PHYSICAL REVIEW B 112, 174205 (2025)

Disentangling thermal and compositional effects on f relaxation in metallic glasses

Dazhe Xu,"" Zhi Chen®,"?" Hongbo Lou®,!:" Songyi Chen,' Ziliang Yin,' Ye Liu,' Xiehang Chen,' Fujun Lan,’

Xin Zhang,! Zhidan Zeng,' and Qiaoshi Zeng ® 3
Center for High Pressure Science and Technology Advanced Research, Shanghai 201203, China
2Jiangsu Key Laboratory of Advanced Metallic Materials, School of Materials Science and Engineering,
Southeast University, Nanjing 211189, China
3Shanghai Key Laboratory of Material Frontiers Research in Extreme Environments (MFree),
Shanghai Advanced Research in Physical Sciences (SHARPS), Shanghai 201203, China

® (Received 7 January 2025; accepted 30 October 2025; published 17 November 2025)

B relaxation is a key dynamic feature of glasses, influencing a wide range of properties. Although many factors,
such as thermal history and composition, have been extensively studied and reported to significantly influence
relaxation, considerable controversy persists, limiting a deeper understanding of 8 relaxation in glasses. Here, we
employ a binary metallic glass (MG), Ce;5Al,s, as a model system with a polymorphic crystallization process
to minimize thermally induced compositional deviations. This enables us to separate and analyze the thermal
and compositional impacts on § relaxation using dynamic mechanical analysis (DMA) across various thermal
annealing treatments below the glass transition temperature (7,) and above the crystallization temperature (7).
We clarify that relaxation dynamics at temperatures not far below 7, are primarily governed by « relaxation, and
changes to the energy states of glasses (or atomic structures) through sub-7, annealing have minimal impact on
B relaxation signals. These findings suggest that the g relaxation of Ce;sAl,s MG is in fact a pseudo Johari-
Goldstein (JG) relaxation rather than a genuine JG S relaxation. It is suggested that 8 relaxation behaves more
like a localized dynamic event involving only a fraction of atoms, which may aid in crystallization nucleation
below T,. By contrasting the effects of thermal annealing on other Ce-Al binary MGs with primary crystallization
processes, we further reveal that the position of 8 relaxation is primarily composition-dependent. These results

shed new light on the thermal and compositional effects on 8 relaxation in MGs.

DOI: 10.1103/1b87-ycj2

I. INTRODUCTION

Generally, glass is in a nonequilibrium and thermody-
namically metastable state, with excess Gibbs free energy
compared with its stable crystalline counterpart. Thus a glass
system will continuously evolve with time via relaxation
processes towards more stable configurations, and eventu-
ally crystallization may set in on sufficiently long timescales.
Therefore, in principle, the structure and properties of glasses
are strongly dependent on thermal history and significantly
influenced by relaxation dynamics. The glass relaxation spec-
trum spans tens of orders of magnitude in time and exhibits
very complex patterns, which are believed to hold the key
to understanding and controlling glass states and remain a
central challenge in glass science [1].

In metallic glasses (MGs), the primary relaxation process
accessible at temperatures well below the glass transition tem-
perature (7) is usually observed as a peak, shoulder, or excess
wing of the loss modulus spectra measured by mechanical
spectroscopy [2—6], corresponding to the secondary relaxation
event, so-called B relaxation. The origin of § relaxation, its
controlling factors, and its relationship with glass structure,
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properties, and behaviors have attracted extensive research
interest but remain elusive, with many controversial issues [1].

Numerous studies of the thermal histories and aging effects
on f relaxation in glasses have revealed intriguing yet highly
diverse behaviors. For example, in MGs, aging and relatively
slow melt-quenching reduce the intensity or shift the position
of B relaxation but cannot totally suppress it [7,8], similar
to the observations in molecular glass formers [9—13]. How-
ever, in some polymer glasses,  relaxation is not affected
by thermal histories or physical aging below 7, [14-16].
Ngai proposed classifying § relaxation into genuine Johari-
Goldstein (JG) and pseudo JG g relaxation, with the former
strongly influenced by thermal history and the latter showing
minor sensitivity [17]. In addition, B relaxation is believed
to drive structural changes deep in the glassy state during
aging, since the primary relaxation mode (« relaxation), refer-
ring to the escape of atoms from their nearest-neighbor cage
that enables large-scale structural reorganization and flow, is
“frozen” below T [1]. In contrast, some glass formers show
that aging dynamics are always dominated by the structural
a-process [13,18]. Furthermore, Sun et al. reported that aging
dynamics below T, in MGs are independent of 8 relaxation
and instead show a stretched exponential decay with a univer-
sal stretching exponent of 3/7 [19].

