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Structural relaxation by isothermal annealing below the glass transition temperature is conducted on
a Zres13Cuy575Nij0.12Alp bulk metallic glass. The effect of structural relaxation on thermal and
mechanical properties was investigated by differential scanning calorimetry and instrumented
nanoindentation. The recovery of the enthalpy in the DSC curves indicates that thermally unstable
defects were annihilated through structural relaxation. During nanoindentation, the structural
relaxation did not have a significant influence on the serrated plastic flow behavior. However,
Structural relaxation shows an obvious effect in increasing both the hardness and elastic modulus,
which is attributed to the annihilation of thermally unstable defects that resulted from the relaxation.
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1. Introduction

Bulk metallic glasses (BMGs) have attractive mechanical properties such as outstanding
strength, elastic strain, and elastic energy storage, but their low ductility at room
temperature severely hindered them as structural materials[1]. Consequently, much
attention has currently been paid to understanding the deformation mechanism and
finding ways to improve the plasticity of BMGs [2-8].

It is well known that material behaviors, especially mechanical properties, are
controlled by defects. The concept of defects in metallic glasses appears in the
application of the free-volume theory to the mechanism of plastic flow [9, 10]. A defect
is defined as a site at which the free volume exceeds a critical value, which is on the
order of an atomic volume. Metallic glass can lie in different energy levels depending on
the number of structural defects frozen in the sample during quenching. When annealed
at a temperature that is high enough to allow some atomic motion but still sufficiently
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low to avoid rapid crystallization, they relax to a series of states with continuously lower
free energy. This phenomenon is known as structural relaxation, a process which is
generally believed to be mainly characterized by annihilation of excess free volume or
structural defects [11]. Early work on metallic glass films and BMGs has shown that most
metallic glasses exhibit a marked loss in ductility upon annealing below the glass
transition temperature [12-14]. Furthermore, to examine the effect of excess free volume
and relaxation state on the plastic deformation behavior of metallic glasses is of interest,
as this could provide insight on the correlation between defects (or free volume) with the
plastic deformation mechanics in metallic glasses. Recently, some work has been done to
study the plastic flow behavior of metallic glasses with different free volume
concentration, utilized by controlling the quenching rates or by annealing below glass
transition temperature (7,). The serrated flow behavior is found be sensitive to the free
volume concentration, i.e. more free volume promote conspicuous serration with large
pop-in size [15, 16]. In contrast, there are also experimental results exhibiting that the
change of free volume does not exert a distinct influence on plastic flow behavior [17,
18]. Thus, it is evident that more work should be done for further understanding the effect
of free volume (or atomic scaled defects) on the plastic flow behavior in BMGs. In this
work, Zres.13Cuy575Nijg.12Al1 BMG [3], one of the most ductile BMGs up to now, is used
to obtain different relaxation states by annealing at sub-T, for various durations. The free
volume effect on mechanical properties and serrated flow during plastic deformation is
studied by nanoindentation.

2. Experimental Procedures

The alloy used in the present study is the Zrgg3Cu;s75Nijg12Al ;0 BMG that possesses
excellent plasticity and a wide supercooled liquid region [3]. Cylindrical rods of
Zrg4.13Cuy5.75Nijg 12Al ) BMG in 3mm diameter were prepared by arc-melting a mixture of
elements with purities higher than 99.9% followed by suction-casting. The isothermal
annealing treatment was performed at 590K, which is lower than T,(645K). The as-cast
and the relaxed specimens were determined to be amorphous based on X-ray diffraction.
Differential-scanning calorimetry (DSC, NETZSCH DSC-404C) was used to characterize
the thermal properties of the BMGs.

The specimens for nanoindentation measurements were mechanically polished to a
mirror finish and tested in an MTS Nano Indenter XP fitted with a Berkovich indenter.
Indentations were all performed to a depth limit of 1000nm with a load holding segment
of 10s in at the maximum depth. The loading processes of indentation were carried out
under a load control mode at loading rates of 0.075mN/s, 0.2mN/s, 0.5mN/s and 1mN/s,
respectively. The thermal drift of the instrument was maintained below 0.05nm/s. The
deformation morphology around the indents after nanoindentation was checked by
scanning electron microscopy (SEM) and atomic force microscopy (AFM).

3. Results and Discussion

DSC thermograms of the as-cast and relaxed samples annealed for 1, 6 and 24 h,
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respectively, are shown in Fig. 1. All samples exhibit very similar values of T, the onset
temperature of crystallization (7), and the width of supercooled liquid region (4T ), as
list in Table 1. It can be also seen in Fig. 1 that an endothermic overshoot in the vicinity
of glass transition, which stands for the enthalpy recovery during heating, can be clearly
observed in the annealed samples. The enthalpy recovery peak was found to increase in
magnitude with annealing time as indicated in the inset of figure 1. The amount of the
recovered enthalpy 4H is determined from the area between the curve of the relaxed
sample and the as-cast sample. The recovered enthalpy supposed to be proportional to the
change in the average free volume during structural relaxation [19,20]

v, /v, = CAH M

Where Cis a constant, U, 1is the atomic volu*me. Only the local free volume of an atom
becomes larger than some critical value, U , can the atom escape from its nearest
neighbor cage and contribute to the plastic deformation flow behavior, i.e. it becomes
part of a defect [10]. The defect concentration can be calculated from the statistical
distribution of the free volume among all the atoms and expressed as

cp, =exp(—v, /") &)

Where ¥ is a geometrical factor on the order of unity. From eqgs. (1) and (2), it can be
recognized that thermally unstable defects which are annihilated during sub-T, annealing
is proportional to the enthalpy recovery variation 4H. Accordingly, the as-cast sample has
a maximum value of defect concentration frozen from quenching, and the defect
concentration decrease continuously with increasing annealing time.

