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The effects of wheel speeds and high-pressure hydrogen treatment on phase evolution, microstructure, and magne-
tocaloric properties in Lag 5Prg sFe;1 451 ¢ melt-spun ribbons are studied in this work. The results reveal that the increase
of wheel speed is beneficial to the formation of cubic NaZnj3-type phase and the grain refinement. The optimized wheel
speed for microstructural and magnetocaloric properties is 30 m/s. The largest entropy change of 18.1 J/kg-K at 190 K under
a magnetic field change of 0 T-5 T is obtained in Lag 5Pry sFe; 1 4Si; ¢ ribbons melt-spun at 30 m/s. After a high-pressure
hydrogen treatment of 50 MPa, the Curie temperature of the ribbons prepared at 30 m/s is adjusted to about 314 K and the
large —ASy of 17.9 J/kg-K under a magnetic field change of 0 T-5 T is achieved at room temperature with almost none
hysteresis loss. The small thermal and magnetic hysteresis and the large —ASy make the Lag sPrg sFe;;.4Si; ¢ hydride
ribbons appropriate for magnetic refrigerant applications around room temperature.

Keywords: La—Pr—Fe-Si, melt-spun ribbon, hydrides, magnetic properties, microstructure

PACS: 75.30.Sg

1. Introduction

The refrigeration technology plays an important role in
contemporary society, which can be used in various fields
in daily life and high technologies. The magnetic refrigera-
tion serving at/around room temperature, based on the magne-
tocaloric effect (MCE), is considered to be a promising alter-
native to gas compression refrigeration.!!'=3! Various magnetic
materials, such as Gds(SiyGej_y)a,!! MnFeP;_,As,,?! and
the hydride of La(Fe,Si;_,)13 [3-5] possess large magnetic en-
tropy changes around room temperature, accompanying with a
first-order magnetic transition (FOMT). Among them, the hy-
drides of La(Fe,Sij_,);3 compounds have attracted particular
interest most, because of non-toxic components, environmen-
tal friendliness, and tunable Curie temperature. [*7!

However, it is necessary to add Si or Al to stabilize a
NaZnjsz-type La—Fe phase, and it is hard to prepare LaFe;s
binary compound, since the enthalpy formed between La and
Fe is positive. For instance, a stable NaZn3-type structure can
be formed by substituting a small amount of Si (1.0 <x < 1.6)
for Fe. The lower the Si content, the more difficultly the stable
single-phase alloy of NaZn3-type structure can form.[8! The
La(Fe,Sij_y)13 alloys prepared by conventional casting meth-
ods are composed of a-Fe and La—Fe—Si phases, which are
caused by the melting upon cooling. According to the La—Fe—
Si equilibrium phase diagram,®! a-Fe dendrites precipitate as

DOI: 10.1088/1674-1056/abea91

primary phase firstly, and then a peritectic reaction with the
surrounding liquid occurs to form 1:13 phase (x-Fe+Li, —
1:13 phase). Therefore, it is essential to implement a high-
temperature annealing treatment for the cast LaFe3_,Si, al-
loy after having melted in an arc furnace to form the La—Fe-Si
phase with the NaZn3-type structure, which can accelerate the
peritectoid reaction between a-Fe phase and LaFeSi phase. It
is usually requisite to perform a lengthy annealing treatment
(about 30 days) to ensure homogenization of alloys.[*~!! In
order to overcome such a difficulty, it is proposed that the di-
rectional solidification technology can directly obtain a large
number of 1:13 phases.[!?] The rapid solidification inhibits the
formation of incipient iron phase and speeds up atomic diffu-
sion during heat treatment. Indeed, it is an important method
for the preparation of magnetic materials, which can refine the
microstructure, enlarge the solid solubility, reduce the anneal-
ing time, and form a metastable phase. Yan et al.!'3] stud-
ied the content change of 1:13 phase in LaFe;; 57Sij 43 rib-
bons and found that a large number of 1:13 phase can be ob-
tained by annealing in a short time. Yang et al.l'¥l and Hou et
al.'3) studied the effects of different cooling rates and anneal-
ing times on the phase structure and magnetocaloric properties
in La—Ce-Fe-Si alloys. The optimal cooling rate and anneal-
ing time are 25 m/s and 20 min at 1273 K, respectively.

