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HIGHLIGHTS

« Rejuvenation, increased structure
order, and nanocrystallization
induced by proper cryogenic thermal
cycling are observed.

« Two kinds of flow defects with
different relaxation times are
detected by using the Maxwell-Voigt
model.

« An apparent enhancement of the
maximum magnetic entropy change
from 9.5 to 10.7 JKg 'K~! under 5 T is
obtained.

« A power law between the peak
temperature and maximum magnetic
entropy change is revealed above
85 K.
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GRAPHICAL ABSTRACT

The effect non-affine thermal strain on the structure, defect
activation and magnetocaloric of Gd-based metallic glass
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ABSTRACT

The effects of non-affine thermal strain on the structure, defect activation and magnetocaloric effect
(MCE) have been investigated in GdssC0,0Al»455ip5 metallic glass (MG). Maxwell-Voigt models are uti-
lized to analyze the impact of cryogenic thermal cycling (CTC) on the evolution of heterogeneous struc-
ture in term of the activated defects during creep deformation. Two kinds of flow defects with different
relaxation times are observed from the relaxation spectrum, which show different responses to CTC. A
power law between the maximum magnetic entropy change and its peak temperature is uncovered
for Gd-based MGs above 85 K, which breaks down below 85 K for the low Gd content MGs including
the high-entropy MGs. Through adjusting the CTC number, the maximum magnetic entropy of the pre-
sent MG is improved to 10.7 JKg'K~! under 5 T, which is the largest among the Gd-based MGs with Curie
temperature above 85 K. The enhancement of MCE is related to the increased fraction of solid-like zones
in the amorphous matrix and nanocrystallization rendered by CTC treatment. This work sheds new
insights into the correlation of MCE and nanoscale creep deformation with structural heterogeneity of

MGs.
© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Q. Luo, J. Cui, Z. Zhang et al.
1. Introduction

It is well known that heterogeneity like a variety in the short-
to-medium range orderings and the coexistence of solid-like and
liquid-like regions is the inherent structural feature of MGs [1-2].
And local heterogeneities have also been observed experimentally
in the relaxation behavior [3], modulus/hardness [4], viscoelastic-
ity [5], and density [6,7]. Although it is difficult for accurate analy-
ses, tailoring and characterizing the heterogeneity have been
widely used to enhance and understand the physical and mechan-
ical properties [2,8-10]. Recently, cryogenic thermal cycling (CTC)
treatment was proved to be a simple and effective method for reju-
venating MGs and enhancing their plasticity, which was correlated
with the more heterogeneity introduced [11]. Although intensive
work has been devoted to exploring the effect of CTC on MGs
[12,13], the evolution of heterogeneities upon CTC is still elusive,
and a distinct relationship between the heterogeneities (such as
the flow defects, solid/liquid-like zones) and macroscopic mechan-
ical/physical properties of MGs remains unknow.

Besides, the influence of CTC on the magnetic performances of
MGs is much less investigated than that on the mechanical behav-
ior. It was reported that CTC improved the bending ductility but
had little effect on the soft magnetic property in the annealed Fe-
Co-Si-B-Cu MG [14]. But in the Fe-Si-B-Cu MG, increased saturation
flux density and thermal stability, more compacted structure, and
decreased coercivity were observed after CTC [15]. In the Fe-Si-B
MG, the magnetic properties showed an apparent fluctuation with
increasing number of CTC, which implied the CTC-induced stochas-
tically rejuvenation or aging [16]. These investigations indicate
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that the sensitivity of magnetic properties to CTC treatment
depends on MG’s composition. However, the effect of CTC on the
MCE performance of MG has not been reported yet, and previous
investigations focus on effects of composition design and various
post treatments (such as normal annealing, hydrogenation, current
annealing, etc.) for partial crystallization [17-20]. Recently, it was
found that annealing below the glass transition temperature can
increase the magnetocaloric performance of some MGs due to
the increased fraction of crystal-like medium-range order without
crystallization [21]. And different MCE properties were observed in
the ribbon, bulk rod, and microwire samples with the same compo-
sition but distinct medium ranges orders, and several advantages
of properties are reported in the microwire samples with unique
composite structure [22-25]. These works indicate the significant
role of nanoscale/ micrometer-scale structural heterogeneity on
MCE performance of MGs and related composites.