Crystallization not only competes with the glass formation
during melt quenching but can also occur after glass formation
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as a slow yet spontaneous destabilization process via relax-
ation [20]. Therefore crystallization is well recognized to be
closely linked with relaxation processes in glasses [21-23].
Controlled crystallization of MGs can enhance their mechani-
cal [24,25], magnetic properties [26], and catalytic properties
[27]. Therefore understanding and controlling crystallization
in metastable MGs are of great importance. According to
Oguni et al. [28-30], in the rigid glass structure, it is believed
that 8 relaxation leads to nucleation or crystal embryo for-
mation [31]. Consistent with this, studies in MGs show that
perturbations from external periodic fields markedly acceler-
ated crystallization below T, attributed to the accumulation
of atomic jumps associated with 8 relaxation being stochasti-
cally resonant with ultrasonic vibrations [32,33]. Moreover,
Song et al. suggest that B relaxation can persist into the
supercooled liquid state at high temperatures and may even
suppress nucleation of crystals [34]. Therefore the relation-
ship between crystallization and S relaxation in MGs remains
far from well understood and calls for further efforts.

The behaviors of B relaxation in MGs are also significantly
influenced by composition, owing to differences in mixing
enthalpy between constituent elements. As a result, MGs ex-
hibit distinct B relaxation characteristics, peaks, shoulders, or
excess wings in relaxation spectra [35,36]. Excluding compo-
sitional effect is therefore essential for clarifying the structure
and energy states related to the mechanism underlying glass
relaxation. For most of the MGs with complex compositions,
multiple phases typically form upon crystallization, indicat-
ing a strong thermodynamic driving force for the tendency
of compositional fluctuation or separation during annealing.
However, in certain polymorphic systems, such as Ce7sAlys
MG, crystallization occurs via polymorphic transitions into
Ce;Al crystals through thermal annealing (hexagonal-Ce;Al)
or cold-compression (fcc-CeszAl) [37-39] without composi-
tional variation relative to the initial glass matrix, namely,
via a polymorphic process. Therefore, in this work, we have
chosen the simple binary polymorphic system, Ce;sAlys MG,
as a unique model system.

In previous studies, it was reported that 7, and the S
relaxation signals were undetectable in Ce;sAl,s MG using
conventional differential scanning calorimetry (DSC) and dy-
namic mechanical analysis (DMA) [36]. Surprisingly, in this
work, we identify a prominent 8 relaxation peak in dynamic
mechanical spectroscopy (DMS) after properly annealing
the as-cast samples. Without the confounding influence of
thermally induced compositional fluctuations or separation,
Ce7s5Alys provides an ideal platform for investigating 8 relax-
ation under different energy states (atomic structures) induced
by various thermal treatments. We demonstrate that 8 re-
laxation in Ce;sAl,s MG remains almost unchanged across
various thermal histories, whereas aging dynamics below 7,
are dominated by o relaxation. Moreover, the 8 relaxation
peak in partially crystallized Ce;5Al,5 MG composites be-
comes even more separated, but with almost constant peak
position, distinguishing Ces5Al,s MG from other Ce-Al and
most other MGs. This indicates that the commonly observed
thermal-history-dependent shifts in 8 relaxation peak position
likely originate from thermally induced compositional varia-
tions in MGs. We also clarify that crystallizations induced by
annealing below and above T, exert opposite influences on

B relaxation. Thus, by employing Ce;sAl,s MG with poly-
morphic crystallization, we exclude the confounding effects
of compositional fluctuations and resolve the elusive behavior
of B relaxation, its relationship with thermal history, crystal-
lization, and structure. By demonstrating that the intrinsic 8
relaxation is thermally stable and that its commonly observed
peak shifts originate from extrinsic compositional variations,
it challenges the prevailing view that directly links 8 relax-
ation dynamics to the local structural order of the glassy
matrix. This study establishes a critical paradigm for disen-
tangling intrinsic relaxation physics from extrinsic effects,
providing a new theoretical framework for understanding the
structure-dynamics relationship in amorphous materials.

II. MATERIALS AND METHODS

Sample preparation and characterization. Master alloy in-
gots with the nominal composition of Ce;sAl,s were prepared
by arc-melting of high-purity elements (>99.9 at.%) in a Ti-
gettered high-purity argon (Ar) atmosphere. The ingots were
re-melted at least four times to ensure chemical homogeneity.
Ce75Al,s ribbons with a thickness of ~15 wm were produced
by the melt-spinning method with a single copper roller in
a high-purity Ar atmosphere. The fully amorphous nature of
the as-cast MG ribbons was verified by synchrotron XRD
at the beamline BL15U1 of Shanghai Synchrotron Radiation
Facility (SSRF), China, and DSC (Perkin-Elmer 8500), as
shown in Fig. 1.

DMA measurement. DMS spectra were collected on a
DMA (TA Discovery 850) in the film tension mode. Tests
were carried out in tensile geometry with a preload (static
force) of 0.08 N. The relative strain amplitude (¢) was
5 x 107" for each sample. The temperature ramp was set
with a heating rate of 3 K/min. To prevent oxidation at el-
evated temperatures, samples were measured under flowing
ultrahigh-purity N, gas.