On the other hand, in materials with large MCEs there
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usually exist serious thermal hysteresis problems due to the
nature of the first-order magnetic phase transition. The
large hysteresis losses are certainly harmful for practical
applications.[!®! The element doping or the introduction of in-
terstitial atom is an effective way to reduce or even eliminate
the hysteresis loss of LaFe3_,Si, compounds. It was found
that Co doping in LaFe;3_,Si, alloys can effectively increase
Curie temperature and obviously reduce hysteresis loss, but
result in relatively low magnetic entropy change.[!”-!8] The in-
troduction of interstitial H atoms has the same effect on Curie
temperature and hysteresis loss, while it has little effect on its
phase structure and magnetocaloric properties.!'”! In previous
work, we reported the effect of high-pressure H, treatment of
50 MPa on the Lag sPrq sFeq1.4Si; ¢ flake alloy. The results re-
vealed the desorption of H atoms was significantly weakened
after having been treated by high pressure hydrogenation. ?!

In this work, LagsPrqgsFe;;4Sij ¢ ribbons are prepared
by the melt-spun method in different wheel speeds and sub-
sequent annealing, hydrogenation sintering at a high pressure
of Hy gas. The microstructure, phase evolution and magne-
tocaloric properties of the La—Pr—Fe—Si ribbons are investi-
gated in details under different process conditions.

2. Experiment

La—Pr-Fe-Si ingots with a nominal composition of
Lag sPrg sFe;;.4Si| ¢ were fabricated by arc melting in an ar-
gon gas atmosphere. The purities of the starting materials were
99.9% for La, 99.9% for Pr, 99.99% for Fe, and 99.999% for
Si. The ingots were re-melted four times to ensure the ob-
tainment of a homogenized alloy. We prepared the melt-spun
ribbons with different speeds of 10, 20, 30, and 40 m/s by us-
ing a rotating copper wheel. The size of ribbons is about 5 mm
in width and 100 pwm in thickness. The as-spun ribbons were
sealed in quartz tubes under a high vacuum and annealed at
1273 K for 2 h and then quenched in ice water. Hydrogena-
tion sintering of Lag 5Prg sFej1.4Si; ¢ ribbons was carried out
at 723 K for 2 h in a high pressure H, atmosphere of 50 MPa.

The phase characteristics of the ribbons were obtained by
x-ray diffraction (XRD). The microstructural analysis was per-
formed by using the backscattered electron (BSE) mode in the
scanning electron microscope (SEM). The chemical composi-
tion of each phase was determined by energy-dispersive spec-
troscopy (EDS). Magnetic properties were measured by us-
ing a superconducting quantum interference device (SQUID,
Quantum Design) magnetometer. The Curie temperature,
Tc, was determined from the extreme values of the tempera-
ture derivative of the magnetization dM/dT. The magnetic
entropy change, ASm(T,H), was calculated from the ther-
modynamic Maxwell relationship according to the following
equation: (®]

H (oM
ASM(T,H):/JO/O (aT)HdH. (1)

3. Results and discussion

Figure 1 shows the XRD patterns at room temperature
of the as-spun Lag sPrgsFe;;.4Si; ¢ ribbons prepared at dif-
ferent wheel speeds, the annealed and hydrogenated ribbons
at 30 m/s. It is found that ribbons melt-spun at 10 m/s con-
sist of cubic NaZn;3-type (denoted as 1:13 phase) and o-Fe
phases with a slight amount of LaFeSi phase (marked as 1:1:1
phase). It indicates that the 1:13 phase can be formed directly
from the liquid by being rapidly solidified. For ribbons pre-
pared at 20 m/s, the content of 1:13 phase increases while a
large amount of a-Fe still exists with a minor 1:1:1 phase.
It is worth noting that the intensity of a-Fe phase greatly de-
creases with the increase of wheel speed, and drops to a lowest
value at 30 m/s and the 1:1:1 phase almost disappears. The an-
nealed and hydrogenated ribbon (as-spun at 30 m/s) consists
of the 1:13 main phase and a little &¢-Fe as impurity phase. It
is noticed that the diffraction peaks of the 1:13 phase shift to-
ward lower angles, indicating lattice expansion in the ribbons
after having been hydrogenated. As the wheel speed further
increases, the intensity of the «-Fe peak for the alloy melt-
spun at 40 m/s is slightly higher than that at 30 m/s. The con-
tent of the 1:13 phase related to the wheel speed can be ex-
plained by solidification process for the Lag 5PrgsFeq1.4Si1¢
alloy. There exists a mechanism of competing nucleation be-
tween Fe phase and 1:13 phases during rapid solidification.
The temperature at 707 K is a critical undercooling degree
of LaFe;; ¢Sij 4 alloy during rapid solidification, which de-
termines that the phase nucleates preferentially. When the un-
dercooling degree is above 707 K for LaFe;; ¢Sij 4, the 1:13
phase is formed preferentially because of its higher nucleation