Here, we tune the heterogeneity, defect activation during creep
deformation, and MCE of a magnetocaloric MG by cryogenic ther-
mal cycling (CTC) treatment. Rejuvenation, increased structure
order, and nanocrystallization induced by proper CTC are observed.
In virtue of nanoindentation techniques, evolution of structure
heterogeneity during creep deformation was detected and the dif-
ferent contributions of solid-like and liquid-like regions to MCE can
be revealed. Distinct responses of the two kinds of flow defects to
CTC are observed. The underlying mechanisms of the nanoscale
creep behaviors were discussed. Significantly, an obvious change
(~7 K) of the Curie temperature and an apparent enhancement
of the maximum magnetic entropy change from 9.5 to 10.7 JKg"
IK=! under 5 T are obtained. It is revealed that the variation of
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Fig. 1. (a) Schematic map of the thermal cycling treatment between 275 and 77 K. (b) DSC curves of the as-cast and CTC treated samples at a heating rate of 20 K/min showing
the glass transition and crystallization events. (c) Near-T; DCS curves of the as-cast and 20 cycles-treated samples showing how the relaxation enthalpy is determined. (d)
Relaxation enthalpy of the as-cast and CTC treated samples with error range of + 150 m]/g.
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the solid-like zones plays a more important impact than the liquid-
like zones on the change of MCE. Besides, a power law between the
peak temperature and maximum magnetic entropy change in Gd-
based MGs and Gd-contained high entropy MGs is revealed above
85 K but breaks down below 85 K by the high configuration
entropy effect. The summary plot may indicate a limiting value
(close to 10.7 JKg'K~! under 5 T obtained here) of the magnetic
entropy change in Gd-based MGs with Cure temperature above
85 K.

2. Experimental section

Gds5C0,0Alz4 55105 MG rod with 2 mm in diameter was prepared
by copper mold suction casting method using a mixture of raw
materials with purities above 99.9 wt%. Differential scanning
calorimetry (DSC, NETZSCH 404 F3) experiments were performed
at a heating rate of 20 K/min to determine the glass transition tem-
perature (T,), crystallization temperature (Ty), and relaxation
enthalpy (AH;). The rods were cut into slices with thickness of
1 mm for CTC treatments. Then the slices were subjected to differ-
ent temperature cycles (5,10,20,30,40) between 77 and 275 K. The
dwelling time at 77 K (or 275 K) is one minute. The hardness H and
indentation modulus E; were measured by using NanoTest Vantage
(Micro Materials Itd) with a standard Berkovich diamond indenter,
whose load and displacement resolutions were 3 nN and 0.001 nm,
respectively. A loading rate of 5 mN/s was used, and the maximum
load was 50 mN. For each sample, 8 x 8 points were measured for
distribution analysis of the hardness. Creep measurements were
conducted as following: the sample was loaded at a loading rate
of 10 mN/s to the maximum load of 50 mN followed by a holding
period of 120 s, and then unloaded at 10 mN/s. Five independent
measurements were carried out for each sample. Magnetic proper-
ties were measured by using a Magnetic Properties Measurement
System (MPMS, Quantum Design). The temperature dependence
of magnetization was measured on heating from 20 to 150 K under
500 Oe after cooling the sample to 20 K under the same field (ie. FC
mode). The isothermal magnetization curves were recorded from 0
to 5 T with a slow sweeping rate of field to ensure the data are
recorded in an isothermal process at different temperatures. The
structure feature was characterized by Transmission electron
microscope (TEM, Tecnai G20, FEI). And the TEM samples were pre-
pared by ion milling method (Gatan Inc., PIPS-M691) under liquid
nitrogen condition.

