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Positron-annihilation studies of free-volume changes in the bulk metallic glass Zr65Al7.5Ni10Cu17.5
during structural relaxation and at the glass transition
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Volume changes in Zr65Al7.5Ni10Cu17.5 bulk metallic glass have been observed by positron annihilation and
density measurements. Excess volume of the order of 0.1% is quenched in the bulk glass at cooling rates as low
as 1–2 K/s. The isothermal relaxation kinetics below the glass transition temperature obey a Kohlrausch law
with b exponents of>0.3 between 230 and 290 °C. The effective activation energy for relaxation is (1.2
60.2) eV. Stress-strain measurements indicate that structural relaxation is not accompanied by embrittlement.
It is shown that the outer surface plays a crucial role in the annealing of excess volume. Free volume can be
restored by a heat treatment in the undercooled liquid state. The observed free volume changes contrast with
the behavior of perfectly strong glasses. The temperature dependence of the positron lifetime can be explained
by thermal detrapping of the positrons from shallow traps.@S0163-1829~99!14133-X#
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Metallic glasses, also termed amorphous metals, hav
frozen-in liquidlike structure and exhibit a unique combin
tion of properties including high flow stresses and fract
toughness as well as extreme wear and corrosion resista1

Due to the high quenching rates for the production of c
ventional metallic alloys (106 K/s) only thin samples~'50
mm! can be prepared. After the first reports2 Zhang, Inoue,
and Masumoto3 and later Peker and Johnson4 established
bulk metallic glasses, which can be produced using low co
ing rates and which are stable above the caloric glass tra
tion temperature on experimentally accessible time sca
These Zr-based alloys offer a variety of technic
applications,5 and, on the other hand, allow detailed inves
gations of the glass transition and the supercooled liq
state.

As a consequence of the high cooling rates, rapi
quenched~conventional! metallic glasses undergo irrever
ible structural changes during the first annealing after pre
ration. Structural relaxation is accompanied by changes
many properties, e.g., the density increases, and the diffu
ity decreases and many glasses show severe embrittlem
Generally these phenomena are separated into changes
chemical short-range order~CSRO! and changes of the topo
logical short-range order~TSRO!. Whereas the former incor
porate minor changes of the local chemical surroundings
are mostly reversible, the latter involve larger rearran
ments of all atoms and are mainly irreversible. For the n
metallic glasses one might be tempted to expect little str
tural relaxation for bulk samples due to low cooling rat
during preparation. However, significant changes have b
observed for density and for free volume6 in bulk samples of
Zr46.7Ti8.3Cu7.5Ni10Be27.5, which are similar to changes i
conventional rapidly quenched glasses. Furthermore, it
demonstrated that free volume, which anneals out du
structural relaxation,6 can be restored as in conventional m
tallic glasses.7 Since the new metallic glasses are quite sta
PRB 600163-1829/99/60~13!/9212~4!/$15.00
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in the supercooled state they have been used as relat
simple systems to study the glass transition. In particular,
variation of the atomic dynamics at the glass transition, e
atomic vibrations, relaxation,8 and diffusion,9 were mea-
sured. The viscosity shows a marked change of the effec
activation energy at the caloric glass transitionTg.8 The
same holds for the diffusivity in Zr46.7Ti8.3Cu7.5Ni10Be27.5 of
selected elements.9 On the other hand, isotope effect me
surements in the latter alloy indicate that the underlying d
fusion mechanism does not change aroundTg .10

Positron annihilation has proven to be a suitable tool
investigations of open volume in amorphous materials.11–13

In glassy systems, structural relaxation and nonlin
changes of free volume at the glass transition can
detected.6,14 After injection and thermalization positrons i
condensed matter preferentially reside in regions of redu
atomic density and undergo annihilation with electrons. T
positron lifetimet is very sensitive to differences in electro
density. In metallic glasses, only one single lifetime is ge
erally observed and interpreted in terms of trapping of po
trons into the high number of cavities of different sizes
the atomic scale, representing irregular arrays of poten
wells with different binding strength. Around a cavity, th
electron density and especially the core electron density
be reduced, resulting in a prolonged positron lifetime co
pared to the positron lifetime for perfect crystals. Additio
ally, the reduced core electron density causes a defici
annihilations with electrons having large momenta. This
sults in a narrowing of the electron-positron momentum d
sity spectrum, which is actually measured as the Dopp
broadened 511 keV annihilation line~for a detailed
description see, e.g., Ref. 15!. In amorphous metals, the an
nihilation characteristics are regarded as statistically av
aged quantities over the annihilation sites.6,16,17