rate than a-Fe’s.[?!]
V a-Fe phase
1:13 phas *
tl:l;lpp}i::eo ¢+ 30 m/s hydrogenated
e o, A V[ ¢ ee® ve
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Fig. 1. XRD patterns of Lag 5Prq sFe;;.4Si; ¢ melt-spun ribbons prepared at
10 m/s, 20 m/s, 30 m/s, 40 m/s, and the annealed and hydrogenated ribbons
melt-spun at 30 m/s.

A larger undercooling is obtained by a faster wheel speed.
Similarly, the content of 1:13 phase will increase with the
wheel speed increasing. However, continuous increase of the
wheel speed is unfavorable for the atomic diffusion and hin-
ders the 1:13 phase from forming due to the introduction of
defects.
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Figure 2 represents the SEM backscattered electron im-
ages of the LagsPrgsFe;;4Sij¢ ribbons melt-spun at (a)
10 m/s, (b) 20 m/s, (c) 30 m/s, and (d) 40 m/s, respec-
tively. The ribbon prepared at 10 m/s contains a large num-
ber of dendrites of a-Fe, with black area containing the com-
position of Laj o1 Prg.91Feos 35513 73 (at.%), and some La-rich
1:1:1 phases, with white area containing the composition of
Laj7.93Prys5.13Fe37.455120.49 (at.%) at grain boundary, which
are analyzed by the EDS. The formation of a large amount
of a-Fe is due to its lower cooling rate, which makes Fe be
in a primary phase.!?*! At the same time, a certain number
of 1:13 phases, with gray area containing the composition of
Laz g9Pr3 g4Feg; 37Si11.10 (at.%), is formed through the peri-
tectic reaction under this condition. When the wheel speed
increases to 20 m/s, the dendrites of «-Fe and La-rich 1:1:1
phase degenerate into ones with small size obviously and the
content of 1:13 phase increases. For the ribbons prepared with
faster wheel speeds (30 m/s and 40 m/s), there appears the
almost pure 1:13 phase with gray color, while the -Fe and

a-Fe phase

La-rich 1:1:1 phases are hardly observed in the backscattered
electron images. This is due to the fact that the large enough
undercooling degree helps to drive the nucleation to form the
1:13 phase. At this undercooling degree, the 1:13 single phase
directly forms from the Lag sPrq sFe11 4S1; ¢ liquid and crosses
the two-phase region of a-Fe phase and La-rich liquid phase in
the melt spinning process.[*?! As seen in Figs. 2(c) and 2(d),
with the increase of cooling rate, the crystal grains of 1:13
phase are refined continuously, and the grains are too small to
be distinguished clearly by the backscatter image of the SEM
for the sample obtained at 40 m/s. This means that the increase
of cooling rate is beneficial to the formation of 1:13 phase and
the refinement of grain size. Based on the results of XRD and
microstructural analysis, the 30 m/s is considered to be the op-
timized wheel speed in Lag 5Pry sFe;;.4Si ¢ ribbons, which is
expected to have a good magnetocaloric properties. The re-
sults above mentioned are basically in consistent with those
reported by Yang et al.!'4]

(La,Pr),05 phase

Fig. 2. SEM backscattered electron images of Lag 5Prg sFe;; 4Sij ¢ melt-spun ribbons prepared at different wheel speeds: (a) 10 m/s, (b) 20 m/s, (c)
30 m/s, (d) 40 m/s, and (e) annealed and (f) hydrogenated ribbons at wheel speed 30 m/s.
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Fig. 3. (a) Magnetization curves as a function of temperature in zero field cooling (ZFC) process and field cooling (FC) process in Lag 5Pro sFe;1.4Si; 6
melt-spun ribbons at wheel speed of 10 m/s, 20 m/s, 30 m/s, 40 m/s; the annealed and hydrogenated ribbons for wheel speed 30 m/s, and (b) correspond-

ing dM/dT(T) curves in FC processes for all the samples.