3. Results and discussion

The CTC experiment for different cycles is illustrated in Fig. 1(a).
To avoid the effects of B and o relaxation (relating to a locally ini-
tiated reversible process and a large scale irreversible structural
rearrangement, respectively) [2], the high temperature end of the
CTC treatment is chosen to be 273 K. Fig. 1(b) presents the DSC
curves of the as-cast and treated samples, showing clear glass tran-
sition and crystallization events. The glass transition temperature
(Tg) and the onset temperature of crystallization temperature (T)
of the as-cast sample are determined to be 592 and 657 K, respec-
tively. The crystallization peak shows larger change than the glass
transition event after CTC treatment. With increasing cycling num-
ber, the Ty increases from 657 K to a maximum of 661 K for the 20
cycles-treated sample and decreases afterwards to a minimum of
649 K for the 40 cycles-treated sample, indicating a remarkable
change of the local structure. Furthermore, the relaxation enthalpy
(AHe) was calculated from the DSC curves, as illustrated in the
shaded areas in Fig. 1(c) for the as-cast and 20 cycles-treated sam-
ples. The AH, have been widely used to investigate the relaxation
dynamics and characterize the effects of thermal/mechanical post
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treatments on MGs [9,11]. As seen from Fig. 1(d), the AH,y
increases after CTC treatment for 5 cycles, obtaining a peak at 20
cycles, and decreases afterward. The increase of AH, after CTC
indicates the rejuvenation of the amorphous structure into a
higher energy state with more heterogeneity, which relates to
the stress generated from spatially nonuniform distribution of
temperature between surfaces and interiors [11].

It has been reported that CTC can cause rejuvenation or relax-
ation of MGs, and improve or degrade their mechanical properties,
depending on the CTC condition and alloy’s composition [11,26].
This complexity is related to the diverse structural/mechanical
heterogeneities of MGs at short-to-medium range orders [11,26].
To investigate the change of heterogeneity of the present magne-
tocaloric Gd-based MG after CTC, nanoindentation experiments
were carried out. The load-displacement curves of the as-cast
and some CTC treated samples were collected from 64 different
points (8 x 8 array). Typical load-displacement curves are shown
in Fig. 2(a). Some “pop-in” events are observed in the loading
curves, which originate from the initiation/expansion of the shear
bands underneath the indenter. Since the initial yield pressure can-
not be well identified for some curves, we analysis the distribution
of hardness. Clear spatial fluctuation of the hardness is observed
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Fig. 2. (a) Typical load-displacement (P-h) curves of the as-cast and some CTC
treated samples. (b) Cumulative distributions of the hardness for the as-cast and
some CTC treated samples, the inset shows the contour-line map of the hardness for
the as-cast sample.
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from its 2-D contour map for the as-cast sample in the inset of
Fig. 2(b). The change of mechanical heterogeneity in these samples
can further be evaluated by the cumulative distribution curves of
the hardness in Fig. 2(b). The average hardness decreases after
CTC treatment for 10 and 40 cycles but increases for 20 cycles.
The above results imply that CTC for 20 cycles not only induces
obviously structural rejuvenation but also increases the fraction
of dense-packed local regions.

The evolution of structural heterogeneity during creep defor-
mation is further explored by analyzing the relaxation time spec-
trum obtained from the nanoindentation method. The Maxwell-
Voigt model is used to describe the creep deformation under
indentation process [27-29], and a schematic diagram of the
model including one Maxwell unit and two Kelvin units is illus-
trated in Fig. 3(a). A typical creep curve and its fitting by this model
is shown in Fig. 3(b) for one CTC treated sample. The creep dis-
placement curve contains a rapidly increasing primary creep stage,
where the two Kelvin units dominate, and the steady-state stage in
which Maxwell dashpot acts as the dominant role. The fitting
equation is:

H(t) = hi(1 — e V) + hy(1 — e %) 4+ t/u, 1)

where h; the indentation depth and 7; the characteristic relaxation
time of the ;-th anelastic Kelvin unit, t is the holding time, and o
the viscoelastic constant of the Maxwell dashpot. It is generally
accepted that the two characteristic relaxation time t; and 1, corre-
late with the different kinds of flow defects in the liquid-like and
solid-like regions [28]. From Fig. 3(b), the above model can describe
the nanoscale creep behavior of present Gd-based MG very well.

