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Abstract

The correlation between structural disorder and relaxation behavior in metallic
glasses (MGs) plays a key role in governing their glass transition and viscoelastic
response. In this work, differential scanning calorimetry and dynamic mechanical
analysis were employed to systematically investigate the thermodynamic and relaxation
behaviors of PdsoNis P20 and PdoPt20Cu0Ni2oP20 MGs. The temperature dependent
evolutions of the excess entropy, complex modulus, and relaxation modulus analyzed
over a wide temperature range. A dimensionless disorder parameter ¢ was introduced,
and its correlation with relaxation kinetics was demonstrated. The results show that,
compared with PdsoNigoP20 MG, Pd20Pt20Cu20Ni20P20 MG exhibits higher structural
disorder and more active relaxation kinetics. This study contributes to understanding
the relationship between structural disorder and relaxation behavior in MGs and their

connection to compositional design.

Keywords: metallic glass, relaxation, modulus, excess entropy, disorder
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1. Introduction

Amorphous materials, due to their intrinsic structural disorder, exhibit complex
relaxation behavior. ['3! However, this inherent disorder hinders the establishment of
universal thermodynamic—kinetic correlations, thereby posing a fundamental challenge
for understanding and designing amorphous solids. In amorphous systems, continuous
structural relaxation toward thermodynamic equilibrium results in pronounced time
dependent evolution of physical properties, while the underlying complex dynamics
play a critical role in governing their macroscopic responses. [“° Metallic glasses
(MGs), whose atomic configurations can be approximated as densely packed random
hard spheres, are widely regarded as ideal model systems for investigating the
relationship between thermodynamics and kinetics in amorphous solids. [7-"!

Among the various physical properties of MGs, the modulus is an important
parameter closely associated with glass transition, structural relaxation, and
crystallization behaviors. %!l Previous studies have shown that both relaxation and
crystallization are typically accompanied by pronounced thermal events, together with
variations in the modulus. '3 Meanwhile, the excess entropy AS, defined as the
entropy difference between the glassy and crystalline states, serves as a quantitative
measure of structural disorder. ['*16] Previous study has shown that AS is closely
related to dynamic processes in amorphous solids. 17! Establishing a direct relationship
between modulus relaxation kinetics and AS, which characterizes the configurational
state of the system, represents a fundamental scientific challenge. Addressing this issue
is crucial for elucidating the evolution of the energy landscape and the kinetic stability
of amorphous systems.

Although relaxation behavior in MGs has been extensively studied, a quantitative
correlation between thermodynamic properties and relaxation dynamics remains
insufficiently established. '®!° Moreover, identifying an appropriate thermodynamic
parameter to characterize relaxation behavior is still an open question. In this work,
Pd4oNisoP20 and Pd2oPt20Cu20Ni20P20 MGs were selected as model systems due to their
excellent thermal stability. The temperature dependent AS was determined by
differential scanning calorimetry, while modulus relaxation behaviors were
systematically characterized using dynamic mechanical analysis. A notable correlation
is observed between the change rate of modulus evolution and the variation in AS.

Based on this relationship, a dimensionless parameter ¢ derived from AS is
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introduced Y, providing a metric for the modulus relaxation kinetics. Near the glass
transition temperature (T, ), a larger value of ¢ corresponds to more pronounced
modulus decay and faster relaxation kinetics. These findings contribute to the
understanding of the relationship between thermodynamics and kinetics in amorphous

solids.

2. Experimental procedure

The PdsoNigoP20 and PdaoPt20Cu20Ni2oP20 alloys were prepared via the B2O3
fluxing method, followed by melt spinning under an argon atmosphere to produce
amorphous ribbons. 2!l The thermal properties of the PdsoNiswP2 and
Pd2oPt20Cu20Ni20P20 MGs were characterized using a differential scanning calorimeter
(DSC, Hitachi 7020) under a high-purity nitrogen atmosphere at a heating rate of
5K/min. The excess entropy AS was determined from the DSC thermograms
measured at 5 K/min for glassy samples. AS was evaluated by integrating the

difference in heat flow between the glassy and crystalline states according to the

following relation: AS = % fTT"AWT(T)dT, where T is the heating rate, T, is the

temperature of the complete crystallization, and AW = Wy — W,, represents the
heat flow difference between the glassy state (W,;) and the crystalline state (W,.). [15.22]