Figures 2(e) and 2(f) illustrate the SEM backscattered
electron images of the Lag 5Prg sFe11.4Si; ¢ ribbons annealed
and hydrogenated after being melt-spun at 30 m/s, respec-
tively. It is obvious that the grains grow up after being an-
nealed and ¢-Fe precipitated in grain boundary with a smaller
size. The small white particles on the surface are oxides of
rare-earth La—Pr as analyzed by EDS. The element of La—Pr
is separated from the grain boundary and oxidized during heat
treatment and finally falls out of the surface. It is clear that the
presence of oxides on the surface is unbeneficial to the actual
magnetic refrigeration.!!>! The hydrogenated ribbons have a
similar backscatter image, while their grains are slightly larger
than those annealed ribbons’ due to the growth of grains dur-
ing hydrogenation treatment.

Figure 3 displays the magnetization curves as a func-
tion of temperature in Lag sPrq sFe;; 4Si; ¢ melt-spun ribbons,
measured in a magnetic field of 0.01 T in zero field cooling
(ZFC) process and field cooling (FC) process. The ribbon
samples each have a sharp change in magnetization around
Tc indicating a first-order ferromagnetic (FM)/paramagnetic
(PM) phase transition. After this transition, the magnetiza-
tion of the as-spun ribbons does not decrease to zero above
Tc. It is an evidence of the existence of a-Fe phase. For
the as-spun ribbons prepared with different wheel speeds, the
magnetization after the transition decreases with the wheel
speed increasing and reaches a minimum value at 30 m/s
which corresponds to the least content of the a-Fe phase.
The Curie temperature 7c determined from the curves for
the minimum of the dM/dT versus T in the FC process, is
about 184 K, 190 K, 190 K, 194 K for the as-spun ribbons
prepared at a wheel speed of 10 m/s, 20 m/s, 30 m/s, and
40 m/s, respectively, as shown in Fig. 3(b). The T¢ increases
slightly with the increase of wheel speed, which is ascribed
to more Si dissolved in the 1:13 phase when the cooling rate
increases.!!3! As indicated by analyzing the EDS, the compo-
sitions of the samples prepared at 20 m/s, 30 m/s, and 40 m/s
are Lasz g9Pr3 ssFesi 10511133, Laz 92Prs 51Fego 97511160, and
La3 79Pr3 53Fegn.06S111.72 (at.%), respectively. However, it is

worth noting that the M(T) curve of the ribbon melt-spun at
40 m/s is slightly different from those of other samples, each
of which has a broader transition in the M(T) curve. The phe-
nomenon may be attributed to the increase of defects in the
sample.

For the ribbons prepared at a wheel speed of 30 m/s and
then treated by annealing and hydrogenation, their magneti-
zation is close to zero after completing the magnetic transi-
tion. The Curie temperature T¢ is found to be 190 K, 199 K,
and 314 K for the ribbons melt-spun at 30 m/s, melt-spun at
30 m/s and then annealed, and finally hydrogenated, as shown
in Fig. 3(b). The Curie temperature slightly increases after an-
nealing treatment because of the relatively low Fe content in
the 1:13 phase. It was proposed by Fujieda et al.[*}! that the
NaZnj3-type phase formed first with a relatively high Fe con-
tent and then its Fe content decreased due to the composition
homogenization after having been treated by annealing. After
a high pressure hydrogenation treatment, the Curie tempera-
ture of the ribbon samples, which is slightly higher than room
temperature, increases significantly. The increasing of T¢ is
related to the quantity of hydrogen atoms in the ribbons. This
is because the interstitial H atoms make the lattice expand,
which narrows the Fe 3d band and reduces the overlap of Fe
3d wave functions.!?#!

