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Thermal effects and evolution of the defect concentration based on
shear modulus relaxation data in a Zr-based metallic glass™
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A relationship between thermal effects and relaxation of the high-frequency shear modulus upon heat treatment of
bulk Zr43(Cus s Agy /6)44Alg metallic glass is found. This relationship is attributed to the relaxation of a interstitial-type
defect system frozen-in from the melt upon glass production. Calorimetric data show that thermal effects occurring on
heating include heat release below the glass transition temperature, heat absorption above it and heat release caused by
crystallization. The equation derived within the Interstitialcy theory can be used to calculate the shear modulus relaxation
using the calorimetric data. The obtained results are used to trace the defect concentration as functions of temperature and

thermal prehistory.
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1. Introduction

Elastic moduli, which essentially reflect interatomic
forces, constitute key physical parameters of metallic glass. In
particular, an important but still unresolved problem is why the
shear modulus G and Young’s modulus E of metallic glasses
are reduced by about 20% to 40% as compared with the ma-
ternal crystalline state.[!! It is believed that this phenomenon
is related to the structural heterogeneity or internal defects of
metallic glasses./?! In fact, the microstructural heterogeneity
of metallic glass has been extensively investigated in recent
years. 3! It should be emphasized that the shear modulus is
tightly related to the structural origin of plastic deformation
and glass transition in metallic glasses.[®8] In recent years,
many investigations were focused on correlations among the
shear modulus, glass forming ability, glass transition and me-
chanical properties of metallic glasses. !>

On the other hand, the shear modulus is an important
physical parameter of the Interstitialcy theory (IT) proposed

10.121 The theory is based on an experimental ob-

by Granato.|
servation that interstitial defects produced by soft neutron irra-
diation at 7 = 4 K result in a sharp decrease of the shear mod-
ulus of single crystalline Cu.['3] The extrapolation of these ex-
perimental data shows that the shear modulus should drop to
nearly zero if the concentration of interstitial defects can reach
2% to 3%. Meanwhile, it is known that a vanishing shear mod-

ulus is a signature of liquids.!'3! Although interstitial defects

DOI: 10.1088/1674-1056/ab969¢c

in crystalline materials can be understood as two atoms trying
to occupy the same lattice position, these defects do not have
such a clear geometric structure in amorphous materials. How-
ever, it is still considered that the interstitial defects in glass
retain their basic characteristics in the crystalline state, such
as high sensitivity to the external shear stress, specific low-
frequency vibration modes and high vibrational entropy.!'%13]
These defects remain identifiable structural units in the melt
becoming frozen in solid glass upon melt quenching. Di-
verse relaxation phenomena occurring upon structural relax-
ation and crystallization in metallic glasses can be quanti-
tatively attributed to thermoactivated changes of the defect
concentration.!'%!7] Tt is important, therefore, to trace how this
quantity changes due to different heat treatment procedures.

Within the framework of the Interstitialcy theory, the
shear modulus of a metallic glass is determined by the shear
modulus u of maternal crystal (i.e., the one used for glass pro-
duction) and the defect concentration c,[!!

G:‘U.exp(—OCﬁC)7 (1)

where f3 is a dimensionless shear susceptibility (usually 15—
25 in metallic glasses) and a dimensionless parameter o ~ 1
is related to the defect strain field.!!! A decrease or increase
of the defect concentration (depending on temperature and/or
thermal prehistory) results in the corresponding relatively big
(due to the big ) changes of the shear modulus. Therefore, it
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is possible to probe interstitial-type defects in metallic glasses
with the help of the shear modulus study. Combined with an-
other key equation of the IT, H = oG, which states that the
defect formation enthalpy H is proportional to the shear modu-
lus, where Q is the volume per atom, this approach leads to an
expression for the heat flow caused by a change of the defect

concentration, i.e.,

_ T [Gdu dG
- Bp [u dT dT}’ @

where p is the density, which is assumed to be constant upon
heating, 7 is the heating rate.l'®!®] According to Eq. (2), the
heat flow is determined by temperature derivatives of the shear
modulus of glass and maternal crystal. Using this equation, the
heat release and heat absorption of metallic glass during struc-
tural relaxation and crystallization can be calculated.[!8-2!]
The purpose of the this work is to reconstruct the temperature
dependence of the shear modulus from differential scanning
calorimetry (DSC) measurements using the IT as a theoretical
background and discuss the evolution of interstitial-type de-
fect system assumed to be responsible for the heat effects and

shear elasticity.

