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Abstract

The frequency (f) dependence, E(&yo, f), and the strain amplitude (&) dependence, E(g, fo),
of the dynamic Young’s modulus in a-CuseTisp (MMG), a-ZrsoCusp (MMG) and
a-ZrssCuzpAlgNis (BMG) were investigated at room temperature by means of the vibrating
reed method in the frequency range between 10* Hz and 10* Hz, where g0~107, f;~10% Hz
and MMG and BMG are abbreviations of marginal and bulk metallic glasses, respectively.
The effect of passing direct-current (PEC) on E(&o, fo) was also investigate. The strong
decrease in E(sp, f) between 10" Hz and 10* Hz, the strong increase in E(s, fo) with increasing
& below 0.2% and the net increase in E(sy, fo) under PEC with the current density of 10 A/m?
were commonly found, indicating that the resonant collective motions of many atoms were
excited in metallic glasses. For a-ZrsoCusp and a-ZrssCuspAligNis, the effective charge, Z*, for
the effects of PEC was found to be 10° and showed decrease with increasing f. The
magnitudes of all the changes were similar among the metallic glasses, indicating that the
correlation between the collective motions and the free volume contained in metallic glasses
is not too strong. The underlying mechanism was discussed.
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1. Introduction

Finding of acceleration of thermal crystallization in metallic glasses by an electric current
[1,2] was the beginning of observation for various phenomena associated with collective
motions of many atoms in metallic glasses. The reported characteristic phenomena are an
increase in the dynamic Young’s modulus at low-temperatures [3] and a decrease in the
crystallization temperature, Ty, by 10 to 20 K at elevated temperatures [4] by passing an
electric direct-current (PEC) of 10’ A/m? the homogeneous deformation [5] and the
crystallization [6] at low temperatures induced by resonant electropulsing and the decrease in
the dynamic Young’s modulus in the frequency range between 10* Hz and 10* Hz [7]. The
number of atoms in a collective motion responsible for such phenomena was estimated to the
order of 10* atoms [3,4] which was attributed to the density and/or the chemical fluctuations
existing in metallic glasses [8-10]. Recently, it was reported for several bulk metallic glasses
(BMG) that ultrasound induced the rapid crystallization around the glass transition
temperature, T4, Where enhancement of atomic diffusion by the stochastic resonance was
claimed to take place [11-13]. The underlying mechanisms for these characteristic phenomena
are not known yet, where one of the reasons is a lack of the experimental knowledge
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concerned. In the present work, focused is the dynamic Young’s modulus in BMG and that in
marginal metallic glasses (MMG), where the knowledge on the relationship between the free
volume and the dynamic Young’s modulus can be expected because the free volume contained
is considerably smaller in BMG than in MMG.

2. Experimental

Amorphous (a-) ribbon specimens of a-ZrssCuzpAligNis (BMG), a-ZrsoCuso (MMG) and
a-CusoTiso (MMG) were prepared by the melt spinning method in a high-purity Ar gas
atmosphere. Four side surfaces of a ribbon specimen were mechanically polished into the
rectangular shape and the thickness and width of the polished specimens were about 20 um
and 0.7 mm respectively. The static Young’s modulus, Es, were measured by quasi-static
tensile tests in the strain range below about 0.3 %, where specimens showed the linear elastic
behavior. The dynamic Young’s modulus, E(&,f), was measured as a function of the strain
amplitude, &, and the frequency, f, by means of the vibrating reed methods described in [7].
E(s0,f) was measured as a function of the specimen length at &o of 10° and E(&,fy) was
measured as a function of the vibrating amplitude at f, of ~100 Hz, respectively. A change in
E(sw0,fo) under PEC was measured as a function of the current density ig at &o of 10° and fo
between ~10 and 1000 Hz, where the measurement setup was similar to that reported in [14].

3. Results

Figs. 1(a) to 1(c) show the Young’s modulus data observed for a-ZrssCuspAloNis. For the
quasi static tensile test (Fig. 1(a)), the linear elasticity was observed for & below 0.5 %, where
Es of 97.5 GPa was determined as the mean value of four as prepared specimens. As seen in
Fig. 1(b), E(so, f) observed between 10 Hz and 10°® Hz are considerably lower than Es
showing local minima, where the outline of E(&, f) is similar among the specimens but the
amount of decrease in E(&o, f) measured referred to Es was variable among specimens. In Fig.
1(c), E(&w, f) and Es observed for the specimens annealed at 570 K, 700 K and 850 K for 0.5 h
are shown. In the X-ray diffraction (XRD) measurements (not shown here), no crystallization
was detected after annealing at 570 K and 700 K but the fractional volume of about 70 % was
crystallized after annealing at 850 K, respectively. Es showed an increase with increasing
annealing temperature. Referring to Es, the E(&o, f) data observed after annealing at 570 K and
700 K were similar to those found for the as prepared specimens. In contrast, the E(&p, f) data
observed after annealing at 850 K fell near Es, indicating that the decrease in E(so, f) is
characteristic of metallic glasses. Figs. 2(a) and (b) show the E(&o, f) data observed for
a-ZrspCusp and a-CusoTisp, respectively. Both the E(go, f) data are similar to those for
a—Zr55Cu30AI10Ni5 shown in Flg l(b)

