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The magnetocaloric effect of partially crystalline Fe-B-Cr-Gd alloys
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The influence of annealing temperature and crystallization on the magnetocaloric effect (MCE) of
Fe-B-Cr-Gd partially crystalline alloys was studied. Although the alloys exhibited dissimilar
devitrification behavior, all the alloys exhibited MCE behavior consistent with a phenomenological
universal curve and theoretical power law expressions of the magnetic field dependence of MCE.
The Tc of partially crystalline Fe;sB;,CrgGds alloys increased with increasing annealing
temperatures. However, peak magnetic entropy change and refrigerant capacity values remained
relatively constant, suggesting that these alloys are promising for active magnetic regenerator
applications. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4723644]

I. INTRODUCTION

The magnetocaloric effect (MCE) is the induced temper-
ature change of a magnetic material when it is adiabatically
subjected to a varying magnetic field. This effect can be
exploited in novel energy efficient and environmentally
friendly magnetic cooling systems. Hence, this area of
research has attracted intensive attention in the search for
novel magnetocaloric materials (MCM).'~* The MCE gener-
ally peaks near the phase transition of a magnetic material,
i.e., its Curie temperature (T¢). The search for new MCM for
commercial applications has concentrated mainly on afford-
able MCM with tunable T¢ and reasonable MCE. MCM
studied so far are mainly Gd based alloys as well as “giant”
MCE materials (e.g., GdsSi,Ge,) typically exhibiting first
order magnetostructural phase transitions (FOPT). These
materials are expensive and have high rare earth content.
MCM with FOPT exhibit detrimental hysteresis losses which
can lead to lower frequency response and will decrease the
operating frequency in refrigerator applications. Iron-based
amorphous alloys are a possible solution to such concerns
since they offer affordable material and fabrication costs,
reasonable MCE, low magnetic hysteresis, high electrical re-
sistivity, and tunable TC.5_7

The performance evaluation parameters of MCE include
the peak magnetic entropy change (|AS§,§ |) and refrigerant
capacity (RC). In addition to minimizing hysteresis losses,
other research efforts include development of nanocrystalline
alloys® ' and multilayered MCM."'"'* Such multilayers of
MCM exhibit much higher temperature span and RC due to
the presence of multiple layers, each with own T¢ and
|AS’}{,]," |. In addition, the temperature span and RC can also be
improved in an active magnetic regenerative cycle due to its
distinctive feature of having every section of the MCM bed
undergo its own unique local magnetic Brayton cycle.'* In
this case, the MCM functions as a refrigerant and also a ther-
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mal regenerator, enabling conventional regenerator proper-
ties be combined with the MCE."”

Fe-B-Cr-Gd amorphous alloys have been studied previ-
ously'®!” and exhibit enhanced MCE properties compared to
both FegoB,Crg alloys]8 as well as the well known giant
MCE GdsSi,Ge, oFeq ; alloy.19 The need to tailor the MCE
of materials for active magnetic regenerative applications
has become the focus of intense research, hence understand-
ing the role of crystallization on the MCE of initially amor-
phous alloys is significant. Fe;9B;,CrgGd; and Feys
B1,CrgGds alloys were partially crystallized from their
amorphous precursors, to study the effect of annealing on the
MCE of Fe-B-Cr-Gd alloys. Although the alloys exihibit dis-
similar devitrification behavior and samples present different
crystalline volume fractions, it has been found that a phe-
nomenological universal curve and theoretical power law
expressions of magnetic field dependence of MCE are appli-
cable to these partially crystalline alloys. The \ASﬁ,f | of these
alloys compare favorably with those of Mo-containing Fine-
met-type nanocrystalline MCM (Ref. 5) as well as several
other Fe-based nanocrystalline MCM.?20-22

