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Abstract: The dynamic mechanical behavior of Zrso-xCuz4AgsAlsPdx (x = 0 and 2) bulk
metallic glasses was probed by mechanical spectroscopy. The results suggest that
microalloying retards the relaxation dynamics. The physical aging was analyzed
considering a model based on the variation of the concentration of flow units and the
Kohlrausch-Williams-Watts (KWW) equation. In the current study, the characteristic
parameters of the two models, S and [faging, reflect the faster annihilation of flow units
at higher temperature and the increase of dynamic heterogeneity with temperature,
respectively. The mechanical relaxation spectrum was also analyzed. Based on the
KWW equation and QPD model, replacing Zr with a small amount of Pd can slightly
increase the dynamic inhomogeneity and reduce the defect concentration. The analysis
according to the HN function suggests that the addition of Pd increases the relaxation
time. However, it does not significantly alter the shape of the relaxation time

distribution.

Keywords: Metallic glass; Mechanical relaxation; Structural heterogeneity; Physical
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1. Introduction

Compared with their conventional crystalline counterparts, metallic glasses show
promising mechanical properties such as high specific strength, high fracture toughness
and large elastic deformation capacity!!*. In addition, metallic glasses may show
excellent corrosion resistance!*. The essential properties of metallic glasses are the
exceptional shaping ability in the supercooled liquid region (SLR)! ¢ and the
possibility to apply low-temperature forming!”), the latter process critically dependent
on the structural relaxation (or physical aging) behavior. Many investigations have
demonstrated that metallic glasses are potential engineering materials and functional

materials!® ¥

. The unusual mechanical and rheological properties among metals,
coming from their disordered structure, open many possibilities to use these materials
in new advanced manufacturing processes”’ provided the mechanical relaxation
behavior is known in detail.

As a newcomers to the glass family, metallic glasses present complex mechanical
relaxation processes still not well understood!'”. Previous work revealed that
mechanical relaxation processes are essential to understand the mechanical, physical

and thermal properties of amorphous solids!!!-14l,

The main relaxation process in
glasses is called primary or o relaxation, and it is observed as the temperature is
increased approaching the supercooled liquid region. It is well documented that o
relaxation is a global, structural atomic/molecular reordering process, which is active
above the glass transition phenomenon measured by differential scanning calorimetry
(DSC)!!: 151 Below the glass transition temperature 7Ty, secondary relaxations
(including fast and slow B relaxations) decouple from o relaxation!”- 16 It is believed
that secondary relaxation is closely connected to the structural heterogeneity of metallic
glasses!!”). Notably, the secondary relaxation process is linked to the mechanical

16.18] ' diffusivity!!!! and glass transition behavior!”! of metallic

properties (i.e. plasticity)!
glasses. Intense research about these topics is now undergoing, and many questions are
still under discussion!”> 17> 19211,

Mechanical relaxation behavior is strongly dependent on the chemical composition
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el?2 21 According to

and physical aging below the glass transition temperatur
mechanical spectroscopy, in general, La-based metallic glasses show an intense slow 3
relaxation process displaying a prominent peak in their loss modulus E"?*! Pd-based
metallic glasses exhibit a “shoulder” in E"['*! and Zr-based metallic glasses display the

n[25

so-called “excess wing” in E"[**!, The slow J relaxation is sensitive to physical aging,

and it is suggested that it is associated with the structural heterogeneity, i.e. structural

26] 27, 28]

“defects” such as flowing units?®), quasi-point defects! or soft and hard regions'**-
3%, Through physical aging the concentration of “defects” could be changed®!l. As a
consequence, the intensity of the slow [ relaxation decreases after aging.

In parallel, micro-alloying is an effective way to tune the dynamic relaxation process
and mechanical properties of metallic glasses!*?*%l. For instance, the strength of p-
relaxation in (Cuo.5Zro;s)100-xAlx metallic glass is modified by introducing Al*?! and in
CuseZra7xAl’Dyx metallic glass is decreased with increasing Dy content™],
Microalloying is known to have also an effect on toughness, either negative®*! or
positivel®8l and ductility can also be enhanced!®* **). Micro-alloying has a complex
impact on metallic glasses; therefore, understanding and controlling it is a key factor in
designing and employing new metallic glasses.