Dynamic relaxation measurements of the Pd4oNisoP20 and Pd2oPt2oCu20Ni20P20
MGs were carried out using a dynamic mechanical analyzer (TA Instruments 850) in
tensile film mode. Under a sinusoidal stress o(t) = odysin(2mnft), the corresponding
strain response can be written as &(t) = ¢ysin(2nft — ), where f denotes the
frequency and @ represents the phase lag between stress and strain. The complex
modulus is expressedas E* =o/e = E'+ i(E",where E' isthe storage modulus,
E"" is the loss modulus. The dynamic relaxation tests were conducted at a frequency of
0.3 Hz with a heating rate of 5 K/min. Isothermal stress relaxation tests were carried
out at a constant strain of 0.3% for 1800 s. To reduce the effect of thermal expansion
associated with conventional non-isothermal measurements, a multi-step stress
relaxation protocol was adopted. In this protocol, stress relaxation tests were performed
over a temperature range of 0.55T; to 1.03T, with a step size of 0.017;. At each
temperature, a constant strain €. of 0.3% was applied, and the corresponding modulus
response was recorded for 10 s. Therefore, the relaxation modulus G at each

temperature is calculated as G = a(t = 10 s)/e.. To facilitate readability, the key

4



133  parameters frequently used in this work, along with their descriptions, are summarized

134  in Table 1.

135  Table 1 Descriptions of the key parameters used in this work.

Parameter Description

AS
Tg
ASy,

ASmax

El
EII

E'"max

AG

G(0)
o)
Trww

ﬁ kww

Excess entropy
Glass transition temperature
The excess entropy at T

The maximum value of AS

Dimensionless parameter, ¢ = (AS;ax — ASTg) /R

Gas constant

Storage modulus

Loss modulus

The maximum value of E”

Complex modulus, E* = E' + iE"

The magnitude of complex modulus, E = |E”|

The magnitude of complex modulus at initial temperature

Relaxation depth of E, AE = 1 — E/E, ata certain temperature
The constant strain 0.3% set in the stress relaxation (SR) experiment
Relaxation modulus, G = o /¢.. For multi-step SR, ¢ = a(t = 10 s)/
g at each temperature; For isothermal 1800 s SR, G = g/¢. at each
time

G at initial temperature. Gy = o(t = 10 s)/e. at initial temperature
Relaxation depth of G. For multi-step SR, AG = 1 — G/Go ata
certain temperature

For isothermal 1800 s SR, G(0) isthe G at initial time

SR strength, for isothermal 1800 s SR, § =1 — G/G(0) at 1800 s
Characteristic relaxation time

Shape parameter

136

137 3. Results and discussion

138 As shown in Fig. 1(a)—(b), the glass transition temperature T, of Pd4oNisoP20 and

139  Pd2oPt20Cu20NizoP20 MGs, measured at a constant heating rate of 5 K/min, are
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determined to be 576 K and 570 K, respectively. Fig. 1(c)—(d) present the temperature
dependence of AS for both MGs, with the room temperature value subtracted to
highlight the evolution trend. Taking Pd2oPt20Cu20Ni2oP20 MG as a representative
example, the evolution of AS can be divided into three distinct regimes corresponding
to different states of the structure. In the low-temperature regime, AS remains nearly
constant with a slight increase, indicating a frozen glassy state with highly restricted
atomic mobility and negligible entropy change. In the intermediate regime below T,
AS increases gradually, reflecting the onset of localized atomic rearrangements
associated with P relaxation and short-range structural adjustments involving limited
cooperative motion. 231 Above Ty, AS rises rapidly to a maximum (ASy,,x) and then
decreases with further heating. This behavior corresponds to o relaxation, where the
system enters the supercooled liquid state and long-range cooperative motion markedly
enhances structural disorder. [?*2”) With continued heating, crystallization occurs,

driving the system toward an ordered structure and reducing AS.
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Fig. 1. Heat flow AW curves of (a) Pd4oNisoP20 and (b) Pd2oPt20Cu20Niz20P20 MGs;
excess entropy AS curves of (¢) Pd4oNisoP20 and (d) Pd20Pt20Cu20Ni20P20 MGs.