Il. EXPERIMENTAL

Melt-spun ribbons of nominal composition Fegy_
B,CrgGd, (x=1 and 5)16 were annealed under protective
argon atmosphere at temperatures ranging from 720 to
880 K. These alloy compositions are denoted as Gdl and
Gd5 alloys, respectively. The temperatures were selected,
based on the differential scanning calorimetry (DSC) results
(Fig. 1) of the melt-spun ribbons, so as to yield partially crys-
talline Gd1 and Gd5 alloys. To understand the crystallization
behavior of these alloys, the ribbons were heated to the pri-
mary crystallization stage in three conditions: (1) annealed
to the onset temperature, (2) intermediate stage of the pro-
cess, and (3) heated to the peak temperature (Fig. 1). In all
cases, the samples were heated and cooled at the rate of 10
and 20K min~', respectively. The ribbons are denoted
according to these three conditions: Gd1 partially crystalline
alloys—Gd1 (720K), Gdl (730K), Gdl (740K); GdS

© 2012 American Institute of Physics
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FIG. 1. DSC results of melt-spun Gd1 and Gd5 alloys.

partially crystalline ribbons—Gd5 (872K), Gd5 (876K),
Gd5 (880K).

The microstructure of the ribbons was characterized by
x-ray diffraction (XRD) using a Bruker D8 Advance diffrac-
tometer and by transmission electron microscopy (TEM). The
micrographs were collected digitally using a JEOL JEM 2100
(Cs=0.5mm) TEM operated at 200kV. XRD measurements
were performed using CuKo radiation (4 =0.154nm) in the
scan range from 10° to —80° and scan speed of 0.02°/step. The
composition was characterized by electron microprobe analy-
sis (EPMA) using a JEOL JXA-8530F operated at 15keV.
The field and temperature dependence of magnetization was
measured by a Lakeshore 7407 vibrating sample magnetome-
ter (VSM) for magnetic fields up to 15 kOe.

lll. RESULTS AND DISCUSSION

The XRD patterns of the partially crystalline Gd1 and
Gd5 alloys are shown in Fig. 2. Well-resolved peaks were
observed for both alloys when the ribbons were annealed to
temperatures in the range of 720-740K and 872-880K.
CrB, and «-Fe phases were observed for the partially crystal-
line Gd1 alloy (Fig. 2(a)). In contrast, the peaks observed in
the partially crystalline Gd5 alloy when heated to tempera-
tures in the range of 872-880K, correspond to the GdBg,

A ;; Gd1(740K)
e /\ Gd1(730K)
—~ A Gd1(720K)
Ke]
[ melt spun Gd1 alloy
< . . . ‘
-~
= A
2 A _A " AR ‘@ Gd5(880K)
L
€ o M A A - Gd5(876K)
A Gd5(872K)
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26
LEGEND:
® GdB, m FeB A CrB, & o-Fe

FIG. 2. XRD results of melt-spun and partially crystalline Fegy_xB1,CrgGdy
alloys (x =1 (a) and (b) 5 at. %, respectively).
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CrB4, and FeB phases (Fig. 2(b)). The difference in the DSC
scans of both Gd1 and Gd5 alloys (Fig. 1) can be attributed
to the formation of dissimilar crystalline phases in the two
alloys. Bright field (BF) TEM micrographs of partially crys-
talline alloys are presented in Fig. 3. They show a micro-
structure comprising of precipitates embedded in the
amorphous matrix. As expected, the volume fraction of crys-
tals within the amorphous matrix increases with higher
annealing temperatures. For partially crystalline Gd1 alloys,
the average size of the precipitates increases from 120 nm
for annealing at 720K to 147 nm at 740 K. For partially crys-
talline Gd5 alloys, average precipitate sizes of 27nm at
872K to 48nm at 880K were observed. This demonstrates
precipitate growth and increasing crystalline mass fraction
with higher annealing temperatures.