III. RESULTS
A. B relaxation in the Ce;sAl,s MG

Figure 2(a) shows the normalized loss modulus of the
as-cast Ce75Als MG and samples annealed at different tem-
peratures. The as-cast sample shows a clear shoulder from 325
to 420 K (centered at ~370 K), which likely corresponds to
a typical B-relaxation process. However, the intensity of this
shoulder decreases rapidly with increasing annealing tempera-
ture. As shown in the inset of Fig. 2(a), a corresponding hump
appears in the storage modulus of the as-cast MG, inconsistent
with the hollow feature of a typical 8 relaxation. Such a
pronounced annealing effect on the sub-7;, shoulder in DMS
has been reported before in other MG systems [40-42] and
was attributed to the release of internal stress (quenched-in
local stress fluctuations) or relaxation of excess enthalpy upon
heating, rather than a reversible S-relaxation process.

Figure 2(b) presents the evolution of loss modulus (E")
from 253 to 383 K during successive continuous heating cy-
cles of Ce;sAlys MG. The first heating to 383 K, followed
by a five-minute hold, is designed to release internal stress
or relax excess enthalpy in the as-cast MGs. Consequently,
the second heating curve (red symbol) corresponds to a more
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FIG. 1. Characterization of glassy features of Ce;sAlys metallic glass ribbon. (a) Synchrotron XRD reveals a typical amorphous peak. (b)

DSC trace determining the crystallization temperatures (7).

stable state, closer to equilibrium. A prominent peak/hump
emerges at ~300 K after the first heating, barely visible in
the as-cast sample, and the third heating (blue symbol) curve
nearly coincides with the second one, demonstrating the re-
producibility of this feature. This indicates that the process
associated with the peak/hump at ~300 K is reversible after
annealing at 383 K, suggesting a S-relaxation process that
might be only visible when the sample’s excess enthalpy and
or internal stress are well released by annealing. The sample’s
amorphous nature after annealing was confirmed by XRD
and DSC measurements. Hereafter, we defined this 383 K
annealed state as the well relaxed “standard” state of Ce;5Als
MG for better comparison.

Figure 3 shows the loss modulus (E”) and storage modulus
(E’) of the annealed ‘“‘standard” Ce;5Al,s MG measured at
the frequency (f) of 0.1 Hz from 200 to 510 K. Similar to
other rare earth elements-based binary MGs [36], Ce;sAlys
crystallizes almost simultaneously with the glass transition.
Thus the primary E” peaklike shape corresponds to the low-
temperature tail of the alpha relaxation cut by the onset of
crystallization. The peak at ~300 K on E” matches well with
the drop on E’, which further supports its assignment to S
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relaxation. The dynamic modulus data were fitted with the
Havriliak-Negami (H-N) function [43] in the temperature (7")
domain:

E*(f) =Eﬁ(a)oo + [Eﬁ((x)O - Eﬂ(a)oo]

x [1+ (i2nfr,s(a))aﬂ“”]7bﬁm, (1)

where Eg ()0 and Eg (4) « are the equilibrium and instanta-
neous moduli of the MG in the T range of 8 (or «) relaxations,
respectively. The parameters a and b are the shape factors (0
< a, b < 1) and for B relaxation, bg = 1 corresponding to the
Cole-Cole equation. The relaxation time 7 of B relaxation
can be expressed by the Arrhenius equation 75 = togef#/k7,
where 7 is the attempt relaxation time of B relaxation,
Ejg is the activation energy, and R is the universal gas con-
stant [44,45]. The relaxation time 7, of « relaxation can be
expressed with the Vogel-Fulcher-Tammann (VFT) equation
Ty = TouePT/T=10) where 1y, is the attempt relaxation time
of « relaxation and D is the fragility factor [46,47]. The
green solid curve shown in Fig. 3 is the fitting result of the
coupled relaxation processes from 273 K to 413 K in the E”
spectrum with the above equations, which consists of the
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FIG. 2. Annealing effects on the temperature dependence of the mechanical spectrum in a Ce;sAlys metallic glass. (a) Normalized loss
modulus (normalized by unrelaxed modulus, i.e., storage modulus at low temperature) of as-cast MG and samples annealed at different
temperatures. The inset shows the corresponding normalized storage modulus. (b) Evolution of loss modulus during successive continuous
heating processes. The inset shows a schematic illustration of the DMA experiment.
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FIG. 3. Temperature dependence of storage modulus and loss
modulus in an annealed Ce75Al,s metallic glass (383 K annealed for
5 min, heating rate: 3 K/min, and driving frequency: 0.1 Hz). The
green solid line is the H-N fit of the relaxation spectrum, which is a
combination of « relaxation (red dotted line and blue region) and 8
relaxation (blue dotted line and yellow region). The drop in storage
modulus at ~300 K, corresponding to the B relaxation, is highlighted
by the purple dotted ellipse.

B- and «-relaxation peaks represented as yellow and blue
regions, respectively. The fit parameter, Eg, is obtained to be
118.7 4+ 0.9 kJ/mol.