Figure 4 shows the variations of the magnetic en-
tropy with temperatures under a field change of 0 T-5 T
for LagsProgsFe;;.4Si1¢ ribbons melt-spun different wheel
speeds. The peak values of —ASy are calculated to be about
8.2 J/kg-K, 11.3 J/kg-K, 18.1 J/kg-K, 14.2 J/kg-K for the rib-
bons prepared at 10 m/s, 20 m/s, 30 m/s, 40 m/s, respectively.
With the increase of wheel speed, the value of —AS); increases
significantly. The —ASy value of the ribbon for 30 m/s is the
highest, while it decreases at a higher wheel speed of 40 m/s.
This change is ascribed to the quantity of 1:13 phases in the
ribbons. The maximum values of —ASy for a field change
of 0 T=5 T are 17.3 J/kg-K and 17.9 J/kg-K, respectively, for
the annealed and hydrogenated ribbons after being as-spun
at 30 m/s. It is worthwhile to note that the entropy change
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of annealed and hydrogenated ribbons all retain a relatively
large —ASy around Tg. It is obvious that the large —ASy
in Lag 5Prg sFe;14Sij ¢ ribbon is attributed to a field-induced
itinerant-electron metamagnetic (IEM) transition from the PM
to the FM state above T¢.[29] The results are consistent with
previous experimental studies which showed that MCE still
maintained at a high value after having been hydrogenated. 8]
In a high pressure (50 MPa) hydrogenation treatment, the hy-
drogen absorption is achieved which leads the H atoms to oc-
cupy the interstitial 48f and/or 24d sites in La (Fe,Si;_)13 unit
cell.[2627] The samples of 30 m/s have good magnetocaloric
properties before and after heat treatment. So in the following,
we will carry out a detailed analysis on the magnetic properties
of samples prepared at 30 m/s.
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Fig. 4. Temperature-dependent magnetic entropy change under a magnetic
field change of 0 T-5 T for Lag 5Prg sFe;;.4Si; ¢ melt-spun ribbons prepared
at different wheel speeds, and annealed and hydrogenated ribbons prepared
at wheel speed 30 m/s.
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Fig. 5. (a), (c), (e) Isothermal magnetization curves measured with field increasing and decreasing around 7¢ and (b), (d), (f) Arrott plots of
Lag 5Prg sFe;.4Siy ¢ ribbons melt-spun at 30 m/s, then annealed and hydrogenated, respectively.

Figures 5(a), 5(c), and 5(e) show the isothermal magneti-
zation curves measured in ascending and descending magnetic
field around T¢ of Lag 5PrgsFeq;.4Si; ¢ ribbons melt-spun at
30 m/s, then annealed and hydrogenated, respectively. It is
shown that the magnetization of the ribbons decreases with

temperature increasing. Figures 5(a)-5(c) exhibit that there
is a small hysteresis in the isothermal magnetization curve.
However, figure 5(e) shows that the magnetization curves of
hydrogenated ribbons coincide completely in the field ascend-
ing process and the field descending process, revealing that
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almost no hysteresis exists and the introduction of H atoms
can weaken the field-induced phase transition. Figure 6 dis-
plays the hysteresis losses at 5 T as a function of temper-
ature for these ribbons, and these hysteresis losses are ob-
tained by calculating the enclosed area between magnetizing
and demagnetizing curves. The values of maximum hystere-
sis losses reach 4.1 J/kg, 3.9 J/kg, and 0.6 J/kg for these rib-
bons. Here, the hysteresis loss lower than the hysteresis losses
of bulk ingots is due to the homogenized chemical composi-
tion and microstructure for the ribbons melt-spun at 30 m/s. 3]
Figures 5(b), 5(d), 5(f) display the Arrott plots of these rib-
bons melt-spun at 30 m/s, then annealed and hydrogenated,
respectively. The negative slopes are found in Figs. 5(b) and
5(d), indicating the existence of the first-order field-induced
IEM transition from PM to FM state.!*8! For hydrogenated
ribbons, weakened negative slopes demonstrate that the char-
acteristic of the first-order magnetic transition is lessened af-
ter having been hydrogenated. Therefore, the introduction of
H atoms into Lag sPrq sFe11.4Si; ¢ brings about a smaller hys-
teresis loss.