In this paper we report results from positron annihilati
measurements on free-volume changes during structura
9212 ©1999 The American Physical Society
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PRB 60 9213BRIEF REPORTS
laxation and through the glass transition for the ‘‘Inoue
glass Zr65Al7.5Ni10Cu17.5. Density measurements confirm th
interpretation in terms of volume changes. The tempera
dependence of positron lifetime and Doppler broadening
interpreted in terms of a distribution of shallow traps a
temperature-dependent trapping and detrapping of positr

Rapidly quenched Zr65Al7.5Ni10Cu17.5 glasses of 40mm
thickness were produced by melt spinning~cooling rate
;106 K/s). Bulk samples of amorphous Zr65Al7.5Ni10Cu17.5
were produced as a hollow cylinder~inner diameter, 2.5 mm
outer diameter, 3.5 mm! by slow cooling~100 K/s! and cut
into pieces. Positron lifetime measurements were carried
as described previously.6 Low-temperature measuremen
were performed with the same samples, using a self-m
liquid-nitrogen-cooled sample holder. Part of the measu
ments were carried out in a commercial He cryostat. Exc
for the measurements in the He cryostat, all temperat
dependent lifetime and Doppler experiments were carried
simultaneously on one sample. The positron sources (22Na, 1
MBq! have directly been deposited onto the sample surfa
To ensure complete positron capture, several ribbons w
stacked. After source and background corrections, lifet
spectra containing about 33106 counts were best fitted b
one single lifetime component, hereafter denoted as ave
positron lifetimetav, usingPATFIT88.18 The intensity of the
source term was typically 4%. The error in relative chang
of tav always proved to be,0.5 ps. Doppler-broadenin
spectra were evaluated in terms ofSand theW parameters.15

X-ray measurements after heat treatments showed a
phousness or the degree of crystallinity of the samples.
croprobe analysis was performed to check the homogen
and concentration differences between different batch
Density measurements were carried out after ultraso
cleaning by means of a gravimetrical method using a mo
fied Mettler M3 microbalance. Samples were measured
the as-quenched state and after 1-h heat treatment u
vacuum (1026 mbar) at various temperatures. Error bars
from the usual calculations taking into account variations
sample area and temperature. However, as can be se
Fig. 1~b!, the reproducibility for different samples shows th
these estimations are very conservative.

Mechanical testing was performed by standard stre
strain measurements on 5340-mm2 thin ribbons. Strain at
fracture was calculated by averaging over up to four in
pendent measurements.

As shown in Fig. 1~a!, isochronal annealing up toTg leads
to a decrease intav, measured at room temperature, in
samples. A second annealing run up toTg @dashed line in
Fig. 1~a!# leads to no further decrease in lifetime and de
onstrates the irreversible nature of the changes as well a
excellent reproducibility of the data. This irreversible d
crease in the average positron lifetime upon annealing
well-known phenomenon that can be attributed to annea
of the excess volume quenched in from the liquid state. T
annealing of excess volume is also reflected in the den
measurements revealing an increase in density of about 0
during irreversible structural relaxation and 0.6% upon cr
tallization @Fig. 1~b!#. Similar values have been reported f
conventional melt-spun metallic glasses19 and the Johnson
glass Zr46.7Ti8.3Cu7.5Ni10Be27.5.