A
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Based on the Maxwell-Voigt model, the relaxation time spec-
trum or creep retardation spectra can be obtained from the follow-
ing approximated equation to describe the two anelastic creep
processes of the samples [28,29]:

1 t\hi | A
L) = {Z (1457 } ot s, @

i=1 !

where L is the spectrum intensity, Ag/Po the inverse of hardness, and
hi, the maximum indentation depth. The t, h;, and t; are the same
parameters used in Eq. (1), and n = 2. As indicated in Fig. 3, each
relaxation spectrum of all the samples shows two separate peaks,
which correspond to the two relaxation processes with characteris-
tic relaxation time t; and 1,. Both the intensity and relaxation time
of the two peaks change notably by the CTC treatment as shown in
Fig. 3(c). The peak intensity of t; first increases with increasing
cycle number to a maximum around 20 cycles, and then decreases
gradually (Fig. 4(a)). Differently, the peak intensity of T, increases
with increasing cycles to a maximum around 30 cycles and shows
a slight decrease for the 40 cycles-treated sample. These results
imply that more defects in both the liquid-like and solid-like
regions are activated with proper CTC treatment. Moreover, the T,
value shows a maximum around 10 cycles, presenting an
increase-then-decrease trend of the size of the activated defects
in the solid-like region with increasing cycles (Fig. 4(b)). In contrast,
T, increases gradually with increasing cycles, indicating the contin-
uously increasing size of activated defects in the liquid-like region.
The distinct responses of the two kinds of flow defects to the CTC
treatment are attributed to their different coefficients of thermal
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expansion and local environments in solid-like and liquid-like
regions.

Then we explore the effect of structural heterogeneity change
on the MCE performance. Fig. 5 presents the temperature depen-
dence of the field cooled (FC mode) magnetization, which was
measured on heating under 500 Oe after initially cooling to 20 K
under 500 Oe. All the samples show a paramagnetic-to-
ferromagnetic transition, which is typical for Gd-based MGs
[11,18]. From the minimum of dM/dT, the Curie temperature (T.)
can be determined and its variation with CTC is shown in the inset
of Fig. 5(a). After 5 cycles, T, decreases from 104 to 97 K, keeping
almost unchanged up to 30 cycles, and then increases to 104 K at
40 cycles, indicating the significant impact of the structural hetero-
geneity on the magnetic interactions (among Gd atoms). In addi-
tion, the relatively sharp change of magnetization around T. and
large effective magnetic moments of Gd atom imply a large MCE
in all these samples.

Typical isothermal magnetization curves with increasing filed
from 0 to 5 T in a temperature range of 90-108 K with a step of
3 K for the as-cast sample are presented in Fig. 5(b). The magneti-
zation increases rapidly in the low field range and then approaches
saturation gradually, as is observed in other Gd-based MGs [11,18].
The Arrott plots obtained from the isothermal magnetization
curves are shown in the inset of Fig. 5(b). The slopes of all the
curves are positive and no inflection point is observed, indicating
a second-order phase transition nature based on the Banerjee cri-
terion [30]. All the other CTC treated samples show similar fea-
tures. Then the magnetic entropy change (-AS,,) of the samples
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Fig. 5. (a)Temperature dependence of the magnetization, and the inset show the
cycling number dependence of the Curie temperature. (b) Isothermal magnetization
of the as-cast sample, and the inset shows the corresponding Arrot plot.

is derived from Maxwell relations. It can be seen in Fig. 6(a) that
CTC tunes the MCE performance obviously both in the maximum
magnetic entropy change and peak temperature. The peaks of the
magnetic entropy change curves locate around the T. determined
from Fig. 5(a). Significantly, the maximum magnetic entropy
change increases from 9.5 JKg'K~! for the as-cast sample to
10.7 JKg 'K~! for the 20 cycles-treated sample (Fig. 6(b)). Treat-
ment with more CTC cycles leads to a reduction of the magnetic
entropy change to the as-cast level. The sensitivity of MCE perfor-
mance to the CTC is reminiscent of the changes of plasticity and
relaxation enthalpy upon CTC, which are sensitive to the tempera-
ture interval and number of cycles [26].

