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Free-volume changes in the bulk metallic glass Zg ;Tig sCu; Ni;jBey7 5
and the undercooled liquid
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Volume changes in Zg;TigsCu, sNi;Bey; s bulk metallic glass have been observed by positron-
annihilation and density measurements. Excess volume of the order of 1% is quenched in the bulk glass at
cooling rates as low as 1-2 K/s. The isothermal relaxation kinetics obey a Kohlrausch lay @sffonents
of ~0.3 between 180 and 230 °C. The effective activation energy(s/ eV. Structural relaxation is not
accompanied by severe embrittlement. The outer surface is shown to play a crucial role in annealing of excess
volume. Relaxed excess volume is restored completely after heat treatment in the undercooled liquid state. The
observed free-volume changes contrast with the behavior of perfectly strong gl&€:8653-182008)09017-1

Metallic glasses essentially exhibit a frozen-in liquidlike matter preferentially reside in regions of reduced atomic den-
structure that gives rise to a unique combination of propertiesity and undergo annihilation with electrons. The positron
including high flow stress and fracture toughness as well alifetime 7 is very sensitive to differences in electron density.
extreme wear and corrosion resistahégsually, the produc- In metallic glasses one single lifetime is generally observed
tion of metallic amorphous alloys requires rapid quenchingand interpreted in terms of complete trapping of positrons
at~10P K/s. Hence, it is not possible to obtain bulk samples.into the high number of cavities of different size on the
Recently, Zhang, Inoue, and Masunfotand Peker and atomic scale, representing irregular arrays of potential wells

Johnson introduced Zr-based bulk metallic glasses offeringWith different binding strength. The annihilation characteris-

a variety of new applications. Results on other bulk-glasslics are regarded as statistically averaged quantities over the

forming alloys have been reported earfiérAs a conse- annihilation sites*~'8 The positron lifetime is thus a mea-
quence of the high cooling rates, rapidly quenched conver£ur® Of the mean local free volume, whereas changes in the
hemical short-range order are not expected to have a major

tional metallic glasses are prone to irreversible structura _ . . -
9 P 14-18 as confirmed in this paper.

relaxation that affects almost all properties and particularlynﬂgzgic;’y quenched Zg -Tig <Cuy eNijoBeyr < glasses of 50
may lead to severe embrittlemént. Irreversible structural 77 850 S S 1072215

relaxation is related to annealing of excess voltinteln gm;h'cggri%ﬁ’ev‘s’eﬁgmdnﬂ:fd t(’j)ll ;rgzg?ueor}cmz%gilﬁgts
addition, chemical short-range ordering that requires only IOZr46_7Ti8_3Cu7_5Ni1OBe27_5 were produced by slow cooling
cal rearrgngemgntooizatoms occurs mainly prior to eXCesg| 2 K/g and cut into 60Qum disks. Commercial melt-spun
volume ehm_mgtlorf. ~““The new slowly cooled bulk glasses amorphous FgSisBe,s (Goodfellow ribbon of 20um thick-
are nota priori expected to exhibit a significant amount of ness was used. Positron lifetime measurements were carried
excess volume. Moreover, unlike conventional amorphougut by means of a conventional fast timing coincidence setup
alloys they are stable enough in the undercooled quuid%tatq;onsisting of ORTEC components and HAMAMATSU pho-
to allow one to study changes in free volume concomitantomultiplier tubes(FWHM is 230 p3. Isochronal(15 min)
with the glass transition. From the practical point of view theand isothermal annealings were performed under high
question arises whether free volume can be restored in bulkacuum (10" mbay in a water-cooled sample holder allow-
glasses by annealing abo¥g and slow cooling. ing heating and cooling rates of 1-2 K/s. Lifetime spectra
In this paper we report results from positron annihilationwere measured at room temperature using positron sources
measurements on free-volume changes during structural r¢2’Na, 1 MBq directly deposited onto the sample surface.
laxation and through the glass transition for the “Johnson”For complete positron capture, several ribbons and splat-
glass Zgg 7Tig :Cu; Ni oBey; 5 (Zr-Ti-Cu-Ni-Be). This alloy quenched samples were stacked. After source and back-
was chosen rather than the glass;4fii;3 {Cu, NijgBe»ns  ground corrections, all spectra, each involving about 3
to avoid phase separation upon annealthd. conventional X 10° counts, were best fitted by one single lifetime compo-
amorphous FgSisB3 alloy was studied for comparison. nent, hereafter denoted as average positron lifetigye us-
Density measurements confirm the interpretation in terms aihg PATFITS8® The intensity of the source term was typically
volume changes. 4%. The error in relative changes of, always proved to be
After injection and thermalization positrons in condensed<0.5 ps. X-ray measurements after heat treatments showed
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'§ 152 *e was also observed in the' amorphous Fe—Si—B ribbon at hand
3 i \. 1 [Fig. 1(b)]. It can be attributed to annealing of the excess
8 151 oo )] volume quenched in from the liquid stfté2! This interpre-
g { tation is strongly supported by the higher absolatgvalue
© 55 550 300 750 in the splat-quenched Zr-Ti-Cu-Ni-Be glafBig. 1(a)] and
annealing temperature (°C) the larger relative change i, in the spl_at-quenched vs the
. . ' slowly cooled glass. Moreover, annealing of excess volume
sol E ] !s directly_reflectgd in our density measurements re_vealing an
Zt46 7Tig 1y sNisgBE & increase in density of about 0.1% during irreversible struc-
3 ol | buksample tural relaxation and 0.8% upon crystallization in bulk
= samples of Zr-Ti-Cu-Ni-BdFig. 1(c)]. The density changes
£ 40l | in the Fe-Si-B ribbon are of the same order of magnitude.
© €) Ty T Similar values have been reported for conventional melt-
= ool X spun metallic glassed:24
z We note that even though the observed density changes
ool "—/E‘“E/E’E | and the correspo_nding changesmq are small, the resulting
, . ) ) effect on properties may be drastic, as mentioned earlier. In
100 200 300 400 agreement with these expectations, the amorphous Fe-Si-B
annealing temperature (°C) ribbon was severely embrittled after irreversible structural