In the current research, the dynamic mechanical relaxation behavior of typical Zr-
based metallic glasses was probed by dynamic mechanical analysis (DMA). The effect
of minor addition of Pd on ZrsoCusz4AgsAls metallic glass on the relaxation dynamics
was analyzed in the framework of different models.

2. Experimental procedure

In the current work, ZrsoxCusz4AgsAlsPdx (x =0 and 2) metallic glasses were prepared
in an Ar atmosphere by arc-melting technique. In order to ensure the chemical
uniformity of master alloys, each alloy ingot was re-melted four times at least. Plate
samples with a length of 85 mm, width of 10 mm and thickness of 2 mm were obtained
using copper mold suction casting. The glassy nature of the alloys in as-cast state and

after thermal treatment was verified by X-ray diffraction (XRD, Philips PW3830) at

ambient temperature. The scanning angle in XRD experiment ranges from 20° to 90°.
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The thermal properties of metallic glasses were characterized by differential scanning
calorimetry (DSC, NEZTCH 404 C). DSC tests were performed under a high-purity
dry nitrogen atmosphere at a heating rate of 10 K/min.

The mechanical relaxation behavior of metallic glasses was investigated by dynamic
mechanical analysis using a commercial device (DMA Q800, TA, USA) and an inverted
torsion instrument with a high vacuum environment in INSA Lyon, France”!. Plate
samples were cut into 30 mm (length) X 2 mm (width) X 1 mm (height). The strain
¢ of the samples can be measured under a sinusoidal stress 6 by DMA, where ¢ =
oosin(wt) (w = 2nf, where w 1isthe angular frequency and f is the frequency) and
€ = ggcos(wt + &) (6 is the phase lag). Complex Young modulus, E* = E' + iE",
and shear modulus, G* = G' 4+ G", can be deduced from o/e. Two measurement
modes were used in the current study: (I) Isochronal tests of metallic glasses were
carried out on the DMA Q800 device under single cantilever mode with a constant
heating rate at a given frequency. (II) Isothermal measurements were carried out on the
inverted torsion instrument probing a frequency range from 0.01 to 2 Hz. Isothermal
measurements were performed at intervals of 5 K.

3. Results and discussion
3.1. X-ray diffraction analysis and thermal properties of the metallic glasses

The XRD patterns of ZrsoxCuszaAgsAls Pdx (x = 0 and 2) metallic glasses are shown
in Fig. 1(a); both alloys exhibit typical broad diffraction humps without any crystalline
peak, confirming their amorphous structure. Fig. 1(b) presents the DSC curves of
Zrs0CuszaAgsAls and ZrasCuszaAgsAlsPd2 metallic glasses at a constant heating rate of 10
K/min. The addition of Pd increases the glass transition temperature 7 of the alloy from

670 K to 679 K, as indicated in the figure.
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Fig. 1 (a) XRD patterns of ZrsoCu3sAgsAls and ZrasCuszaAgsAlsPd2 metallic glasses. (b)
DSC curves of the ZrsoCussAgsAls and ZrasCussAgsAlsPd2 metallic glasses at a heating
rate of 10 K/min. The arrows in Fig. 1(b) denote the temperatures of the onset of the

corresponding glass transition 7.

3.2. Mechanical relaxation behavior of metallic glasses
3.2.1. Isochronal analyses

The dynamic mechanical response of the alloys was recorded from ambient
temperature to 823 K to characterize the relaxation processes. The driving frequency

was 1 Hz and the heating rate 3 K/min. Fig. 2(a) shows the normalized storage modulus

5
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E'/E, , the normalized loss modulus E"/E, and the loss factor tand of the
Zra3CuzaAgsAlsPd2 metallic glass. Eu is the unrelaxed modulus at room temperature.
The loss factor, tand = E"/E’, is related to the atomic or molecular mobility of glassy
materials P,

Based on Fig. 2(a), the mechanical relaxation behavior of ZrasCuszaAgsAlsPd2
metallic glass can be divided into three distinct regions: (I) For temperatures below 650
K the storage modulus is high and nearly constant while the loss modulus is very low.
The metallic glass stays in the elastic deformation region. (II) In the temperature range
from 650 K to 770 K, the storage modulus decreases while loss modulus increases. The
loss modulus reaches its maximum around 715 K as a consequence of the a relaxation
process, which is linked to the cooperative movement of the atoms *1. (III) Above 770
K both storage modulus and loss modulus increase with temperature due to the
nucleation and growth of crystalline phases.