6 In the latter alloy, there was
a larger change in lifetime for the splat-cooled sample th
re
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for the bulk sample, which reflects the smaller amount
excess free volume quenched in the bulk sample due to
lower cooling rate. Obviously, this is not the case in t
Inoue glass under investigation. One possible explana
might be that the cooling-rate difference between b
sample (102 K/s) and the ribbon (106 K/s) is much smaller in
the present Inoue alloy compared to the Johnson a
~101 K/s for the bulk and 108 K/s for the splat!. Therefore,
less excess volume could be quenched in the ribbon. In c
trast to most conventional glasses, where drastical embri
ment occurs with increasing degree of relaxation, no cha
in strain at fracture@« f5(3.760.1)%# was observed within
error bars. This is in agreement with the behavior of t
Johnson glass.6

After heating aboveTg and cooling at 1–2 K/s, the aver
age positron lifetime, measured at room temperature, sh
a distinct increase in the bulk Zr65Al7.5Ni10Cu17.5 material,
but not in the ribbon. The increase in the lifetime for the bu
sample shows that the free volume increases upon anne
aboveTg and free volume can be quenched in at least p
tially, even at cooling rates as low as 1–2 K/s. One notes
Fig. 1~a! that the increase in free volume appears to s
somewhat below the Tg values from viscosity
measurements;8 however, these experiments might probe d
ferent time scales compared to the experiments here. A
tionally, it has to be mentioned thatTg as probed, e.g., by
differential scanning calorimetry~DSC! is heating-rate de-

FIG. 1. ~a! Room-temperature average positron lifetime,~b!
relative change of density for cumulative annealing
Zr65Al7.5Ni10Cu17.5 bulk glass at indicated temperatures. Differe
symbols denote different samples. Lines between data points a
guide the eye. Straight lines denote approximate values for the
loric glass transition temperatureTg ~DSC at 2 K/min, Ref. 25! and
the crystallization temperatureTx . Dashed line indicates the pos
tron lifetime for the fully relaxed state, obtained from a seco
annealing run of the bulk sample.
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9214 PRB 60BRIEF REPORTS
pendent, i.e., the transition temperature in the DSC trace
creases with increasing heating rate. However, here isot
mal measurements were performed. This explains why
transition metallic glass→supercooled liquid starts at som
what lower temperature as in the DSC measurements
ferred to in Fig. 1~a!. Judging from well-established empir
cal relations between free volume and diffusivity
viscosity20 the observed increase in free volume aboveTg
implies significant changes in the effective activation en
gies for diffusion and viscosity at the glass transition. This
clearly in contrast with the characteristics of almost perfec
strong glasses like covalently bound amorphous oxides
semiconductors.21 As mentioned above, changes in the effe
tive activation energy at the glass transition have indeed b
reported for viscous flow in the Inoue glass under consid
ation here8 and for some diffusants like Be, B, or Fe in th
Johnson glass Zr46.7Ti8.3Cu7.5Ni10Be27.5.

9 No changes were
found for Al diffusion in the latter system. However,Tg
might be located below the temperature range under con
eration, because Al, as a slow diffusant, probes a differ
time scale compared to Be, B, and Fe.

The comparison of bulk sample and ribbon additiona
shows that the sample geometry, in particular the surfa
plays an important role for the restoration of excess f
volume after annealing aboveTg . In the thin ribbon the ex-
cess free volume generated aboveTg cannot be quenched i
at a cooling rate of 1–2 K/s, whereas quenching is poss
in the bulk sample. Therefore, it is self-evident that exc
free volume annihilates at the surface of the sample and
tributions from annihilation mechanisms, based on the
combination of regions of higher and lower density, the
calledn andp defects22,20 are of minor importance in thes
alloys. This is in accord with our observations in the Johns
glass Zr46.7Ti8.3Cu7.5Ni10Be27.5.

6 The drop intav nearTx in
the Inoue alloy was identified as the onset of crystallizat
by means of x-ray diffraction. The partial crystallizatio
leads to a decrease of lifetime due to the reduced lifetim
the cystalline phase.

Isothermal annealing belowTg revealed the well-known
Kohlrausch behavior,21 F(t)5F0 exp(2@t/t0#

b) for struc-
tural relaxation with the relaxation functionF(t)5t(t)
2t relaxed and F05tas-quenched2t relaxed. ~See Fig. 2.! The
small value ofb for the present glass suggests a broad d

FIG. 2. Normalized changes in average positron lifetime, m
sured at room temperature, during annealing of Zr65Al7.5Ni10Cu17.5

ribbon at 280 °C and 230 °C. The data for 287 °C are not shown
the sake of clarity. Solid lines are fits according to the Kohlrau
law ~see text for details!.
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tribution of activation energies, whereasb51 would reflect
a single activation energy.21 The effective activation energy
Ea for structural relaxation can be estimated from the te
perature dependence of the relaxation time according
t5t0 exp(Ea /kBT). The low value ofEa51.260.2 eV either
suggests that annealing of excess volume requires no l
range mass transport, which involves much higher activa
energies,9 or that mass transport is strongly facilitate
through the presence of the excess volume.