B. Thermal effects on 8 relaxation

Figures 4(a) and 4(b) show E” and E’ of the as-cast
and relaxed “standard” Ce;5Al,s5 MGs, obtained from multi-
frequency measurements from 253 K to 453 K with a
temperature step of 5 K. Because the heating rates in these
measurements can be much lower than 3 K/min in these
isochronal tests, an obvious temperature shift of DMS would
be expected. In the as-cast sample E”, the low-temperature
B-relaxation peak and the subsequent enthalpy relaxation
shoulder gradually merged into a faint shoulder as the fre-
quency increases, resulting from their different frequency
dependence. The master curves shown in Fig. 4(c) were
constructed using the time-temperature superposition (TTS)
principle [48,49], which predicts the viscoelastic behaviour
of glass across a broad range of frequencies or timescales
by combining data obtained at different temperatures. The
relaxation time versus temperature can be represented by the
shift factor, a7, from TTS, i.e., T(T) = a7 t(Trer) [50], plotted
in Fig. 4(d). The activation energies of 8 relaxation (Eg) of
the two states can be obtained by the Arrhenius equation [51].
The fit result of Eg for the annealed state marked in Fig. 4(d)
agrees well with the result from H-N fitting in Fig. 3.

Figure 5(a) shows E” of the Ce75Al;s MG in different
states, which are also normalized by the unrelaxed modulus.
It can be seen that E” signal of the long-time aged Ce;5Al,s
MG (~4 years at 233 K) is similar to that of the “standard”
MG in the temperature range from ~250 to ~380 K shown in
Fig. 2(b). The B relaxation becomes an even more pronounced
peak when the aged sample is further annealed with the
same annealing protocol in Fig. 2(b). Further cold-rolling with
~21% reduction of the ribbon thickness leads to the recovery
of the dynamical behavior back to a state similar to the pre-

vious long-time aged one (~4 years at 233 K). These results
further confirmed that the 8 relaxation signal would be more
pronounced if excess enthalpy is well relaxed by aging, and
plastic deformation by cold-rolling could not further enhance
it. In Fig. 5(b), using the sample aged at 233 K for ~4 years
and then annealed at 383 K for 5 minutes as the reference
state (green solid line), which is closest to the equilibrium
state, the normalized E” of other states are subtracted from the
reference state (dotted lines) to present the changes associated
with the different treatments. It is evident that structural or
energy tuning induced by annealing or plastic deformation
(cold-rolling) here mainly affects the high-temperature tail
of the o relaxation (blue region), while the low-temperature
side of the B relaxation peak (yellow region) is barely af-
fected. Generally, cold-rolling rejuvenates MGs by increasing
enthalpy and structural disorder, resulting in an increase in
the concentration of quasipoint defects (QPD) according to
the QPD theory [52]. Such increases are typically expected
to enhance B relaxation. The seemingly decoupling between
QPD concentration and the strength of the B-relaxation peak
observed in this work is therefore surprising and warrants
future investigation.

To further identify which relaxation process dominates
during physical aging below or near 7,, isothermal aging
experiments were performed at different temperatures in the
glassy state. Fig. 6 shows the loss modulus at five different
isothermal aging temperatures as a function of aging time,
normalized by the initial values E” (t = 0). The E” clearly de-
viates from a simple exponential decay and can be described
by a stretched exponential function [13]:

E//(t)

” 4 P " "
MZ{AE (t)exp |:_<‘[_ag) :|+Eeq}/E (t :O),

@

where Eé; = E"(t — 00)is the equilibrium value, AE"(t) is
the change during aging (AE"(t) = E"(t = 0) — Eé:]), Bag 18
the stretching exponent, and 7, is a constant of the aging (or
decay) time. The best fits of Eq. (2) are displayed in Fig. 6 as
solid lines. All aging curves at different temperatures collapse
onto one single master curve (inset of Fig. 6), when shifted
according to TTS. The TTS principle is based on the idea
that increasing temperature has a similar effect to decreasing
frequency or increasing time. Thus the aging curves share a
similar shape factor, and the stretching exponent was assumed
to be fixed at B,, = 0.5, which can describe the aging pro-
cesses very well [48,53]. Meanwhile, it should be noted that
Eq. (2) could not describe the time dependence of E”(¢) for
data very close to T, due to expected variation of 7,, during
relaxation towards equilibrium [18]. Aging close to T, (383
K and 373 K) cannot reach an equilibrium value, likely due to
the onset of crystallization, so the long-time data (+ >~ 18000
s for 373 K and ¢ >~ 12000 s for 383 K) are excluded from
analysis.