Micro-alloying is an effective way to tune mechanical and physical properties in
metallic glassesl*>%]. In the current work, Palladium (Pd) was used to replace Zr in the
model alloy ZrsoCuzsAggAls. According to a previous publication*”! plasticity is
enhanced by replacing Zr with Pd in ZrsoCussAgsAlg metallic glass. Fig. 2(b) shows the
loss factor of both alloys as a function of temperature. The loss factor decreases by the
minor addition of Pd in CuZr-based metallic glass. In addition, the peak of the loss
factor moves to a higher temperature, which agrees with the exothermic peak of the
DSC curve moving to higher temperature in Fig. 1(b). The result is in line with previous
reports that microalloying retards the relaxation process, for instance, the strength of 3-
relaxation was decreased by microalloying in refs.[*> 33, Analogously, atomic mobility
was hindered by introducing Ti in a Zr-based metallic glass, resulting in a decrease of

the loss factor peak*!!.
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Fig. 2 (a) Temperature dependence of the normalized storage modulus E'/E,, the
normalized loss modulus E"/E, and the loss factor tan o for ZrssCussAgsAlsPd2
metallic glass (heating rate: 3 K/min, driving frequency: 1 Hz). E, is the storage
modulus at room temperature. (b) Loss factor tand as a function of temperature in
Zr50CuzsAgsAlg and ZrasCuzsAgsAlsPd2 metallic glasses (heating rate: 3 K/min, driving
frequency: 1 Hz).

The mechanical relaxation behavior is strongly dependent of the driving frequency
of the test. Fig. 3 shows the evolution of the normalized loss modulus E"/E,, with the
temperature of ZrasCusz4AgsAlsPd> metallic glass at different frequencies (1 Hz, 2 Hz, 4
Hz and 8 Hz) with a heating rate of 2 K/min. It can be seen that the peak of a relaxation
shifts to a higher temperature by increasing the driving frequency. The activation energy
E, of a relaxation can be deduced by the Arrhenius equation:

f = foexp(— Eq/kgT) (M

7
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where findicates the driving frequency, fo stands for a pre-exponential factor, ks is the
Boltzmann’s constant, £, is the activation energy of the main relaxation and 7 is the
temperature. The inset of Fig. 3 shows the variation of the logarithm of frequency In(f)
versus the reciprocal of peak temperature 1/7, while the solid line is a least-squares
fitted curve. According to Eq. (1) and the fitted curve in Fig. 3, it can be derived that
Eis equal to 5.855 eV for ZrasCussAgsAlsPdz metallic glass. By the same method, the
activation energy E, of ZrsoCussAgsAls is 5.858 eV. The result is in good agreement
with other CuZr-based metallic glass systems*® *!]. This value of the apparent activation

energy of the a-relaxation in the super-cooled liquid region corresponds to a liquid

- Eq _
fragility of m = FoTInio 43.

0.30
201 E_=5855¢eV
0.25 1.5f
S10

0.20 o5k
= 0.0} R’ =99.996%
Soasp 1.34 135 1.36 137

1000/(T/K)
0.10
Zr, Cu, Ag AlPd, 1-2-4-8 Hz
0.05 Heating rate: 2 K/min

300

Temperature (K)

Fig. 3 Temperature dependence of the normalized loss modulus E"/E, of
Zr43CuszaAgsAlsPd2 metallic glass for different frequencies. The inset shows the
relationship between driving frequency and temperature. The solid line is the least-

squares fitted curve.

3.2.2. Physical aging analysis
Physical aging below the glass transition temperature was carried out for

Zr50CussAgsAlg and ZrasCusaAgsAlsPdz metallic glasses. The aging temperatures were
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selected with a difference of 9 K between the two alloys, the same difference existing
between the two glass transition temperatures. As shown in Fig. 4, XRD patterns of
samples aged below Tg for 18 hours confirm that the amorphous nature of the samples

was not changed.

2 —— Zr 4Cu, Ag,AlPd,
1 —— Zr,Cu AgAl,

Intensity (a.u.)

20 30 40 50 60 70 80 90
20 (degree)
Fig. 4 XRD patterns of ZrasCussAgsAlsPdz and ZrsoCuzsAgsAls metallic glasses after
bein aged at 644.5 K (7o/Tg = 0.962) and 653 K (7+/T¢ = 0.962) during 18 hours.