Fig. 7 compare the maximum magnetic entropy changes under
a field change of 5 T of present sample with other typical Gd-based
MGs (mainly those without a second rare earth element for sim-
plicity) and the Gd-contained high entropy MGs [28-51]. The pre-
sent 20 cycles-treated sample possesses the largest maximum
magnetic entropy change among the listed MGs in the temperature
range above 85 K. The increase of 1.2 JKg'K~! is of significance
since the maximum magnetic entropy change under a field change
of 5 T in some Fe- and Pd-based MGs is less than 1 JKg'K~1[52,53].
Besides, the summary plot suggests that there exists a limiting
value of the maximum magnetic entropy change in Gd-based
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MGs with Curie temperature above 85 K (close to 10.7 JKg'K™!
under 5 T obtained here). Enhancing the content of Fe/Co can
increase the curie temperature but decrease the magnetic entropy
change considerably. By introducing other kinds of rare earth ele-
ments or using the high entropy design strategy may increase -AS,
at the cost of reducing the working temperature considerably. This
implies that composite design strategy should be used in the future
to further enhance the MCE performance around the peak temper-
ature region of Fig. 7.

Next, we discuss the relation between -AS;, and T, (the peak
temperature of -AS,,) presented in Fig. 7. Based on the molecular
mean field model, a power-law relation between -AS,, and T.
was suggested (-ASy, « T2/) [54], which was observed in many
crystalline magnetic systems in a narrow composition range [17].
Different systems may present different slops of the -ASy-T2?
curve due to their different microscopic parameters such as Curie
temperature, magnetic moment, and magnetic exchange interac-
tiong 17]IrsomeGd-CaViGsthdineardependenceof AS,pn
T2 was obtained in a narrow T, range [43]. Interestingly, Fig. 7
indicates that above 85 K, a power law relation with an index of
—0.74 (better than using an index of —1 or —2/3) works roughly
for a broad range of compositions with peak temperatures covering
from 85 to 298 K (see the full blue line). Considering these MGs are
different in many respects such as compositions, cooling rates,
sample dimension, and magnetic interactions, this correlation is
remarkable and of significance. Note that the two high Fe content
alloys GdgoFe;9C020Al ¢ and GdgoFe,oCo10Al o show a relatively lar-
ger deviation from the power low because of the existence of some
crystalline phase in the amorphous matrix [38]. Moreover, such a
power law breaks down below 85 K, and the overall increase of -
AS,, with increasing T, cannot be illustrated by the mean field
mode. However, a few compositions beyond the trend are also
observed, indicating the delicate role of local configurations and
magnetic interactions on the MCE. Recently, it was found that high
configuration entropy in high entropy rare earth-based MGs is not
beneficial for enhancement of MCE, and their magnetic behavior
mainly depends on the complex intrinsic magnetic interactions
[55]. It was suggested that the strong chemical disorder due to high
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Fig. 7. Relation between the peak temperature and the maximum magnetic entropy change of typical Gd-based MGs including the Gd contained high-entropy MGs. The
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configuration entropy may retard magnetic phase transition in
some high entropy alloys [56]. The low-temperature part of
Fig. 7 indicates that high configuration entropy presents a subtle
role one the local structural and magnetic configurations. The
decrease of -AS,, with decreasing peak temperature may arise
from the decreased ferromagnetic exchange interaction due to
reduced Gd concentration and increased random magnetic aniso-
tropy from other rare earth elements [32]. At present, the detailed
mechanisms of the breakdown of the power-law below 85 K is not
clear, needing further theoretical and experimental investigations.

Then, we discuss the possible origin of the enhanced maximum
of -AS,, after CTC treatment for 20 cycles. CTC contains expansion
process upon heating and contraction processes upon cooling. For
MGs with considerable diversity in the short-to-medium range
ordered structures, heterogeneous contraction or thermal expan-
sion occurs during CTC [26], which produces local stresses and
changes the liquid-like and solid-like zones differently through
local atomic arrangements. This is the reason why different
responses of the first and second peaks in the relaxation spectrum
to CTC are observed. Note that the fist characteristic relaxation
time, instead of the second one, shows the similar cycling number
dependence to the peak magnetic entropy change. This implies
that local structure change in the solid-like zones plays a more
important role than in the liquid-like zone on the variation of mag-
netic entropy change. It is reasonable to argue that the Gd-Gd pairs
in the solid-like zones have shorter instance and thus stronger
exchange interactions than the liquid-like zones, playing more sig-
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nificant impact on the magnetic performance. Thus, the enhance-
ment of MCE after treatment for 20 cycles may arise from the
increased fraction of solid-like defects (such as local structures
with crystal-like order, possible nanocrystalline grains, etc.) in
the matrix.