C. Crystallization effect on $ relaxation

As metastable systems, crystallization is nearly inevitable
when MGs are subject to long-time or high-temperature
annealing. To address the influence of crystallization (or
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FIG. 4. Multi-frequency test results and time-temperature superposition results of as-cast and annealed Ce;sAl,s MGs applying frequencies
from 0.1 to 10 Hz. (a) Loss modulus. (b) Storage modulus. (c) Master curves for the loss modulus with 323 K as the reference temperature. (d)
Shift factors vs temperature, the grey region is the temperature regime of 8 relaxation.

nanoscale nucleation or clustering) during annealing on 8
relaxation, we performed continuous heating and cooling
experiments around or above 7, using DMA on partially-
crystallized MG composites. The sample was first annealed
to the relaxed “standard” state and then subjected to nine
heating-cooling cycles (3 K/min, 5 min soaking time at the
highest temperature). Figure 7 shows the heating data (red
dots) and a nearly fully crystallized sample (blue dots). The
same annealing protocols were repeated in DSC to evaluate
crystallinity, as shown in Fig. S1 [54]. It is noted in Fig. 7
that the first and second heating processes to 393 K and 403
K lead to a reduction in loss modulus across almost the entire
temperature range, which corresponds to ~20% of crystalline
phase volume fraction according to the area reduction of
crystallization exothermal peak in DSC curves (Fig. S1 [54]).
Surprisingly, a prominent S-relaxation peak remains at the

same position when the crystalline phase volume fraction
reaches up to ~60% after heating to 413 K. Upon further
heating to 473 K following the protocol shown in the inset of
Fig. 7, the B-relaxation peak remains, although the crystalliza-
tion volume fraction increases further. The «-relaxation peak
shifts continuously toward higher temperatures upon heating,
leading to a broadening of the overall relaxation spectrum.
This broadening reflects an increase in dynamic heterogeneity,
consistent with recent reports from stress relaxation mea-
surements during aging [55]. The clearly separated @ and B
relaxations in Cess5Als MG offers a plausible explanation
for the mechanism underlying this broadening in systems
where the two relaxation modes are not well-resolved. The
B-relaxation peak finally disappears only when the sample
was annealed at a much higher temperature of 553 K for a
long time, as shown in blue dots.
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Ces5Als MG. Red: MG storage at 233 K for 4 years. Green: aged sample was then annealed at 383 K for 5 min. Blue: annealed sample was
then cold-rolled with 21% thickness reduction. (a) Normalized loss modulus. (b) The difference between different states, and the reference
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IV. DISCUSSION
A. Thermal effects

It is well known that glass relaxation dynamics and ther-
modynamic properties are sensitive to the thermal history of
a glass [18,56]. The evolution of B relaxation in the Ce7sAlys
MG with different thermal histories (energy states) is com-
pared in Fig. 5. We note that the normalized E” almost
collapses onto one single curve on the low-temperature side
of the B-relaxation peak, with the peak position nearly un-
changed. In contrast, noticeable changes are present at the
high-temperature side close to the «-relaxation peak region,

0.8

0.6

E"()/ E" (t=0)

04

T 2 3 4
Aging Time (104 x s)

0 1 2 3 4 5

02k

Aging Time (10% x s)

FIG. 6. Mechanical loss at f=0.3 Hz vs aging time for
CessAl,s MG at five different temperatures. The ordinate values
are normalized to the value at t,, = 0. The solid line is the fit to
Eq. (2). The inset is the master curve shifted from 5 aging curves.
For isothermal aging, the sample was heated from room temperature
to the target aging temperature at a constant heating rate of 3 K/min
with a driving frequency of 0.3 Hz. Then, the samples were held at
this temperature for several hours.

which was often considered as aging/annealing effects on
relaxation [8,48,49,57]. In some polymers, the decrease in
intensity of B-relaxation peaks can also result from the evo-
lution of « relaxation [14—16]. To elucidate this, we followed
the criteria proposed by Johari [58] to evaluate aging effects
on the relaxation spectrum through variation of the spectrum
between samples with different thermal histories, as shown
in Fig. 5(b). It is evident that structural tuning induced here
mainly affects the high-temperature tail of the « relaxation,
while the low-temperature side of the S-relaxation peak is
barely affected. Through scrutinizing the dynamics of an MG
at the atomic length scale, it was shown that the structural
relaxation strongly depends on the thermal history [59]. In
previous macroscopic measurements like DMA results, these

10°F

Temperature (K

Loss Modulus (MPa)
<)

553 K Annealed

102 1 1 1L
250 300 350 400
Temperature (K)

1
450 500

FIG. 7. Influence of partial crystallization on the f relaxation
in Ce;sAls MG. E” vs temperature during continuous heating pro-
cesses. Heating to 9 different temperatures from 393 to 473 K with
the same 5 minutes soaking. The dark blue dotted line represents the
totally crystallized Ce;sAls sample obtained by annealing at 553 K
for 20 min.
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thermal effects were mainly reflected on the fast portions of
the o relaxation, like the sub-7, modulation results reported
by Pineda e al. [41] and Frey et al. [60]. Here, the minor
difference between different states on the right side of the
B-relaxation peak should also result from the evolution of
“background” affected by structural « relaxation associated
with the release of internal stresses or annihilation of free
volume [61-63].