Fig. 5 shows the evolution of the normalized storage modulus E'/E,, with aging
time of ZrasCuzaAgsAlsPd2 metallic glass at different annealing temperatures (623 K,
633 K, 643 K and 653 K) and a fixed frequency (1 Hz). The evolution of a given
physical/mechanical parameter P (like shear modulus, density, enthalpy or hardness)

Pori, 42

with the aging time can be described in the form of P; = o 1. In the case of the

storage modulus, the equation can be expressed as:

E't) A

oo 2)

Ey 1+c

where 4 is equal to the normalized storage modulus when the aging time approaches

Ta

- +t)ﬁc is related to the concentration of flow
b

infinite. It has been reported that ¢ = (.

units, where 7, 7 and f. are constant at a given temperature*?!. In particular, £ is

related to the velocity of the flow units’ annihilation with aging time. According to Eq.
9
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(2), the sensitive parameter S for ZrasCussAggAlsPd> metallic glass is 0.203, 0.332,
0.385 and 0.468 at annealing temperatures of 623 K, 633 K, 643 K and 653 K,
respectively. Clearly, the £ value increases with annealing temperature, which agrees

with the faster annihilation of flow units expected at the higher temperatures.

1.28 | _
w £.=0.468
0
p.=0385
120 b ©
A £.=0332
§ 112 | 5 B.=0.203
K . m.,,..y/_zezeee{el_l,e{l_4244{{?‘.4{4'4':
1.04
0.96 Zr ;Cu, Ag,AlLPd,
M 1 M [l L [ M L M
0.0 2.0x10* 4.0x10* 6.0x10* 8.0x10" 1.0x10°

Time (s)
Fig. 5 The normalized storage modulus E’/E,, versus aging time at different annealing

temperatures (623 K, 633 K, 643 K and 653 K) in ZrssCuzsAgsAlsPd2 metallic glass

(driving frequency: 1 Hz). The solid lines are the fitted curves using Eq. (2).

Below Tg, metallic glass-forming alloys stay in a non-equilibrium state and physical
aging induces the glassy system to shift towards a more stable configuration''* 4],
Internal friction tand of amorphous solids can be described by a Kohlrausch-Williams-

Watts (KWW) function!'?!:
tan 8 (ty) — tand (t, = 0) = A{1 — exp[—(ty/7)Paging |} 3)
where A =tané (t, = ©) —tand (t, = 0), ta stands for the aging time and Suging 1s

the Kohlrausch exponent. [uging is between 0 to 1, which reflects the shape of the

distribution of timescales underlying the aging process, i.e. the dynamic heterogeneity.
Baging = 1 corresponds to a single Debye relaxation time. Lower Suging reflects a

broader distribution of relaxation times and a greater degree of deviation from the

Debye relaxation, which is related to a higher dynamic heterogeneity 4],
10
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The evolution of the loss factor tand vs aging time at different annealing temperatures
for ZrasCuszaAgsAlsPd2 and ZrsoCuszsAgsAls metallic glasses is illustrated in Fig. 6(a)
and (b). The driving frequency is 1 Hz. By using Eq. (3) to fit the curves in Fig. 6(a)
and (b), the fuging values decrease with the increase of annealing temperature for
Zrs3CuzsAgsAlsPd2 metallic glass, the same trend of fuging occurs when 7T, > 624.5 K
for ZrsoCuszsAgsAls metallic glass. The fuging decrease with the increase of temperature
implies that the dynamic heterogeneity of the metallic glass increases!*’l. The
dependence of fuging vs annealing temperature in different metallic glasses is not clear.
[t is expected to be highly dependent on the initial state of the material before the aging
experiment and not only on the composition. As illustrated in Table. 1, Suging was found
around 0.5 in Refs.[*) and [*7], while it was found to increase with annealing temperature
for ZrsoCu4oAlio and Zrss.sCuis.eNii28Ali03Nbz.g metallic glasses!*® #1. In the study of
Zrs7NbsAlioCuis.4Nii26, [uging increased with annealing temperature for 7o/Tg > 0.942
but did not fluctuate much for Tw/Ty < 0.9420% In the current work, the decrease of
Puging With the increase of annealing temperature accords with the results of
Tis6.2Zr30.3Cus3FesBe21 2 metallic glassP! .