Fig. 3 shows examples for the (f/fo)? vs. & data observed for a-ZrssCuspAlyoNis, a-ZrsoCuso
and a-CusgTiso, Where E(&, fo)/E(sw, fo) ~ (f/fo)°. With increasing &, (f/fo)? showed an increase
followed by saturation. The out line of the (f/fy)® vs. & data observed for a-ZrssCuspAlyoNis,
a-ZrsoCusg and a-CusgTisp were very similar to that already reported [15] except that the
amounts of the increases in (f/fo)° observed in the present a-ZrsoCuso and a-CusgTiso
specimens were about 60 % of those in the a-Zrs,Cusp and a-CusTisg Specimens used in [15].
A change in E(&o,fo) under PEC with ig ~ 10’ A/m? was measured in a He gas atmosphere of
about 0.1 atm in order to minimize an increase in the specimen temperature due to joule
heating [14]. Fig. 4 shows an example of a change in the temperature along the specimen long
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axis, ATy, observed during resonant vibrations of a reed specimen of a-Zrs,Cuso under PEC.
The observed ATy vs. distance, X, data reflect the experimental setup that the specimen was
clamped at x=0 and thermally anchored at the specimen top of x=L by a thin copper lead
ribbon. The dashed line denotes the relative change in strain, &/&, estimated from the
vibration shape [16]. Fig. 5(a) shows the observed change in f as a function of iy and the
estimated change in f due to joule heating which was evaluated from using the ATy data, &/&
and the temperature change in f measured separately without PEC. The intrinsic change in f,
Afpec, due to PEC was determined as shown in Fig. 5(a). Fig. 5(b) shows Afpec/fp as a function
of ig and the Af/fy vs. & deduced from the (f/fg)® vs. & data shown in Fig. 3. They were
compared by assuming the scaling relationship, & = « ig, between iy and & with a proportional
constant, . The scaling assumed that the electromigration force acting to an atom was the
same to the elastic force acting to an atom under stress, giving the relationship,

Z*=a S E/epr, (@H)

where Z*, S, e and pr denote the effective charge number, a dimensional cross-section of an
atom, the elementary charge and the specific resistivity of the a-alloy, respectively (see
[14,17] for details). Figs. 6(a) and (b) show the Z* vs. f data found for a-ZrsoCusy together
with that reported [17] and for a-ZrssCuspAlioNis, respectively. For both a-Zrs,Cusy and
a-ZrssCuspAlioNis, Z* was in the order of 10° in the frequency range between 50 Hz and 1000
Hz and showed a decrease with increasing f.

4, Discussion

Fig. 7 shows the schematic drawing for the strain and frequency dependence of the
Young’s modulus of metallic glasses reported in [7,14], where Es,. E(&o, f) and E(&, fo) are
depicted by the line AB, the curve ACD and the curve CE, respectively. Computer simulation
works on metallic glass [18,19] have shown that the amorphous structure is composed of the
relatively lower dense region (RLDR) and the relatively higher dense region (RHDR). It is
suggested that the reversible shear deformation of small deformable units in the RLDR is
responsible for the much lower E; in the amorphous state compared with that in the crystalline
state [19]. For a-ZrssCuspAlioNis, the constituent anelastic strain, &, in & for the quasi static
tensile tests was estimated as about 0.25 in the ratio &/& from the Eg data shown in Fig. 1(c).
For the decreased E(so, f) observed between 10 Hz and 10® Hz shown in Fig. 1(b), &/
estimated was about 0.4, indicating a strong increase in &. In order to explain such strong
increase in &, the resonant collective motion of the RHDR embedded in the RLDR will be
discussed below.

For the forced vibration of resonant systems with the mass, m, the dependence of the
displacement amplitude, xo, on the angular frequency, @, can be given by

xo* = (Fo/m)?/[(&” — &®)? + oy’ tan?g), (2)

where Fo is the strength of a periodic applied force, ax is the resonant angular frequency
and ¢ is the loss angle [16]. Then, we assume that &,, is explained by,

&= pll(e” - o) + o tan’ @], (3)

and E(&p, f) is given by,



E(ao, f) = Es[a/(20+ &)], (4)

where & is the elastic strain and £ is a proportional constant. For the resonant collective
motion of RHDR, tan¢g may be considerably large because the RHDR is embedded in the
RLDR. For such case, the dependence of & on @ is not strongly modified by a change in
tang. Dashed curves shown in Figs. 1(b), 2(a) and 2(b) were the theoretical values of E(&o,
f) fitted to the observed data, where tan?¢ was assumed to be 0.5 and the @ data used were
those found in the electropulsing-induced crystallization on a-CusTise [6] and a-ZrsoCusg
and a-ZrssCuzpAligNis (not shown here). For a-CusgTisg shown in Fig. 2(b), the theoretical
values of E(&o, f) explained well the observed data. For a-ZrsoCuse and a-ZrssCuzpAlyoNis,
although the «r data are limited at present, but the theoretical values of E(&yo, f) appeared to
explain well the observed data too.