The nearly unchanged S-relaxation peak was also observed
in a significantly rejuvenated LassNiy)Alys MG after thermal
cycling, while the o relaxation is clearly affected [64]. The
B relaxation was also observed to be insensitive to different
heat treatments below 7, in a Pd4, sNi7 sCuzgP29 MG [49]. In
this work, the § relaxation of the Ce75Alys MG shows similar
unchanged characteristics, i.e., the peak position and peak
intensity (relaxation time and relaxation strength) are barely
affected by thermal history, which conforms to the notion of
pseudo-JG B relaxation clarified by Ngai and Paluch [17]. To
further confirm this, other dynamic properties, for instance,
the pressure dependence of 8 relaxation, should be investi-
gated by experiments or simulations in the future [65,66].

In a previous work [36], the S-relaxation signal in DMS
of rare earth-based binary MGs (including Ce-based ones)
was found to transform from a peak to an excess wing when
Ni/Co is replaced by Al, which is concordant with results of
our Ce;sAlys MG before fully-annealed as shown in Fig. 2.
Another similar example is that the typical excess wing in
propylene carbonate (PC, 7, ~ 159 K) and glycerol (7, ~ 185
K) develops into a shoulder during long-time aging experi-
ments, which is attributed to different aging dependence of
the @ and B processes [67]. Thus we conclude that the true
characteristic of 8 relaxation for MGs could only be reliably
evaluated when the sample’s excess enthalpy is well relaxed,
especially for hyper-quenched glass ribbons far from their
equilibrium states. (For most bulk MGs, the effects of thermal
history on their intrinsic S-relaxation signal seem less critical
[7,42,48,49,57,68].)

To further confirm that the aging dynamics in the Ce;sAlys
MG at temperatures below 7, are dominated by o relax-
ation, the relaxation times of low-temperature aging (star
symbols) fitted from Fig. 6 are compared with «-(triangles)
and B-(sphere symbols) relaxation times, as shown in Fig. 8.
The «-relaxation times are from Cole-Cole fitting parameters
of multifrequency data at different temperatures, as shown
in Fig. S2 [54]. The B-relaxation times are obtained from
Fig. 4(d). We found that the relaxation time 7,gne of 383 K
falls well on the VFT fit curve of 7,. However, Tuging of lower
temperature aging clearly deviates from the VFT fit and is
notably longer than the extrapolated tg, which is consistent
with aging data in other molecule glasses and MGs [13,69].
The relaxation behaviour of the Ce;5Al,s MG can be divided
into three distinct regimes, as indicated by the dotted lines in
Fig. 8. Here, we focus on identifying the dominant process
in the intermediate aging regime just below T,. To describe
this glassy dynamics, we employ a modified VFT (MVFT)
function [70]:

B
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FIG. 8. Relaxation times of « process (yellow triangles) from CC
fits, B process (orange and green dots) from shift factors, and aging
(blue stars) from Eq. (2) fit.

where the fictive temperature Ty indicates the temperature
where the observed nonequilibrium properties match the equi-
librium values. This equation is widely used to model glass
dynamics [13,41,71]. Applying it to the low-temperature re-
laxation data (Fig. 8), we find that the relaxation times fall
between two MVFT fits with Ty = 398 K and Ty, = 383 K,
using the same B and T; parameters as in the VFT fit. We
propose that as the aging temperature increases, the sample
gradually approaches equilibrium, causing the fictive tem-
perature to decrease. At Tyging = Ty = 383 K, the MVFT
intersects the equilibrium VFT fit. Notably, 383 K coincides
with the onset temperature of macroscopic flow in DMA
temperature-ramp measurements (Fig. S3 [54]), where the
strain rate de/dt of ribbon begins to deviate from zero and
could serve as an indicator of the glass transition. Ultimately,
the T,ging at temperatures below 383 K are well described by
the MVFT functions, confirming that low-temperature aging
dynamics are dominated by structural « relaxation [13,18].

B. Compositional effects

Previous studies show that partial crystallization of the
LaggAl;sNips MG decreases the magnitude of the entire me-
chanical relaxation spectrum and shifts the S-relaxation peak
position [48]. This crystallization effect was ascribed to re-
duced atomic mobility caused by the formation of long-range
order. In Fig. 7, a similar decrease in relaxation strength is also
observed across the entire spectrum; however, the reduction
in loss modulus is not uniform across all temperatures. The
disappearance of the B-relaxation peak in the fully crystallized
sample confirmed that no additional contributions to internal
friction around the S-relaxation peak arise from crystalline
domains in the Ce75Al,5 sample.