HRTEM observation was further conducted to examine the
change of atomic structure. As indicated in Fig. 8(a), the HRTEM
pattern of the as-cast sample is disordered and maze-like, showing
typical amorphous feature, which is according with the selected
area electron diffraction (SAED) patterns (the inset). However,
nanocrystals with size of 3-5 nm can be observed in the HRTEM
of the 20 cycles-treated sample (Fig. 8(b)). Correspondingly, the
SAED shows thinner diffraction rings and diffraction spots. To fur-
ther evaluate the change of local structure order, the HRTEM image
is divided into 100 square boxes with a side length of 1.985 nm
(typical size of medium range order [57]) and transformed into
2D auto correlation images |[58]. Typical sub-images with
amorphous-like order with maze-like feature, crystal-like order
with obvious symmetric fringe, and nanocrystal are shown in
Fig. 8(c), (e), and (g), respectively. The FFT patterns of Fig. 8(c),
(e), and (g) are shown in Fig. 8(d), (f), and (h), respectively. Some
spots can be detected in Fig. 8(f) and more spots appear in the
FFT pattern of the nanocrystal in Fig. 8(h). All the square sub-
images from Fig. 8(a, b) are analyzed by the above method. The
segmentations of the HRTEM images of the as-cast and 20
cycles-treated samples are present in Fig. 8(i) and (j), respectively,
in which the sub-images with crystal-like order are marked by red

Fig. 8. HRTEM images of as-cast sample (a) and sample CTC treated with 20 cycles (b), the insets are the FFT patterns. (c), (e), and (g), are the auto-correlation maps of the
typical cells with amorphous, crystal-like-order and nanocrystalline structures, respectively. (d), (f), and (h) are FFT patterns of cells (c), (e), and (g), respectively. Auto-
correlation images (i and j) obtained from the HRTEM of the as-cast (a) and 20 cycles-treated samples (b), respectively.
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frame, and those for the nanocrystals by yellow frame. Thus, the
area fractions of these crystal-like and nanocrystal domains in
the as-cast and 20 cycles-treated samples can be determined to
be ~ 4 % and 10 %, respectively. Accordingly, CTC enhances the
fraction of crystal-like local order and renders nanocrystal forma-
tion, which contributes to the increased intensity of the activated
hard defects (the first peak in the relaxation spectrum) and
increased hardness (Fig. 2(b)). Certainly, the increased fraction of
the other solid-like regions in the amorphous matrix also plays a
significant role [21]. In a Gd-Al-Ni bulk MG, it was observed that
the peak magnetic entropy change increased after formation of
some intermediate phases by annealing above T, [59]. In present
work, the CTC, instead of annealing, is adopted to enhance the
structural order, form nano-crystallized (NC) structures, and
enhance the fraction of solid-like regions, which promote synergis-
tically to the increased peak magnetic entropy of the 20 cycles-
treated sample.

In conclusion, local stress arising from the heterogeneous ther-
mal contraction/expansion during CTC renders structure rejuvena-
tion, heterogeneous atomic arrangement, and nanocrystallization
in Gds5C00Alz45Sip5 MG. The anelastic and viscoplastic deforma-
tion during nanoscale creep process can be well described by the
Maxwell-Voigt model. Both the size and number of activated flow
defects in solid-like and liquid-like regions present distinct varia-
tions to CTC. The MCE and the first peak of relaxation spectra (cor-
related with response of the defects in solid-like region) show a
similar varying trend with the cycling number. This may imply
the local structure change in the solid-like zones plays a more
important impact than the liquid-like zones on the variation of
magnetocaloric properties. Significantly, proper CTC improves the
peak magnetic entropy of the MG to the top of the AS,,-T,, curve
of Gd-based MGs reported, which is associated with the combined
effects of increased local structure ordering, nanocrystallization
and enhanced fraction of solid-like region. This study throws
new light on the nature of MCE in MGs and provides a fundamental
guideline for optimizing MCE by controlling the structural hetero-
geneity. The complicated changes of the investigated properties
after CTC, and the non-monotonic relationship of ASy, vs T}, indi-
cate that a complex picture should be established on the interplays
among composition, non-affine thermal strain, atomic/magnetic
configurations, and MCE performance.
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