The magnetic entropy change due to the application of a
magnetic field (H) was calculated by the equation
ASy = [y (OM/OT),dH, where the partial derivative is
replaced by finite differences and numerical integration is
performed. There are several definitions in the literature for
RC, which measures the heat transfer between the hot and
cold reservoirs.?>** In this work, RC is calculated in two
ways: (a) RCrwnm: the product of ASK,'I( times the full tem-
perature width at half maximum of the peak (0Trwyum)
(RCrwum = ASﬁ,f - 0Trwrm), and (b) RCArga: the numerical
integration of the area under the ASy(T) curves, using
OTrwuy as the integration limits.

The MCE of the partially crystalline alloys can only be
investigated up to the crystallization temperatures of the
amorphous matrix to avoid further microstructural evolution
of the samples. Hence, the peak magnetic entropy change
values (|AS’;§\) were only observed near T of the residual
amorphous matrix (Tcgm))-

The ASy(T) curves (Fig. 4) show that annealing temper-
atures influenced differently the MCE behavior of partially
crystalline Gd1 and Gd5 alloys. For Gd1 partially crystalline
alloys, |AS’ZZ< | decreased and Tc increased with increasing
annealing temperatures. However, this trend was only
observed for Gd5 (872K) alloy when compared to its melt-
spun counterpart (Fig. 4(b)). For Gd5 (876K) and Gd5
(880K) alloys, relatively constant |AS’ZZ< | and Tc were
observed. The different crystallization devitrification of Gdl
and Gd5 alloys influenced their MCE behavior.

The broad |AS’;§ | values attained for partially crystalline
Gd1 alloys annealed to higher annealing temperatures could
be due to their broad ferromagnetic-paramagnetic phase tran-
sition, which has been reported for several multiphase MCM
(such as Mo-containing Finemet,” Fe-B-Zr (Ref. 25), and Fe-
B-Nb (Refs. 21, 22, and 26) based alloys), this phenomenon
has also been observed in interacting superparamagnetic par-
ticles.?”?® Their |AS}| values decreased because the |AS?) | of
their constituent phases were widely apart, consistent with the
sum rule.”® In addition, Jones et al. attributed the broadened
|AS?| of Fe-Ni-Zr-B-Cu nanocomposite MCM to its asym-
metric dependence of exchange interactions as well as the
fluctuations of interatomic spacing within the amorphous
matrix.”’

The decrease of |AS?f| for the Gd5 (872K) alloy com-
pared to that of the Gd5 melt-spun alloy is in agreement with
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FIG. 3. BF TEM images of (a) Gd1(720K), (b) Gd1(730K), (c) Gd1(740K), (d) Gd5(872K), (e) Gd5(876 K), and (f) Gd5(880 K) alloys.

the sum rule.?® The crystalline phases in partially crystalline
Gd5 alloys are relatively less magnetic than the major crys-
talline «-Fe phase in partially crystalline Gd1 alloys, result-
ing in dissimilar MCE behavior, e.g., the relatively constant
|AS§l’4k | observed in the Gd5 (876 K) and Gd5 (880K) alloys.
The increase in crystalline volume fraction in the partially
crystalline alloys monotonically shifted the Tc(am) to higher
temperatures, this behavior is also observed in other Fe-
based nanocrystalline MCM.?%3%-32 The increase in Tcam)
with higher annealing temperatures has been attributed to the
exchange field from the nanocrystalline precipitates penetrat-
ing into the residual amorphous matrix****>? and/or to the

0.0
-0.3F

o 06 _g—gg1 (n:::::rl;". K
! —e—Gd1(720K)

‘_¥ -0.9 F—a—Gd1(730K) L (a)
"o —v—Gd1(740K) X
X 00F
-
~ 02}

) -0.4—4—Gd5 (melt spun)
< —4— Gd5(872K)
0.6 | —p—Gd5(876K)
0.8 [ —®—Gd5(880K) (b)
100 200 300 400 500 600

T(K)