It is worth noting that [uging values for ZrsoCuszaAgsAls are higher than that of
ZrasCuzsAgsAlsPdz at the same 7o/Tg (Ta/Tg >0.932). Fig. 6(c) shows the loss factor
tand of ZrsoCuszsAgsAls and ZrasCussAgsAlsPdz metallic glasses at the same 7u/7g. The
intensity of the loss factor tand of ZrsoCu3zsAgsAls metallic glass is very similar to that
of ZrasCuszsAgsAlsPd> metallic glass, only marginally higher in ZrssCusz4AgsAlsPd: at
To/Tg=0.962. In agreement with the analysis using the KWW equation discussed in the
following section, it seems the dynamic heterogeneity for the as-cast samples is slightly

increased by microalloying.

Chemical composition TJ/K Td/Tg Paging
645 0.935 0.467

Cu46ZrasAl7Dy, 7] 655 0.949 0.455
665 0.964 0.480

11



675 0.978 0.471

600 0.938 0.558

Zr412Ti138Cu12.5Ni1oBe22.s*7! 608 0950 0.557
615 0.961 0.558

625 0.977 0.554

535 0.942 0.533

Tis0Zr25NisCuoBe1s*”] 540 0951 0.527
545 0.960 0.532

550 0.968 0.548

675 0.911 0.484

Zrs6Co28Al161*) 690 0.931 0.482

705 0.951 0.486

473 0.701 0.65

Zrs0CuaoAl1o*! 573 0.849 0.88

673 0.997 0.96

633 0.959 0.792

Zrs85Cu15.6Ni2.8Al103Nb g4 043 0974 0.799
653 0.989 0.890

663 1.00 0.860

498 0.857 0.421

Tiz6.2Zr303Cus sFe4Be2i 211 523 0900 0374
548 0.943 0.361

558 0.960 0.355

615 0.918 0.381

ZrsoCuzaAgsAls 624.5 0.932 0.457
(current work) 634.5 0.947 0.400

644.5 0.962 0.353

623 0.918 0.405

ZrssCussAgsAlsPds 633 0.932 0.365
(current work) 643 0.947 0.304

653 0.962 0.254

As shown in Fig. S, the initial value of the storage modulus is very similar and
independent on temperature. However, E'/E, rises with aging time and the change

rate increases with annealing temperature. From Fig. 5, it is likely that the normalized

12
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storage modulus E'/E, could reach a stable value if aging time is long enough. In
contrast, tand decreases with aging time but increases with annealing temperature as
presented in Fig. 6. Similarly to storage modulus, the loss factor approaches a constant
value for very long aging times.

It is generally accepted that metallic glasses are dynamically heterogeneous,
composed by regionswith different amounts of free volume or, equivalently, hard and
soft regions!®> 331, Free volume can be considered as a kind of “defects”, frozen in the
quenched atomic structure 5% 31, It is conjectured that free volume strongly affects the
performance of metallic glasses [**). Under mechanical probes, softer regions with more
free volume enhance the plasticity of metallic glasses®. According to Ref. B7,
increased structural disorder and lower density correspond to a higher concentration of
free volume and vice versa. Rejuvenation, by means of mechanical treatments or other
methods like neutron irradiation, can create free volume in the structure, while thermal
treatments always reduce free volume 7). The reduction of free volume decreases the
atomic mobility 8] enhances hardness and elastic moduli and induces embrittlement
[54.57. 39 That is, the atomic mobility characterized by tand is reduced by aging, as
shown in Fig. 6. Due to the relatively fast heating applied to reach the isothermal
temperatures of the aging experiments, there is no sufficient structural relaxation during
the heating step °7l. Therefore, the normalized storage modulus before aging has
approximately the same value at different annealing temperatures (Fig. 5). However,
the annihilation of free volume occurs during the structural relaxation process, resulting
in the evolution of soft regions towards lower energy configurations, i.e. soft regions
migrate to hard regions!’), increasing the storage modulus. According to the free volume
theory*?], the free volume available in soft regions is primarily reduced and then
approaches a characteristic concentration at the given annealing temperature, resulting
in constant storage modulus and loss factor. It is observed in Fig. 5 that even at the
highest annealing temperature, the storage modulus is still clearly increasing after more
than 60000 s, indicating that the glass is still far from reaching an equilibrated state. It

is also interesting to note that due to the much faster aging process, the glasses annealed

13



1 at higher temperatures become significantly stiffer than the ones aged at lower
2 temperatures. The free volume content is lower after annealing at higher temperature,