Fig. 2 presents the temperature dependent evolution of the normalized complex
modulus (E/E,, where E = |E*|) and normalized relaxation modulus (G /G,), together

with their corresponding rate of change curves, for Pd4oNisoP20 and Pd20Pt20Cu20Ni20P20

6
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MGs. E, and G, denote the magnitude of complex modulus and relaxation modulus
at the initial temperature, respectively. For PdoPt20Cu20Ni2oP20 MG, E/E, remains
close to 1 from room temperature to approximately 500 K, indicating a thermally stable
glassy state with negligible structural evolution. In the temperature range of 500 K to
Ty, E/E, decreases progressively, reflecting gradual structural softening. Above Ty,
a sharp drop is observed, corresponding to the transition into the supercooled liquid
state dominated by long-range cooperative atomic motion. In contrast, G /G, exhibits
higher sensitivity to temperature, beginning to decrease noticeably at a lower
temperature range of 450 - 550 K and decaying rapidly above 550 K. The negative of
the derivative of modulus with respect to temperature shows the rate of change of the
modulus and can further elucidate the underlying kinetics. These derivatives were
calculated directly from the raw experimental data without smoothing. The change rate
of complex modulus —d(E/E;)/dT remains near zero below 450 K, then shows a
shoulder around 520 K, indicating the activation of B relaxation associated with
localized rearrangements and confined cooperative flow units. 28 It reaches a
maximum near 594 K, corresponding to o relaxation and macroscopic flow. In
comparison, the change rate of relaxation modulus —d(G/G,)/dT exhibits an earlier
response, with a shoulder peak signature emerging in the 475 K. Moreover,
supplementary normalized loss modulus E” /E''max curves are presented in Fig. SI.
The results show that the shoulder features in —d(G/G,)/dT, —d(E/E,)/dT, and the
E"/E"max appear within the same temperature range, further validating that the
shoulder-shaped peaks in —d(G/G,)/dT and —d(E/E;)/dT correspond to P
relaxation. Compared with Pd20Pt20Cu20N120P20 MG, Pd4oNisoP20 MG exhibits a weaker
and higher temperature shifted p relaxation feature, which can be attributed to its more
positive chemical affinity and consequently weaker atomic interactions, leading to
higher energy barriers for local rearrangements and slower relaxation dynamics,

consistent with trends observed in loss modulus behavior. %]
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Fig. 2. Temperature dependence of the quantities E/E,, G/G,, —d(G/G,)/dT, and
—d(E/E,)/dT for (a, b) Pd4oNisoP20 and (c, d) Pd20Pt20Cu20Ni20P20 MGs.

To clarify the correlation between kinetic relaxation and thermodynamic evolution,
Fig. 3 presents a comparative analysis of the temperature dependent variations in
—d(E/Ey)/dT, —d(G/Gy)/dT, and AS for Pd4oNisoP2 and PdoPt20Cu20Niz2oP20
MGs. Both MGs show a similar evolution across the three quantities, exhibiting a
shoulder-shaped feature in the  relaxation regime and a sharp increase above T. Clear
temperature offsets are also observed among the three responses. Stress relaxation can
be regarded as a lower frequency of dynamic mechanical analysis. [**) Consequently,
the response of —d(G/G,)/dT appears at the lower temperature, whereas —d(E/
Ey)/dT evolves at relatively higher temperatures. To further quantify this correlation,
the normalized variations of these quantities are presented in Fig. S2. The results
indicate a similar temperature evolution for the three quantities. The correlation among
these quantities suggests a possible common physical origin governed by the transition
from localized rearrangements to long-range cooperative motion. This suggests a

coupling between thermodynamic state variables and relaxation kinetics in MGs.
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Fig. 3. Temperature dependence of the quantities —d(E/E,)/dT, —d(G/G,)/dT, and

AS for (a) Pd4oNisoP20 and (b) Pd20Pt20Cu20Ni20P20 MGs.

The glass transition is a fundamental process in which amorphous materials
transform from a metastable solid to a liquid-like state, influencing microstructural
evolution, thermal stability, and mechanical behavior. P22l To quantify the link

between structural disorder and kinetic response, two parameters are introduced, ASTg,
the excess entropy at T, and ASy,,, the excess entropy at the end of the supercooled
liquid region, representing the maximum structural disorder of the system. A
dimensionless disorder parameter is defined as & = (ASpax — ASTg) /R, where R is

the gas constant. *°! Details of the DSC baseline correction and the protocol used to
determine AS are given in our previous work. !4 In this study, the estimated
uncertainties are around 7 % for ASTg and 1 % for AS,,.x; accordingly, the uncertainty

in & is governed by that of ASTg. For kinetic characterization, the relaxation depths of

the complex modulus and relaxation modulus are defined as AE =

AG =

1 — E/E, and
1 — G/Go, evaluated over 0.9T;—T, (Figs. 4(a)—~(b)). Both AE and AG
increase monotonically with temperature, indicating enhanced atomic mobility and
progressive activation of flow units. Notably, Pd2oPt20Cu20Ni20P20 MG exhibits higher
AE and AG than PdsoNisoP20 MG, consistent with its larger ¢ value (Fig. 4(c)). This
correspondence indicates that a higher degree of structural disorder leads to a stronger

kinetic relaxation response.
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Fig. 4. Temperature dependence of (a) AE and (b) AG for PdsoNisP20 and
Pd20Pt20Cu20Ni20P20 MGs; (c) the structural disorder parameter ¢ for Pd4oNisoP20 and
Pd20Pt20Cu20Ni20P20 MGs.