FIG. 4. Temperature dependence of the magnetic entropy change of par-
tially crystalline (1.1 T) (a) Gd1 and (b) Gd5 alloys.

lowered Fe content in the amorphous matrix.>* The composi-
tional results obtained from EPMA measurements revealed
good agreement with the nominal composition with oxygen
content of ~0.71 wt. %. This oxygen content is the same in
both amorphous and the partially crystalline samples, hence
the change in Tc and |AS’F| cannot be attributed to oxidation.
Instead, the change in T¢ and |AS§,§ | is due to the formation,
by partial crystallization, of the crystalline phase. This crys-
talline phase has a different composition from that of the
amorphous matrix in which it is precipitated. Due to this
change in the composition of the amorphous matrix the Tc¢
and |AS§,§ | are altered. This analysis is consistent with several
previous papers, e.g., Refs. 20 and 30-33.

The properties of MCM are typically reported at the
maximum available magnetic field in individual laboratories.
Therefore, it is essential to study the magnetic field depend-
ence of AS‘X,;< and RC for comparison of different values
reported in the literature. ASy; is dependent on the tempera-
ture and maximum applied field, the magnetic field depend-
ence of ASy can be expressed as a power law of the
magnetic field:**

|ASy| o< H". (1)

At Tc, the exponent n becomes field independent and is

expressed as
_ p-1
n(Tc)1+(ﬁ+y>, 2

where f§ and 7 are the critical exponents.34
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The scaling of RC with field is also controlled by the
critical exponents of the MCM:>*

1+
RCFWHM X H 0, (3)

where the critical exponent d can be determined from
S=1+7y/B>

The magnetic field dependence of AS’;; and RC of the
partially crystalline Gd1 and Gd5 alloys are presented in
Fig. 5. Good power law fit of the experimental ASIX,;‘ (H) and
RC(H) data was observed. From the power law fit, the field
dependence exponents governing |AS§’,§ | for these partially
crystalline Gd1 and Gd5 alloys were determined to be
0.78 = 0.01 and 0.85 = 0.04, respectively. Consistent with
theoretical predictions,>* both [RCrwim| and |RCpgrga|

scale with field using the same value of exponent
(1+1/6=1.01=0.05and 1.08 £ 0.01 for partially crystal-
line Gd1 and Gd5 alloys, respectively). The |AS§,§| of par-
tially crystalline Gd1 and Gd5 alloys compare favorably
with those of Mo-containing Finemet-type nanocrystalline
MCM;” Tc is lower. |AS’X§ | of our partially crystalline Gdl
and Gd5 alloys are comparable to those of nanocrystalline
Fe-Nb-B,”' Fe-Nb-B-Cr,”* Fe -Nb-B-Cr-Cu,”” and Fe-Mo-
Zr-Nb-B-Cu MCM.”

To enable the comparison of the perfomance of these
materials with the literature data, the MCE characteristics of
the partially crystalline alloys and the extrapolation of their
MCE values to other magnetic fields are presented in Table
I. It can be seen that as annealing temperatures increased,
both |AS’;§| and RC decreased for partially crystalline Gdl,

TABLE I. Curie temperature and peak magnetic entropy change measured by VSM. Calculated field dependence of MCE extrapolated to magnetic fields

of 5T.

|ASy | Tkg 'K

|RCrwmv| kg ™1 |RCareal O kg ™

Nominal composition Tc (K) H (T) 1.5 5.0 1.5 5.0 1.5 5.0
Gdl1 (720K) 365 0.95 241 102 403 74 294
Gdl1 (730K) 385 0.75 1.92 89 310 66 231
Gdl1 (740K) 405 0.56 1.44 66 223 48 162
Gd5 (872K) 488 0.89 2.68 56 200 54 193
Gd5 (876 K) 498 0.86 2.31 70 260 54 199
Gd5 (830K) 498 0.92 2.45 70 260 53 195
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FIG. 6. Universal curve of Fe-B-Cr-Gd melt-spun and partially crystalline
alloys.

