole system [such as x(DyNi,) + y(TbNi,)], leading
to a table-like shape for the magnetic entropy. In the pres-
ent case, |ASy"**¥| has a larger magnitude for DyNi, than
for TbNi,, while the opposite ensues for 6Trwivm. Then,
the balanced entropy changes for having an almost flat
ASM(T) curve corresponds to the case x=0.4, which
slightly reduces the influence of DyNi, compared to
TbNi,. However, an enhancement of the magnetocaloric
effect can be also achieved by considering multiple transi-
tions, provided that the magnetic ordering temperatures
and AS\(T) shape were appropriated, even in a single ma-
terial (polycrystalline, nanostructured, or amorphous), as
recently reported in the R,Fe,; system.?>2¢

In summary, we report on the MC effect in the two-
ribbon composite system x(DyNi,) 4+ y(TbNi,) with
0 <x < 1. We observe that the optimum MC behavior, i.e., a
table-like shape in the AS\(7T) curve, occurs for x=0.4 and
appears for u,AH =5 T within the temperature interval from
18 to 44 K. The maximum value of the isothermal magnetic
entropy change, |ASP**|=12.9 (6.9) J kg' K' for
UAH =5 (2) T is close to that of the TbNi,. In addition, the
broadening of the AS\(T) curve provokes an enhancement
of the refrigerant capacity reaching values comparable to
those reported for materials with first- and second-order
magnetic phase transitions below 40 K. These findings make
this composite material competitive as magnetic refrigerant
at cryogenic temperatures.
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