/L
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Fig. 6. Hysteretic loss (HL) under a magnetic field change of 0 T-5 T as
a function of temperature for Lag sPrg sFe;.4Si; ¢ melt-spun ribbons, then
respectively annealed and hydrogenated ribbons for wheel speed 30 m/s.

Gschneidner et al. proposed the relative cooling power
(RCP) as an important parameter to evaluate MCE, ! which
usually reflects the refrigerant capacity of magnetocaloric ma-
terial in a thermodynamic cycle. The relative cooling capacity
is calculated from the following equation:

RCP = —A(SM)max - ATFrwHM, ()

where ATrwgm is the full width at half-maximum of the
AS-T curve. The values of refrigerant capacity for a field
change of 0 T-5 T are 416.2 J/kg, 361.4 J/kg, and 412.5 J/kg
for the ribbons listed in Table 1.
the average hysteretic losses (A-HL) of the three ribbons be-
cause the A-HL is another factor quantifying the potential
of MCE of material. The values of A-HL are 2.9 J/kg,
2.6 J/kg, and 0.4 J/kg for these ribbons, as calculated by in-
tegrating the area under the curves of hysteresis loss in the

Meanwhile, we calculate

same temperature range as RCP. The net RCP is calculated
by subtracting A-HL from RCP. The values of RCP, A-HL

and the net RCP for these ribbons are all listed in Table 1.
The values of the net RCP for these ribbons are equal to
or higher than those of materials with the first-order mag-
netic transition around room temperature for a field change
of 0 T-5 T, such as Gds;Ge;¢SisFeg; (about 355 J/kg at
305 K),13% LaFe 1 0CopoSiy.; (about 275 J/kg at 294 K),[3]
NisoMns4In;g (about 181 J/kg at 304 K).3?) Our work demon-
strates that the Lag s5Prg sFej1.4S5i; ¢ hydride ribbons with the
large values of —ASy; and RCP, small hysteresis loss can be
used as magnetic refrigerant near room temperature.

Table 1. Values of Curie temperature (7¢), magnetic entropy change
(—ASwm), relative cooling power (RCP), average hysteresis loss (A-HL)
for Lag sPrg sFe;1.4Si; ¢ ribbons for wheel speed 30 m/s, then annealed
and hydrogenated, respectively.

—ASm RCP A-HL  netRCP
30 m/s
(J/kgK)  (/kg)  (/kg) J/kg)
As-spun ribbons 18.1 416.2 2.9 413.3
Annealed ribbons 17.3 361.4 2.6 358.7
Hydrogenated ribbons 17.9 412.5 0.4 4121

4. Conclusions

The Lag 5PrgsFeq1.4Si; ¢ ribbons are prepared by using
melt-spun with different wheel speeds and subsequent anneal-
ing, high-pressure hydrogenation treatment. The phase con-
stituents, microstructure and magnetocaloric properties of the
Lag 5Prg sFej1.4S5i; ¢ ribbons are studied under different pro-
cessing conditions. It is found that the increase of wheel
speed is beneficial to the formation of NaZn3-type phase and
refinement of grain size. The optimal wheel speed is de-
termined to be 30 m/s based on the XRD and microstruc-
tural analysis. A largest entropy change of 18.1 J/kg-K at
190 K under a magnetic field change of 0 T-5 T is obtained in
Lag sPrg sFe;.4Si; ¢ ribbons melt-spun at wheel speed 30 m/s.
After a high-pressure (50 MPa) hydrogenation treatment, the
Curie temperature of the ribbons melt-spun at 30 m/s is ad-
justed to about 314 K. The large —ASy of 17.9 J/kg-K and the
net RCP of 412 J/kg with almost no hysteresis loss are main-
tained under the same magnetic field change around room tem-
perature. The small thermal and magnetic hysteresis, the large
value of magnetic entropy change and cooling power make the
Lag 5Prg sFej1.4Si; ¢ hydride ribbons a promising alternative
to magnetic refrigeration around room temperature.
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