and remained relatively constant for Gd5 partially crystalline
alloys. Additionally, T¢ increased with increasing annealing
temperatures. These observations are in agreement with
other previously reported for other partially crystalline Fe-
and Gd-based alloy systems.>?!-22-26:3

The universal curves for MCE, which are constructed by
a phenomenological procedure using experimental data,
have been shown to be useful in rescaling ASy (H,T) curves
of different alloy compositions onto a single curve which is
field-independent.>*~"-*® This procedure assumes that second
order magnetic phase transition scales with field, i.e., all
M(H,T) curves should collapse onto a universal curve if they
are appropriately presented,**’® leading to the collapse of
ASy(H,T) curves onto a single curve, since ASy; is obtained
from magnetization data. Hence, the universal curve can be
applied to characterize new MCM or as a technique to
extrapolate magnetocaloric properties to magnetic fields and/
or temperatures not easily accessible in the laboratories, ena-
bling comparison of the performance of different MCM. Its
construction is attained by (a) normalizing ASy; to its peak
value (e.g., AS’ = ASM(T)/AS’;,f) and, (b) rescaling the tem-
perature axis as:>*73®

T, < T

“)

{ —(T=Te)/(T, = Te);

(T - TC)/(T"Z - TC)7 Tr2> TC7

where both T, and T,, are reference temperatures such that
ASy(T,)/ASYY = 0.6,i=1.2.

Theoretical justifications for this procedure have been
previously reported.*® It is interesting to note that, using the
phenomenological construction of the universal curve, all
the normalized ASy(T) curves of the partially crystalline
alloys Gdl and Gd5 alloys collapse onto a single curve
(Fig. 6). This suggests that these alloys exhibit similar criti-
cal exponents, which agree with the observations from the
field dependence exponents.

IV. CONCLUSIONS

The influence of annealing temperatures and crystalliza-
tion on the MCE of Fegy_B,CrgGd, alloys (x=1 and 5 at.
%) was investigated by partially crystallizing their initial
amorphous states. The different crystalline phases formed in

J. Appl. Phys. 111, 113919 (2012)

these two alloys allow tuning of the RC and Curie tempera-
ture of the alloys.

e The MCE of the fully amorphous Fe;oB[,CrgGd; and
Fe;5B,CrgGds alloys were found to be larger than those of
their partially crystalline states. A decreasing trend of
|ASP¥|  with increasing annealing temperatures was
observed for Fe;9B,CrgGd;, similar to that of several mul-
tiphase Fe- and Gd-based MCM, while these magnitudes
remain practically constant for Fe;sB,CrgGds.

e The Curie temperatures of the amorphous matrix of the
partially crystalline Fe;oB,CrgGd; and Fe;sB,CrgGds
alloys were displaced to higher temperatures, similar to
the behavior of several other nanocrystalline Fe-based
MCM.

* The |AS’,:,;‘ | of our partially crystalline Fe;9B,CrgGd; and
Fe;sB1,CrgGds alloys compare favorably to Mo-
containing Finemet-type, Fe-Nb-B, Fe(Cr)-Nb-B, Fe-Cr-
Nb-B-Cu, and Fe-Mo-Zr-Nb-B-Cu MCM.

e The universal curve for ASy(T) as well as the theoretical
predictions of a power law magnetic field dependence of
|AS?¥| and [RC| was found to be applicable to the par-
tially crystalline Fe;9B,CrgGd; alloys as well as the
Fe;sB,CrgGds alloys despite differences in the crystalli-
zation behavior. Both these partially crystalline alloys
exhibit second order magnetic phase transitions and simi-
lar critical exponents.

* The constant |AS’;4k| and RC of partially crystalline
Fe;sB1,CrgGds alloys with tunable Tc, suggest that these
alloys are promising for multilayer active magnetic regen-
erator applications.
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