For a more quantitative comparison, we fitted the DMS
data of samples heated to 393, 403, 413, and 423 K using
Eq. (1), as shown in Fig. S4 [54]. To ensure consistency, the
same shape factors (ay, by, ag, and bg) obtained from the
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383 K annealed sample were applied in these fittings. The
evolution of «- and B-relaxation intensity along with resid-
ual glass fraction after annealing at different temperatures is
shown in Fig. 9. The intensity of the « process is clearly
more strongly correlated to crystallization fraction or glass
fraction than the B process. For instance, the intensity of
the B relaxation peak retains more than 60% of its original
value in the MG composite with less than 20% glass volume
fraction, while the corresponding «-relaxation strength drops
to ~10% of its initial intensity. This contrast is more apparent
when examining the relative S-relaxation intensity (E’; /E;)
as a function of crystalline phase fraction, as shown in the
inset of Fig. 9. Notably, the dramatic increase of Et; /E; af-
ter crystallization makes B relaxation even more prominent
and well-separated than in any other fully glassy state of
the Ce;sAlys alloy. In addition, it is important to note that
the B-relaxation peak position remains unchanged across all
states, from a fully glassy sample to MG/crystalline compos-
ites, indicating the 8 processes are activated at essentially the
same temperature, regardless of the degree of crystallization
or changes in glass structure/energy state.

Several models have been proposed to describe the struc-
tural characteristics related to B relaxation. According to one
of the most widely accepted heterogeneous models of MG
atomic structure, consisting of soft “liquid-like” regions (with
more free-volume) and hard “solidlike” regions (with less
free-volume), it is suggested that atomic rearrangements re-
sponsible for 8 relaxation occur primarily in the soft regions
[7-9]. A long-standing controversial question is whether S
relaxation involves all atoms in a glass or only a small fraction
[72-75]. In a numerical simulation of dynamic shear modu-
lus, the B-wing signal was suppressed when a small fraction
of particles was pinned to prevent them from participating
in relaxation dynamics, indicating that the B-relaxation pro-
cess must be cooperative rather than local [76]. However,
the dynamic-structure correspondence revealed by the cor-
relation between the characteristic relaxation times tg (from
sub-7, enthalpy relaxation) and 7 (from evolution of spa-
tial heterogeneity) provides evidence for the locality of B
relaxation [75].

In our work, the prominent 8-peak (~60% compared with
the fully amorphous state) that remains in the Ce75Alys com-
posite with a crystallization volume fraction exceeding 80%
indicates that 8 relaxation in Ce;sAlys MG is much less sen-
sitive to the volume fraction decrease of glass phases. This
observation implies that 8 relaxation may only involve a small
subset of atoms and is probably less cooperative than expected
in some model glasses discussed before in simulations [74].
Alternative mechanisms, however, may also account for the
observed relationship between B relaxation and crystalliza-
tion, and further microstructural analyses will be needed to
resolve this question in the future.

As mentioned above, the B-relaxation peak, which be-
comes more separated with the weakening of « relaxation
in Fig. 7, shows an unchanged position. We modulate the
atomic ratio of the Ce-Al MGs to see whether it still holds
in other Ce-Al binary MGs. Fig. 10 shows normalized E”
for the Ce-Al MGs and their partial crystallized compos-
ites. It is obvious that only the B-peak of the Ce;5Al,s MG
displays no temperature shift after partial crystallization. As
shown in Fig. S5 [54], the Ce;5Als MG has one single
polymorphic crystalline phase, hcp-CesAl, the composition
of which is the same as the Ce;5Al,s MG matrix. Thus the
unchanged S-relaxation peak for Ce;sAlys composites is due
to the identical composition of the remaining glass matrix
before and after crystallization. It is the unique polymorphic
crystallization characteristic that differs Ce;sAl,s from other
Ce-Al MGs. In the other three Ce-Al MGs, at least two
crystalline phases coexist. Therefore the partial crystallization
will inevitably change the composition of the remaining MG
matrix. Moreover, the shifting directions of the f-relaxation
peak after partial crystallization are directly correlated with
the crystalline phases. Specifically, the formation of cubic-Ce
or hexagonal-Ce in Ce;9Alzy and CegsAlss MGs shifts the
B-relaxation peaks to a lower temperature regime, while the
formation of cubic-Al shifts it to a higher temperature, which
changes the relative Ce/Al ratio in the remaining MG matrix.
Higher content of Ce in the Ce-Al MG seems to account for
the higher temperature S-relaxation peak. Thus the compo-
sitional effect is the main factor in shifting the B-relaxation
peak position in this Ce-Al MG system. Polymorphic crys-
tallization also exists in binary Cos3Zrg; [77], Tig7Niss
[78], Cus3Zrg; [79], and metal-metalloid FegsNijgBos [80]
glasses. Unfortunately, none of them shows a prominent
B-relaxation peak, therefore, Ce;sAl,s MG provides a valu-
able model system to clarify the crystallization effect on S
relaxation.

Furthermore, the still prominent S-relaxation peak in
partially-crystallized Ce75Al,s composites with more than
80% crystallinity probably indicates a different relationship
between B relaxation and crystallization at high temperature
according to the DMS data. If the crystallization nucleation
process initiates at the softest site/region where B relaxation
occurs, the B-relaxation peak should be severely suppressed.
Thus our results may shed new light on our understanding of
the relationship between crystallization and S relaxation. It
should be noted that the results are based on high-temperature
crystallization, i.e., crystallization was achieved by annealing
in the supercooled liquid region at temperatures above 7. This
could be the reason for the contradiction between our results
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and former general viewpoints [4,22,23,30], since crystalliza-
tion in those results was achieved by long-time annealing at
low temperatures below 7.