2. Experimental procedure

In the present study, model glassy Zr4g(Cus /s Ag; /6)44A18
(at.%) prepared by melt suction technique was selected for the
investigation. The glassy nature of samples was confirmed
by x-ray diffraction (XRD, Rigaku D/max 2500 X). Thermal
properties were determined by differential scanning calorime-
try (Hitachi DSC 7020) carried out in flowing high purity Nj
at a heating rate of 3 K/min.
Electromagnetic  acoustic  transformation (EMAT)
method was used for the high-frequency f (=600-700 kHz)
shear modulus measurements of 5 mmx5 mmx2 mm sam-
ples. In this method, transverse vibration of a sample is ex-
cited as a result of the Lorentz interaction of external magnetic

e.[22] The relative

field and surface current of a metallic sampl
error in frequency measurements was estimated to be about
100 ppm near the glass transition temperature 7; and by an
order of magnitude smaller well below T.!!" The shear mod-
ulus was calculated by G(T) = G f?(T)/f2, where f; and
Gy ~ 33.8 GPal?! are the transverse vibration frequency and
shear modulus at room temperature, respectively. Density
change due to structural relaxation and crystallization (= 1%
at most) is not considered when calculating the shear modulus
in this way. The heating rate of shear modulus measurements

is the same as that of the DSC measurements, 3 K/min.

3. Results and discussion
3.1. Reconstruction of shear modulus based on DSC data

Integrating Eq. (2) from room temperature 7 to a tem-

perature T, the shear modulus G(7T') can be expressed as!!#!
G T
6(r) = Su(r)— BB [Mw(ryar, o)
Hit T Jry

where the shear moduli of glass Gy and crystal y, at room
temperature as well as the heat flow W (T') can be obtained via
EMAT and DSC measurements, respectively. This equation
can be used to calculate temperature dependence of the shear
modulus in the initial and relaxed states and the results can be
then compared with the experimental data.

Figure 1 shows the results of DSC measurements. Runs
1, 2, and 3 are the DSC curves in the initial state, relaxed state
(obtained by heating up to 715 K, deep in the supercooled
liquid state), and crystalline state (produced by heating up to
870 K), respectively. Glass transition temperature 7y = 692 K
is defined in the inset of Fig. 1. The heat flows of initial (red
squares) and relaxed (blue triangles) samples were calculated
by Wini = Wiunt — Wiun3 and Wrep = Wiun2 — Wiun3, respectively.
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Fig. 1. The heat flows for the initial and relaxed samples after the sub-
traction of the heat flow for the fully crystallized state (labelled (differ-
ence between runs 1 and 3) and (difference between runs 2 and 3), re-
spectively). The inset shows DSC curves of the Zryg(Cus /6781 /6)a4Alg
bulk metallic glass in the initial state (run 1), relaxed state obtained by
preheating up to 715 K (run 2) and after the full crystallization (run 3).

Figure 2 gives temperature dependences of the shear
modulus of glassy Zrag(Cus/sAg /6)4aAlg in the initial (red
squares) and relaxed (blue triangles) states. In the initial state
(run 1), the shear modulus decreases almost linearly up to a
temperature of about to 500 K due to the anharmonicity. Upon
continued heating, a linear shear modulus decrease is superim-
posed by its slight increase (over the dotted line) due to struc-
tural relaxation in the range 500 K < 7' < 690 K. Above the
glass transition temperature T, the shear modulus starts to de-
crease sharply. In the relaxed state (run 2), relaxation-induced
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shear modulus increase occurring during run 1 disappears. It
is worth mentioning that the shear modulus curves in the ini-
tial and relaxed states (run 1 and run 2) merge at T > T,. In
the crystalline state (run 3), the shear modulus p decreases
linearly with temperature without distinct features. In general,
the shear modulus behavior described above is similar to the

results obtained on other metallic glasses.>+2%]
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Fig. 2.  Temperature dependence of the shear modulus of

Zry3(Cus s Agy /6)44A13 bulk metallic glass in the initial, relaxed and
crystalline states measured at a heating rate of 3 K/min. The black
solid and dashed curves are calculated using Eq. (3), in good agree-
ment with the experimental data.

Figure 2 also gives the calculated temperature depen-
dences of the shear modulus in the initial and relaxed states
using Eq. (3) (black solid and black dashed curves, respec-
tively). Room-temperature shear moduli used in the calcula-
tion for the initial, relaxed, and crystalline states were accepted
(according to the corresponding resonant frequency changes)
to be 33.80 GPa, 35.59 GPa, and 47.38 GPa, respectively. The
shear susceptibility and the density (considered constant) were
taken to be 19 and 7.1 g/cm?, respectively.!?*! It is seen that the
experimental results are in good accordance with the predic-
tion of the IT given by Eq. (3). In particular, the calculation re-
produces (i) structural relaxation-induced increase of the shear
modulus in the initial state below 7, which disappears after re-
laxation is completed (run 2), (ii) rapid decrease of the shear
modulus above T in the supercooled liquid state, and (iii) fast
G-increase upon continued heating due to the crystallization.
These facts provide the evidence that the origin of shear mod-
ulus changes are related to the modification of the interstitial-
type defect structure as sketched above.