To further support the conclusions, isothermal stress relaxation experiments were
conducted at 0.9T; and 0.95T;, under a constant strain of 0.3% for 1800 s. As
illustrated in Figs. 5(a)—(b), the normalized stress relaxation curves G/G(0) of
Pd4oNisoP20 and Pd20Pt20Cu20Ni20P20 MGs are compared, where G(0) is the initial
relaxation modulus. The results demonstrate that the relaxation curves of
Pd20Pt20Cu20Ni20P20 MG consistently lie below those of the PdsoNisoP20 MG, reflecting
a more pronounced modulus decay and faster relaxation process. Stress relaxation
strength § is defined as 1 — G/G(0) at 1800 s. The stress relaxation process can be
described by the Kohlrausch-Williams-Watts (KWW) equation: G/G(0) =
exp[—(t/Trww)Pkww]. 3] Where Ty, represents the characteristic relaxation time
and fSrww 1S shape parameter. A larger Lyww value corresponds to a narrower
relaxation time distribution; When fSy.w = 1, the relaxation time distribution behaves
Debye relaxation. According to Figs. 5(a)-(b), the KWW equation can describe the
stress relaxation curve well for both MGs. Notably, compared to PdsoNisoP20 MG,
Pd20Pt20Cu20Ni20P20 MG exhibits a smaller Syw, suggesting a broader distribution of

relaxation times. As shown in Figs. 5(c)—(d), Pd20Pt20Cu20Ni20P20 MG exhibits a larger

10
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6 and a smaller Ty, than Pd4oNisP20 MG. These trends are consistent with the

structural disorder parameter ¢, indicating its correlation with relaxation behavior.
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Fig. 5. (a, b) Stress relaxation behavior of Pd4oNi4oP20 and Pd2oPt20Cu20Ni20P20 MGs at
0.9T, and 0.95T, respectively; (c, d) stress relaxation strength 6 and characteristic
relaxation time Ty at 0.9T; and 0.95T; for PdsoNisoP20 and Pd2oPt20Cu20NizoP20
MGs.

The correlation between the structural disorder parameter ¢ and relaxation
kinetics established in this work is closely related to the Adam—Gibbs (AG) theory. The
AG theory posits that the structural relaxation time is governed by the configurational
entropy, linking the kinetic nature of the glass transition to thermodynamic state
variables. %33 In this study, the dimensionless parameter ¢ is derived from the excess
entropy and quantifies the structural disorder of the system. As shown in Figs. 4 and 5,
a larger & corresponds to a more pronounced modulus decay and faster relaxation
kinetics. This trend is consistent with the thermodynamic description of the AG theory,
wherein a higher degree of structural disorder is associated with enhanced atomic
mobility, thereby accelerating relaxation. While classical AG analysis primarily
focuses on the temperature dependence of viscosity, the parameter ¢ introduced here

offers a complementary perspective linking excess entropy and modulus relaxation.
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The dimensionless parameter ¢ employed in this work was originally proposed
and validated in our recent study on six MGs, where a correlation with non-isothermal
torsional stress relaxation was established. *°! Building on this foundation, the present
study further verifies the correlation between ¢ and two additional mechanical
indicators, specifically the relaxation modulus and the complex modulus. The
experimental results confirm that ¢ remains closely correlated with both the relaxation
modulus and the complex modulus under tensile mode, further verifying the generality

of & across different testing modes.

4. Conclusion

This study systematically investigates the thermodynamic and kinetic behaviors
of Pd4oNisoP20 and Pd2oPt20Cu20Ni20P20 MGs, revealing the modulus relaxation-excess
entropy correlation. The results demonstrate that AS, —d(E/E,)/dT and —d(G/
Gy)/dT exhibit pronounced synergistic evolution. Compared with Pd4oNisoP20 MG,
Pd20Pt20Cu20Ni20P20 MG exhibits higher structural disorder and correspondingly faster
relaxation kinetics. These findings contribute to understanding the relationship between
structural disorder and relaxation kinetics in MGs. Building on the current study, future
work incorporating a broader range of MGs and extensive repeat experiments will be
important to further quantify these correlations and explore the underlying mechanisms

in greater depth.
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