3 which is in agreement with previous works 43571,
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Fig. 6 The loss factor tand versus aging time (a) in Zr4sCussAggAlsPd> metallic glass at

different annealing temperatures (623 K, 633 K, 643 K and 653 K) and (b) in
14
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Zr50CussAgsAls metallic glass at different annealing temperatures (615 K, 624.5 K,
634.5 K and 644.5 K). The driving frequency is 1 Hz. The solid lines are fitted curves
using Eq. (2). (¢c) Shows the difference of the loss factor tand between ZrsoCusz4AgsAls

and ZrssCuszsAgsAlsPd2 metallic glasses.

3.2.3. Frequency spectrum analysis by Kohlrausch-Williams-Watts (KWW)
equation

Isothermal frequency scanning experiments were carried out on ZrsoCuzsAgsAls and
Zrs3CuzsAgsAlsPd2 metallic glasses. Fig. 7(a) and Fig. 7(b) show the evolution of the
normalized storage modulus G'/G, and the normalized loss modulus G"/G, as a
function of frequency for ZrssCuszsAgsAlsPd> metallic glass at different temperatures.
As displayed in Fig. 7(a) and Fig. 7(b), the storage modulus decreases by decreasing
the driving frequency and increasing temperature. The loss modulus shows a peak at
high temperatures, which shifts to lower frequencies as temperature decreases. This
peak of G"/G, corresponds to the a relaxation. According to the time-temperature
superposition (TTS) principle!®”), master curves of storage modulus and loss modulus
of ZrsoCuszsAgsAls and ZrasCuszsAgsAlsPd2 metallic glasses were drawn and are

presented in Fig. 7(c) and Fig. 7(d), respectively.

15
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Fig. 7 Variation of (a) the normalized storage modulus G'/G, and (b) the normalized
loss modulus G"/G, with frequency at different temperatures for ZrasCuzsAgsAlsPd2
metallic glass. The temperature range is 680 K-725 K and the driving frequency is 0.01-
2 Hz. (c) Master curves of the normalized storage modulus of ZrsoCusz4AgsAls and
ZrssCuzsAgsAlsPd> metallic glasses. (d) Master curves of loss modulus of

Zrs0CuszaAgsAls and ZrasCuszaAgsAlsPd2 metallic glasses.

Williams et al.!®!! proposed the use of an empirical dielectric decay function for the

analysis of o relaxation:

n d a t' a
G"(@) = AGgLy,[— 2L

Pa(t 7o) = exp[ — (¢/75)PKWv] 4)
where AG, is the relaxation strength, which is equal to the difference between the
unrelaxed G, modulus and the relaxed modulus G. Li, stands for the Laplace transform,
and 7, is the primary relaxation time. @4 (f, 7¢) is the empirical dielectric decay function
mentioned above.

On this basis, Bergmanl®?! derived the relaxation equation for the glassy material with
16
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only three fitting parameters. As illustrated in Fig. 8(a), the o peak of the normalized
loss modulus G"/G, for ZrasCuzsAgsAlsPd2 metallic glass can be fitted with the

following KWW equation:

6" = Gp/ {1 = Braww + T2 By (wp/@) + (@/wp)xww]}  (5)

1+Bkww

where fxww is the Kohlrausch exponent, which ranges from 0 to 1. Gpand @y are the
normalized loss modulus and frequency at the peak, respectively. According to previous
studies, fxkww describes the dynamic inhomogeneity; the larger fkww the lower the
dynamic inhomogeneity!*!> 4> 31,

As shown in Fig. 8(c), master curves of ZrsoCuzsAgsAls and ZrassCuzsAgsAlsPd2
metallic glasses can be fitted well by Eq. (5). fkww values of the master curves for
Zrs0CuzaAgsAls and ZrasCuzaAgsAlsPd2 metallic glasses are 0.503 and 0.490,
respectively, which indicates a slight increase in dynamic inhomogeneity by replacing
Zr with a small amount of Pd. Master curves are fitted well with Eq. (5) at peaks, while
the experimental data shows a deviation from fitting curves in the form of excess wings.