3.2. Evolution of the defect concentration derived from
temperature dependence of the shear modulus

The agreement between the experimental and calculated
shear modulus data shown in Fig. 2 implies that the IT can be
used for further data analysis. With the basic Eq. (1) of the IT,
one can relate changes of the shear modulus with the defect

concentration. First, taking the logarithm and calculating the

derivative over the temperature, one arrives at
de_ d 1 @)
dr dT G

This equation shows that the derivative in the right indicates

the way of the defect structure changing: if this derivative is

negative then the defect concentration will decrease and vice

versa. This prediction can be verified using the experimental

shear modulus data shown in Fig. 2.

Figure 3 gives the temperature dependence of the deriva-
tive dIn(/G)/dT for the initial state (red squares) and re-
laxed state (blue triangles). It is seen that this derivative
is close to zero in the initial state at temperatures ranging
from room temperature to 500 K, indicating almost constant
defect concentration (see below). At intermediate tempera-
tures (500 K to 690 K), a negative value of the derivative
dIn(u/G)/dT in the initial state corresponds to a reduction in
the defect concentration due to structural relaxation. A small
part of the elastic energy stored by interstitial-type defects is
released as heat during this process. In the supercooled liquid
region, the defect concentration increases rapidly.

In the relaxed state, the right-hand side of Eq. (4) is al-
ways positive (see Fig. 3) and increases with temperatures
above 580 K, indicating a rise of the defect concentration.
It is worth noting that the derivatives dIn(u/G)/dT for ini-
tial and relaxed states are almost zero at temperature below
500 K. This leads to a conclusion that temperature coefficients
of shear moduli for the glassy state in the absence of structural
relaxation and crystalline state are equal, in line with earlier

observations.[!”]
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Fig. 3. Temperature dependence of the derivative dIn(u/G)/dT for
the initial (red squares) and relaxed states (blue triangles). Positive and
negative values of this derivative correspond to an increase and decrease
of the defect concentration, respectively, as implied by Eq. (4). This is
directly seen when compared with the inset, which shows temperature
dependences of the defect concentration in the initial and relaxed states
calculated using Eq. (5), see the text for more details.

Equation (1) can also be rewritten as

1 u
= —In—. 5
= 25" )
This equation can be used for a direct calculation of the defect

concentration, as shown in the inset of Fig. 3. It is seen that the
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defect concentration in the initial state remains at an almost
constant value of 1.8% at temperatures ranging from room
temperature to 500 K. At intermediate temperatures (500 K to
690 K), the defect concentration decreases due to structural re-
laxation, which is accompanied by the heat release (see Fig. 1).
Above Ty, the defect concentration increases rapidly with tem-
perature because of the approaching to the metastable equilib-
rium state. It can be noted that the defect concentration in the
relaxed state at room temperature is by about 0.3% smaller as
compared with the initial state. It is this defect concentration
decrease that is accompanied by the exothermal reaction. The
origin of this heat release can be ascribed to the dissipation
of the elastic energy related to the defects. It is also worth
mentioning that a decrease of the defect concentration in the
relaxed state due to structural relaxation below Ty is absent, as
one would naturally expect. Thus, measurements of the shear
modulus provide an effective tool for the monitoring of the
defect concentration.

4. Conclusion

In this work, we show that temperature dependence of the
shear modulus of Zrs3(Cus /s Ag; /6)44Alg metallic glass can be
quantitatively predicted by using calorimetric data. This fact
provides the evidence that the origin of structural relaxation
can be related to a thermoactivated change of the concentra-
tion of interstitial-type defects assumed to be responsible for
the relationship between the shear modulus and heat effects.
Upon heating the initial glass, the defect concentration first
decreases due to structural relaxation below 7,, which is ac-
companied by the heat release. This effect disappears in the
relaxed state obtained by heating into the supercooled liquid
state. Upon approaching T, the defect concentration start to
rapidly increase both in the initial and relaxed state leading
to the heat absorption. Heat release is determined by the re-
lease of the total formation enthalpy of the defects disappeared
upon structural relaxation below 7. Heat absorption near and

above T, corresponds to the absorption of the total formation
enthalpy of defects generated at these temperatures. All these
physical processes are reflected in the changes of the shear
modulus of glass. The latter constitutes a major thermody-
namic parameter of metallic glass structure.
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