Table 1. Thermal and mechanical properties of the as-cast and relaxed
Zrg4.13Cu15.75Ni10.12Al10 BMGs.

BMGs T,(K) AT.(K) AH(l/g) H(GPa) E(GPa)
As-cast 647 99 - 5.95+0.10 94.20+1.85
lh 650 95 6.60 6.18£0.07 99.3242.35

6h 650 94 7.45 6.19+0.02  101.86+0.63
24h 650 93 8.37 6.21+0.07  102.40+0.76
24h
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Fig. 1. The DSC curves of as-cast sample and pre-annealed samples for different times of
Zr64.13Cuy575Nij0.12Al 10 BMG. Insets are enlarged DSC curves around the glass transition region.
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To examine the effect of thermally unstable defects on mechanical properties and
plastic deformation behavior of the Zrgy 3Cu;s75Nijg12Aly BMGs, instrumental
nanoindentation measurements were carried out on the as-cast and relaxed samples. The
hardness and elastic modulus obtained from the P-h curves of nanoindentations at
loading rate 0.02mN/s are listed in Table 1. These properties show a close relationship
with thermally unstable defects. The as-cast sample, in which the largest amount of
unstable defects are preserved, has the smallest hardness of 5.95GPa and modulus of
94.20GPa, respectively. The hardness and modulus increase with increasing annealing
time. For the 24-hour annealed sample, in which the thermally unstable defects have been
annihilated almost thoroughly, has maximum hardness and modules 6.21GPa and
102.40GPa respectively.

The serrated flow phenomenon can clearly be observed during the loading process of
nanoindentation for all alloys, and they become less obvious with increasing loading rates.
Typical load-depth (P-h) curves of the as-cast and relaxed samples (annealed for 1, 6 and
24 hours, respectively) results at loading rate of 0.2mN/s are shown in Fig. 2(a).. To
clearly characterize the serration feature in the load-depth curves, the load plotted as a
function of the depth at various loading rates was simulated as an exponential function

Py=Kn" 3)
where K and m are constant. The function
AP=P,,-Py; “)

describes the range of serrations, where P,,,is the experimental value. Fig. 2(b) shows
AP-h curves for the four samples during nanoindentation at loading rate of 0.2mN/s.
These curves highlight the serration behavior observed in the load-depth curves. It can be
seen that the as-cast and relaxed samples exhibit quite similar serrated flow features,
without obvious change of number and size of pop-ins. Serrations displayed in the P-h
curves during nanoindentation are related to the formation and operation of individual
shear bands [21-23]. The obvious serrations in the P-h curves of the samples at all
relaxation states (Fig. 2) indicate that the plastic deformation of the as-cast and relaxed
samples is highly inhomogeneous. These prove that the serrated flow feature in present
Zr64.13Cuy575Ni19.12Al;0 BMG is insensitive to defect concentration. In other words, the
isothermal structural relaxation for up to 24 h at about 55 K lower than 7,, does not
significantly affect the serrated flow behavior of this alloy.

To further understand the deformation dependence on thermally unstable defects, the
surface morphologies of indents during nanoindentation were all examined by SEM and
AFM. Typical AFM topography of the the as-cast and annealed alloys are shown in Fig. 3.
There are obvious pile-ups containing shear bands around the indents in both as-cast and
annealed 24-hour samples. The number of shear bands and the height of the pile-up
around are similar in both alloys, though the relaxed alloy possesses a much lower
concentration of thermal unstable defects than that of the as-cast alloy.
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Fig. 2. Typical load-depth (P-h) curves (a) and AP-h curves (b) of the as-cast and relaxed samples during
nanoindention at loading rates of 0.2mN/s.
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Fig. 3. AFM images and corresponding height profiles of the indents at loading rate 0.2mN/s after
nanoindentation: (a) (b)as-cast sample, (c)(d) relaxed sample annealed at 590K for 24h.

4. Conclusion

The effect of structural relaxation on deformation behavior of Zrgs ;3Cu;575Nijg 12Al
BMGs was studied by DSC and nanoindentation. The results demonstrated that thermally
unstable defects can be annihilated by structure relaxation, as indicated by enthalpy
recovery in the DSC curves. But this annihilation did not cause noticeable change of
serrated plastic flow in the P-4 curves and morphologies of indents, though hardness and
elastic modulus are sensitive to this annihilation of thermally unstable defects.
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