relaxation. In contrast, first bending measurements did not

FIG. 1. Average positron lifetimé), (b), and relative change of show severe embrlttllem.ent for the Zr-Ti-Cu-Ni-Be g_Ias.s..
density(c), measured at room temperature, for cumulative annealApparemIY'_ deformation in the J_Ohnson glass is not signifi-
ing of different metallic glasses at indicated temperatures. The mel€@ntly facilitated by quenched-in structural defects. After
spun conventional Fe-Si-B glass was measured for comparisoeTyStallization the Johnson glass proved to be strongly em-
Straight lines denote approximate values for the glass transitioRfittled. Further details of the ongoing mechanical tests will
temperaturel; (DSC at 2 K/min and the crystallization tempera- be reported elsewhere.
ture T, of the corresponding alloy. Lines between data points are to  After heating abovel; and cooling at 1-2 K/s, the aver-
guide the eye. age positron lifetime, measured at room temperature, shows

a distinct increase in the bulk Zr-Ti-Cu-Ni-Be material

amorphousness of the samples. Density measurements wegaching about the same value measured in the as-quenched
carried out after ultrasonic cleaning by means of a gravistate[Fig. 1(a)]. The corresponding increase is much smaller
metrical method using a modified Mettler M3 microbalance.in the splat-quenched sample. The droprgfnearT, in the
Samples were measured in the as-quenched state and afteddhnson glass was identified as the onset of crystallization by
h heat treatment under vacuum (fOmbay at various tem- means of x-ray diffraction. In Fe-Si-Bz,, increases upon
peratures. crystallization due to positron trapping in vacancies and/or

As shown in Fig. 1a), isochronal annealing up @, leads  grain boundaries. Evidence of the formation of such defects
to a decrease im,, in all samples. A second run in Fig@d  comes from the appearance of a second component, of
illustrates the irreversible nature of the changes, which were=250 ps and ,=20% in the lifetime spectr&. The Zr-Ti-
also detected by means of Doppler broadening measuré&u-Ni-Be glass, on the other hand, is known to crystallize
ments, and demonstrates the excellent reproducibility of theartially under the present conditioffsThe material should
data. The irreversible decrease in the average positron lifdience not contain intercrystalline boundaries. Here, the de-
time 7., upon annealing is a well-known phenomenon forcrease of the positron lifetime may be a net effect because
rapidly quenched conventional metallic glasés'’?%and  the reduced lifetime due to increasing crystal density over-
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TABLE I. Parameters according to the Kohlrausch law fitted tolower density, so-calledi and p defects, on a microscopic
the data depicted in Fig. 2. scale. Here the net reduction in free volume arises from the

anharmonicity of the interatomic potentidfs® The strong

Ta (°O) to (min) B geometry effect in free-volume recovery after annealing
180 25+ 8 0.32-+ 0.06 aboveT, and slow cooling further shows that the positron
200 17+ 7 0.27+ 0.06 lifetime is not significantly influenced by changes in chemi-
230 4+ 1 0.28+ 0.04 cal short-range order, which requires only local rearrange-

ment of atoms on a very small scafs}?and is hence inde-

pendent of the sample size.