In situ positron lifetime and simultaneous Dopple
broadening experiments have also been performed at di
ent temperatures with different samples using a specially
signed liquid-nitrogen-cooled sample holder. The
simultaneous measurements were carried out to check
differences in the variation oftav and theS parameter vs
temperature. Differences would indicate that changes of
momentum density spectrum are governed by changes in
chemical surrounding of the annihilation site. Otherwise, o
may conclude that free-volume changes play a major r
Furthermore, linearity among theS and W parameters indi-
cates that one single type of defect is detected in
annihilations.16,23

Representative lifetime values are shown in Fig. 3. F
the fully crystallized sample the usual reversible increase
the average lifetime with increasing temperature is observ
which is generally attributed to the reduced average elec
density due to thermal expansion.24 For the amorphous
samples, the behavior is rather complicated. Starting at
temperature, the lifetime first increases up to a maximum
;250 °C and then decreases to a minimum at about 300
This behavior is reversible. The slightly lowertav values for
the relaxed sample are expected because of the anneali
excess volume~see above!.

Similar lifetime experiments have already been perform
above room temperature by Dittmaret al.14 These authors
interpret the reversible change of the lifetime with tempe
ture by thermal detrapping of the positrons from free-volu
traps at elevated temperatures thereby reducing the ave
lifetime. This model can be adapted to explain the pres
data assuming the trapping centers for positrons and t
binding energies are distributed around a mean value.
very low temperatures the positrons annihilate from shall

-

r
h

FIG. 3. Average positron lifetime for Zr65Al7.5Ni10Cu17.5 ribbon
as function of sample temperature for~a! as prepared sample,~b!
structurally relaxed sample,~c! and~d! partially crystallized sample,
~e! fully crystallized sample. Every second data point has be
omitted.
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PRB 60 9215BRIEF REPORTS
traps with a distribution of binding energies. The positro
are not able to find the deepest traps, and the average life
is below its maximum value. With increasing temperature
detrapping of positrons from the shallow traps is possib
which results in an increase in lifetime. With further increa
in temperature also detrapping from deeper traps occurs,
annihilation mainly takes place between the atoms, resul
in a decrease of lifetime. Using the simplifying assumpti

FIG. 4. Simultaneously measured average positron lifetime
S parameter for Zr65Al7.5Ni10Cu17.5 ribbon. Inset:S parameter vsW
parameter from Doppler-broadening experiments~for explanation
see text!.
A

d
n

ns
time
, a
le,
se
and
ing
on

that the lifetime distribution can be represented by an eff
tive value, we have estimated the binding energy of the tr
to be of the order of some tenth of eV.

While the above model nicely explains the observed te
perature dependence of the average positron lifetime,
may also consider an explanation in terms of changes
chemical short-range order. Changes in CSRO are revers
and could lead to different chemical surroundings of the p
itrons and therefore to different lifetimes depending on te
perature. For changes in the chemical environment of
positrons, however, one would expect a different variation
theSparameter compared to the variation oftav. As seen in
Fig. 4, this is not the case, and therefore, changes in CS
obviously do not affect positron annihilation significantl
Additionally, linearity betweenS andW parameters~inset in
Fig. 4!, as found in our experiments, indicates that there
only one type of defect.15 The free-volume distribution is
represented by an effective positron lifetime within expe
mental accuracy.

In conclusion, the present positron annihilation stud
and density measurements in the Inoue glass show that
volume can be quenched in the new bulk metallic glas
even at cooling rates of the order of 1 K/s. Excess volu
starts to anneal out above 150 °C. Structural relaxation is
accompanied by embrittlement. The kinetics depend on
sample size and involve the outer surface. Relaxed free
ume in the bulk glasses can be restored by heat treatm
aboveTg . The temperature dependence of the lifetime e
periments shows an unusual behavior that can be expla
by a temperature-dependent redistribution of the positr
among the trapping centers.
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