Fig. 8(a) below and previous studies!® show that the Sxww value rises with the
increase of temperature. However, it is worth noting that in the studied temperature
range Sxkww is quite insensitive to temperature as a master curve with Sxww = 0.5 can be
used to describe all the results. The result is in good agreement with the typical Sxww

value (0.5) obtained in many metallic glasses!® 6],

3.2.4. Frequency spectrum analysis by quasi-point defect (QPD) model
The theory of quasi-point defects (QPD) explains the macroscopic dynamic

(27.28] A physical

mechanical behavior of glass materials from a microscopic perspective
model was established to quantify the defect concentration. Based on the quasi-point
defects theory, G"/G, can be described by the following equation*”!;

G"(iw) = G,/[1 + A(iwt) X + (iwt) 1] (6)
Here A is a numerical factor, 7is the global characteristic time, and y is the correlation

factor. The values of A, 7and y can be obtained by fitting. The correlation factor y is

closely related to the concentration of quasi-point defects, and its value ranges between
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0 and 1. ¢ equal to 0 indicates that the material is a perfect crystal, while yx equal to 1
means that the material is an ideal gas, where the atoms or molecules move
independently of their neighbors. Fig. 8(d) shows the fitting results of the master curves
for ZrsoCuszsAgsAls and ZrasCuszsAgsAlsPd2 metallic glasses by Eq. (6), showing y
values of 0.419 and 0.406, respectively. It is worth noting that y decreases as the content
of Pd increases, indicating that microalloying reduces the defect concentration and
increases the storage modulus (cf. Fig. 7(c)). Fitting results show that the excess wing
is fitted better by Eq. (6) than by Bergman-KWW equation. It has been proposed in Ref.
[68] that the ratio of Sxwwand y is approximately 0.8 for CussZrasAgsAls metallic glass.
For the current work, values of fkwwand y obtained by master curves follow the same
trend, while the ratios of Skwwand y diverge from 0.8 at higher temperatures, giving
ratios of 0.97 at 720 K and 1.05 at 725 K. It may be possible to get a relation between

the ratio of fxwwand y and temperature.
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Fig. 8 The fitting result of (a) Eq. (5) and (b) Eq. (6) for the normalized loss modulus
G"/G, of ZrasCussAgsAlsPd2 metallic glasse. Master curves of ZrsoCusz4AgsAls and
Zra3CuzsAgsAlsPd2 metallic glasses fitted by (¢) Eq. (5) and (d) Eq. (6)
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According to the QPD theory, the loss factor tand of the glass can be expressed as!*®):
In(tané) = —ylnw — y Int,. + InKy — Eg /kgT (7)

where 7 is the characteristic time, Ko is a scaling factor, Es is the activation energy of
B relaxation and ks is the Boltzmann constant. The variation of In(tand) with In(w) at
different temperatures is shown in Fig. 9(a), and Eq. (7) gives a good fit for all data.
Furthermore, tand, which is consistent with viscosity, decreases with the increase of
frequency and the decrease of temperature. Fig. 9(b) presents the correlation between
the values of ¢ obtained by the fit to Eq. (7) and temperature.

It is remarkable in Fig. 9(b) that y is quite constant below 700 K for the
ZrssCuszsAgsAlsPd2 metallic glass; however, y increases almost linearly with
temperature above 700 K. The result is in agreement with reported discussions and the
prediction of QPD theory!*!: 4381 On the basis of the QPD theory, when temperature is
lower than T, the concentration of defects in the metallic glass remains almost constant
and the atomic movement is restricted. When the temperature rises above 7g, more

atoms are activated resulting in an increase in defect concentration.
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Fig. 9 (a) Influence of the driving frequency on the loss factor tand at various
temperatures of ZrssCussAgsAlsPd> metallic glass (the isothermal temperatures range
from 680 to 725 K with an interval of 5 K). Solid lines correspond to the fit to Eq. (7).
(b) The correlation factor x as a function of temperature of the ZrssCuszsAgsAlsPd2
metallic glass.
3.2.5. Frequency spectrum analysis by Havriliak-Negami (HN) function

The validity of the TTS principle demonstrated above by the construction of the
master curves allows us to determine the temperature dependence of the relaxation

times by fitting the frequency response to a Havriliak-Negami (HN) function.
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" (w) = (1+(iwr)f)y

®)

The empirical frequency-domain HN and time-domain KWW functions represent the
same underlying relaxation time spectrum for given values of the & y and Sxww
exponents as detailed in ref.[®). AG is the relaxation strength. As shown in Fig. 10(a),
the experimental data of the isothermal experiments can be well fitted by HN functions
with £=0.8091 and y=0.5105 corresponding to a Skww = 0.5 as already obtained above
from Eq. (5). Fig. 10(b) presents the best fitted results by Eq. (8), which exhibits the
excellent ability to describe the main relaxation. This is in agreement with the results
in many other metallic glass systems!®! and it is a further evidence that most metallic
glasses show a remarkable similarity in terms of the underlying relaxation spectrum of
the o relaxation.