compensates the longer lifetime due to the amorphous- The increase in the average positron lifetime in the

crystalline 'ntefphasg , ___Johnson glass abovg, depicted in Fig. (a), shows that the
_Isothermal annealing measurements in the Zr-Ti-CUxqilibrium free volume in this glass increases significantly

Ni-Be glass below the glass transition temperature revealegy e the glass transition temperature. The volume increase

the well-known Kohlrausch behavitf, & (t) = ®gexp(—[t already shows up somewhat below thg value from the

to] #), for structural relaxation with the relaxation function differential scanning calorimetry(DSC) (heating rate 2

D(t) = 7(t) ~ Tretaxed AN Po= Tas.quenched Tretaxed (Fig. 2. K/min) because of the time scale dependenceTgf?®34

Th rr ndin rameters are shown in Table I. Th . . g :
e corresponding parameters are sho able Sudgmg from well-established empirical relations between

resulting small value of3~0.3 for the Johnson glass sug- e . ;
gests a broad distribution of activation energies. It should bgee volume a_nd d'ﬁus“_/'ty or viscosit(see, €9, _Ref. .33
the observed increase in free volume abdyeimplies sig-

noted that the present value B8f-0.3 refers to temperatures ™. : i = . .
(180—230 °Q far below T, (~350 °Q, and the deviation nificant changes in the effective activation energies for dif-
g ' fusion and viscosity at the glass transition. It is well known,

from previously reported values @i~0.8 (Ref. 29 nearT, . ;

is in accord with the expected temperature dependence 9. ftrom metasur?me}nts during tstructurr?l re'a’;ﬁq‘%‘?‘f";‘t? it

B2 The effective activation energf, for structural relax- ensily variation ot a few percent may cnange the difiusivity
by more than one order of magnitude. The expected changes

in the effective activation energies for diffusion and viscosity

. S élearly contrast with the characteristics of almost perfectly
volume requires no long-range mass transport, which in-

volves much higher activation energisor that mass trans- strong glasses like covalently bound amorphous oxides or

ort is strongly facilitated through the presence of the excessemiCOHdUCtO@&?’28 Changes in the effective activation en-
Solume gy 9 P grgy at the glass transition have indeed been reported for

The observed substantial irreversible structural relaxatioviSCOUS flow in an Inoue glaSSand for Be diffusion in the
of the slowly cooled Zr-Ti-Cu-Ni-Be Johnson glass calls forrﬂ)resent Johnson glassNo change was found for Al diffu-

sion in the latter systerft. However, T4 might be located

further discussion. It clearly shows that cooling rates as |OV\be|0W the temperature range of the Al diffusion measure-

as 1 K/s do not prevent quenching of excess volume in th?nents, since Al is a very slow diffusant.

bulk metallic glass and suggest the outer sample surface In conclusion, the present positron annihilation studies

plays an important role in annealing of excess volume. The .
; . . . and density measurements show that excess free volume can
crucial role of the outer surface is also reflected in the strik-

ing differences in free-volume restoration after annealin pe quenched in the new bulk metallic glasses even at cooling
9 . : "NY ates of the order of 1 K/s. Excess volume starts to anneal out
aboveT, between bulk samples of Zr-Ti-Cu-Ni-Be and thin

o o : above 100 °C. The kinetics depend on the sample size and
splat—qqenched mater.|£\F|g. Xa)]. As mdpatgd by the in- involve the outer surface. Relaxed free volume in the bulk
crease inr,, aboveT, in Fig. 1(a) the equilibrium free vol-

ume generated in the undercooled liquid state is quenched %Iasses can be restored by heat treatment abgwnd slow

the Zr-Ti-Cu-Ni-Be bulk sample at cooling rates of 1-2 K/s. cooling. While the new bulk glasses are certainly much

The same free-volume restoration was also observed in bu tronger than typical fragile glasseS.the free-volume
. L anges observed in the present Johnson glass at the glass
samples after annealing abo¥g and quenching in water.

On the other hand, very little volume is restored in the splat-tranSItlon clearly distinguish them from perfectly strong

guenchedFig. 1(a)] samples. The effect of geometry also glasses.
manifests itself in the different minima ef,, around 300 °C We would like to thank J. Meinbrok for designing the
for bulk and splat-cooled sampld&ig. 1(a)]. After very  positron lifetime spectrometer and R. Gerling from GKSS
slow cooling (~1 K/min), 7,, for the bulk material ap- Forschungszentrum Geesthacht for making available the mi-
proached the value for the splat-quenched samples. crobalance. U.G. gratefully acknowledges support by Profes-
The present geometry effect in free-volume annihilationsor W. L. Johnson(California Institute of Technology
rules out major contributions from annihilation mechanismsthrough Grant No. DE-F603-86ER-45244.S. Department
that are based on the recombination of regions of higher andf Energy.
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