For E(&, fo) shown in Fig. 3 and the curve CE in Fig. 7, the saturation in the reversible
shear deformation of small deformable units [20] can be explained them. Then, one may
expect the similar change in E(so, fo) at &o.0f 10° when the concentration of the
electromigration force takes place through a collective motion of many atoms. The net
increase in E(&o, fo) under PEC as seen in Fig. 5(a) is indicative of the concentration of the
electromigration force, where Z* is indicative of the number of atoms associated with the
collective motion. As shown in Figs. 6(a) and 6(b), for both a-ZrsoCusp and a-ZrssCuzoAlyoNis,
Z* was in the order of 10° and showed a decrease with increasing f. It is noted that the present
value of Z* is larger by four to five digits than the electromigration charge number of a single
atom in a concentrated alloy [21]. The decrease in Z* with increasing f may indicates that the
number of atoms in the RHDR associated with the resonant collective motions decrease with
increasing resonant frequency.

It is known that the free volume existing in BMG is considerably smaller than that in
MMG. It is not for the free volume but the crystallization volume reported is 0.8 % for
a-CusoTisp [22], 2.1 % for a-ZrsoCusp [23] and 0.4 % for a-ZrssCuspAligNis [24], respectively.
On the other hand, the magnitudes of various anelastic responses for E(&y, f) and E(g, fo) were
very similar among these metallic glasses, indicating that the correlation between the present
characteristic anelastic phenomena and the free volume in metallic glasses is not too strong.
Further speculation is premature at present, however, the present work demonstrated
characteristics of collective motions of many atoms in metallic glasses.

5. Conclusion

The elastic properties associated with the collective motion of many atoms in a-CusgTisg
(MMG), a-ZrsoCusp (MMG) and a-ZrssCuszpAligNis (BMG) were investigated. The
magnitudes of the anelastic responses for E(&o, f) and E(&, fo) and the effective charge number
Z* for the effect of PEC on E(&y, fo) were found to be similar among these metallic glasses
indicating that the correlation between the present characteristic anelastic phenomena and the
free volume in metallic glasses is not too strong. The decrease in Z* with increasing f was
found, indicating that the number of atoms in the RHDR associated with the resonant
collective motions decrease with increasing resonant frequency. The underlying mechanism
was discussed in the light of excitation of the resonant collective motions in metallic glasses.
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Fig. 1.

The Young’s modulus data observed for a-ZrssCuszAloNis. (a) An example of the
quasi static tensile test for an as prepared specimen, where the dashed line denotes
the linear elasticity with Es of 97.5 GPa which was the mean value of four
specimens (not shown here). (b) Examples of E(&o, f) observed with &0=10° for
three as-prepared specimens (symbols). The dash and dotted line denotes E
mentioned above and two dashed lines denote the range in which the Es data were
found. (c) Similar to (b) but here shown are the E(&o, f) data (@) and Es observed
for the specimen after annealing at 570 K for 0.5 h, the E(&qo, f) data (A) and Es
observed for the two specimens after annealing at 700 K for 0.5 h and the E(&p, f)
data (m) and Es observed for the specimen after annealing at 850 K for 0.5 h. See
text for the dashed curve 1 in (b).
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Fig. 2.

Similar to Fig. 1(b) but here the E(&o, f) data observed for (a) three as prepared
specimens of a-ZrsoCusg and (b) three as prepared specimens of a-CusgTisg. See
text for the dashed curve 2 and 3.
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Examples for the (f/fo)® vs. & data observed for a-ZrssCusoAl1oNis,
a-ZrsoCusp and a-Cusg Tiso.
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An example of a change in the temperature along the specimen long
axis, ATy, during PEC with i;=3.0x10” A/m? observed for an
a-ZrsoCusg specimen (O). The dashed line denotes the relative
change in strain, &/, estimated from the vibration shape [16].



Fig. 5.

An example of a change in E(&o,fo) under PEC observed for
a-ZrsoCuso. (a) The f vs. ig data (O) and the change in f due to the
joule heating (the dashed curve), where the net effect of PEC on f,
Afpec, was determined as shown in the figure. (b) The Afpgc /fo vs. ig
data (O) was compared with the f/fy vs. & data shown in Fig. 3 (the
solid curve) after scaling them. See text for details.
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The Z* vs. f data found for (a) a-Zrs,Cusg (O) together with that
reported (A) [17] and (b) a-ZrssCuzoAl1oNis (C1). Dashed curves are

drawn to guide eyes.
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The schematic drawing for the strain and frequency dependence of
the Young’s modulus of metallic glasses [7,14].
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