The relaxation times obtained from the HN fitting are shown in Figs. 10(c) and (d).
It is observed that the relaxation time behavior as a function of temperature shows the
change in slope expected in the glass transition region, which is the temperature window
explored by the isothermal measurements analyzed here. It is interesting to note that
the addition of Pd shifts the response of the system towards higher temperatures, but it
does not significantly alter neither the relaxation time distribution shape nor the
apparent activation energies of the o-relaxation both in the liquid and the glass state.
This fact is clearly shown by the superposition of the relaxation times as a function of
T, /T, with T chosen as the temperature at which the HN relaxation time is 100 s.

As presented in Fig. 10(c), the relaxation time falls with the rise of temperature, as
expected due to the faster rearrangement of atoms at higher temperatures. The fragility
parameter m is an important indicator in amorphous materials, which is used to evaluate
the deviation from Arrhenius equation’’!. According to Fig. 10(d), the fragility

parameter of ZrssCuszsAgsAlsPd2 metallic glass is identical to the Pd-free alloy.
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Fig. 10 (a) Isothermal G*(w) measurements and the corresponding HN fitted
functions for ZrasCussAgsAlsPd2 metallic glass. (b) Master curves fitted by HN model
for ZrsoCussAggAls and ZrasCuzsAgsAlsPd2 metallic glasses. (c) HN relaxation times as
function of temperature and (d) as function of T /T for ZrsoCussAgsAls and

ZrasCuzsAgsAlsPd2 metallic glasses.

4. Conclusions

The dynamic mechanical response of ZrsoCussAgsAls and ZrasCuzaAgsAlsPd2
metallic glasses was analyzed in the temperature range of the glass transition
temperature. The microalloying effect due to the replacement of 2% of Zr by Pd
substantially affects the atomic mobility. Both the glass transition temperature and the
mechanical response are affected, in a consistent way.

Quantification of the different glass dynamics was performed by analyzing the

POO
aging through the formula P, = —, and the relaxation spectrum using the KWW
1+c

P oo
equation, the QPD theory and the HN model. P, = T is efficient to describe the aging
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process and parameter 4 reflects the velocity of the flow units’ annihilation with aging
time. The KWW is a widely used fitting model that can fit proper the annealing and
primary relaxation kinetics. The QPD model properly fits the primary relaxation and
allows us to determine the defect concentration evolution with temperature. The effect
of Pd on the relaxation time is analyzed by the HN model. The combined study of the
glass dynamics with the KWW and QPD models allowed us to get an insight on the
origin of dynamic inhomogeneity.

The S value increases with the rise of temperature, which is in agreement with
more intense rearrangement in atoms and molecules. The validity of the time
temperature superposition in the studied temperature range is confirmed, and master
curves were computed for both alloys. The master curve of the loss modulus of the Pd-
containing alloy shifts to lower frequencies, coherently with the increase of the glass
transition temperature.

Both the KWW model and the QPD model describe properly the effect of
temperature in the dynamics of the glass along the glass transition. The correlation
factor yrelated to the concentration of quasi-point defects shows a nearly constant value
in the glass. Above the glass transition, the fkww exponent slightly increases with
temperature, denoting a small decrease of the dynamic heterogeneity, while the
correlation factor x which describes the concentration of quasi-point defects increases
as the glass evolves towards the liquid state. According to the analysis of the HN model,
the relaxation time distribution shape and the apparent activation energies of the a-
relaxation are not significantly altered by the addition of Pd both in the liquid and the
glass state. The time-temperature superposition principle allows us to determine the
characteristic relaxation times of both glasses, which confirm the shifting of the
dynamics of the glass towards higher temperatures by the minor replacement of Zr by
Pd.

Summarizing, this work shows how the atomic dynamics and thermal properties
of metallic glasses can be tailored through microalloying by fully characterizing the

effect of Pd addition in a ZrsoCu3sAgsAls metallic glass.
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