Kulik [81] has reviewed the effects of annealing condi-
tions on crystallization of MGs, and it was found that two
different annealing protocols are applicable for nanocrystal-
lization: very short-time (flash) annealing at high temperatures
and long-time annealing at low temperatures. The fact that
crystallization could occur well below T, differs MGs from
other amorphous solids (for example, oxide glasses) [82]. To
clarify this difference, we compare the DMS data after high-
temperature and low-temperature crystallization as shown in
Fig. 11. It is surprisingly found that the S-relaxation peak is
almost totally suppressed after being annealed at 373 K for
~1000 minutes, while the primary «-relaxation peak is still
quite intense, indicating the crystal volume fraction is much
lower than being annealed at 443 K for 10 minutes. Hence, the
low-temperature annealing results agree well with the general

102 F

o MG
O 443 K-10 min
O 373 K- 1000 min

10!

E"/ E" 253 K

10° gl

300
Temperature (K)

350 400

FIG. 11. Comparison of crystallization effects on Ce;sAl,s MG
achieved by annealing at high and low temperatures.

viewpoints that 8 relaxation governs the nucleation process
at relatively low temperatures annealing. While in the super-
cooled liquid region, S relaxation may depress rather than
initiate nucleation of crystals [34]. Therefore, above T, crystal
nucleation may occur in the S-relaxation inactive regions.
These results suggest a totally different role of 8 relaxation
in high-temperature and low-temperature crystallization pro-
cesses.

Assuming the existence of small quenched-in clusters with
short-range order close to a crystalline phase, they can serve
as nuclei or sites for heterogeneous nucleation of crystals [81].
In metal-metalloid or transition metal glasses with polymor-
phic crystallization, it was suggested that for crystallization
at low temperatures, particularly at temperatures well below
T,, nucleation occurs heterogeneously and preferentially at
the quenched-in nucleation sites; growth rates are controlled
by diffusivity, which exhibits an Arrhenius-type tempera-
ture dependence. Above Ty, there is strong evidence for a
transient homogeneous nucleation process; growth as well
as nucleation rates can be described by the VFT equation
[82,83].

Thus, combining our results, it is reasonable to infer that
the diffusion-controlled crystallization at temperatures be-
low T, is highly correlated to localized S-relaxation events,
leading to similar Arrhenius behavior. The localized soft
regions should be spatially linked with the quench-in nucle-
ation sites. A reasonable structural model may be that the
“liquidlike” weakly bonded regions are closely surrounded
or connected by “solid” quenched-in nuclei. During low-
temperature annealing, the local atomic rearrangement of Ce
and Al atoms occurs through short-range diffusion in the
“liquidlike” soft regions, assisting the growth of surrounding
quenched-in nuclei. Above T, the atomic transport during
crystallization is controlled by viscous flow, which could ex-
plain the severely suppressed « relaxation in Figs. 7 and 9.
It should be noted that microscopic structural characterization
with high resolution is essential in the future to confirm such a
scenario.
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V. CONCLUSION

In summary, after annealing the as-cast Ce;sAlys MG
ribbons to a well-relaxed ‘“standard” state, we discovered a
prominent S-relaxation peak in DMS data, which was not
reported in the Ce;sAl,s MG before. By systematic studies
of the influences of physical aging and different thermal treat-
ments on S relaxation of the Ce;sAl,s MG and its partially
crystallized glass-crystal composites, it is revealed that the
relaxation is barely affected by physical aging or other thermal
treatment below T, which signifies a pseudo JG rather than a
genuine JG B relaxation in Ce;sAlys MGs, demonstrating the
intrinsic thermal stability of the § relaxation. Meanwhile, the
relaxation times of physical aging below 7, are well described
by MVFT functions, which reveal that aging dynamics at
temperatures below T,, are dominated by « relaxation rather
than B relaxation. Crucially, by leveraging the unique poly-
morphic crystallization of the Ce;sAlys MG, we decouple
compositional from structural effects, proving that the com-
monly observed f-relaxation peak shifts in other systems are
most likely driven by compositional variations rather than
intrinsic structural relaxation. The DMA results of partially-
crystallized Ce;sAlys MG composites annealed above 7, or
below T, confirm that different crystallization processes have
different influences on g relaxation of the MG composites. By
separately clarifying the effects of aging and crystallization
without interference of noticeable compositional variation,

this work helps to resolve long-standing controversies and
establishes a new paradigm for better understanding of the o
and B relaxations in MGs. Our findings thereby clarify the
distinct roles of these relaxation processes in structural and
energy evolution, offering a revised conceptual framework
for exploring the structure-dynamics relationship in glassy
materials.
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