Stability of ZrTiCuNiBe bulk metallic glass upon isothermal
annealing near the glass transition temperature
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The stability of Zy,Ti; ,Cu,, Ni;Be,, 5 bulk metallic glass (BMG) upon isothermal
annealing near the glass transition temperature has been investigated by using x-ray
diffraction, differential scanning calorimetry, and the pulse echo overlap method. The
density, elastic constants, and thermodynamic parameters as well as their annealing
time dependence have been determined. The microstructural and properties changes of
the annealed BMG were checked by acoustic measurement. Obvious structural and
property changes were observed with prolonged annealing of the BMG near the glass
transition temperature.

I. INTRODUCTION 3-dimension size, and they show a wide supercooled lig-
Since the discovery of metallic glass in 196@uch  Uid region®3 The bulky size of the BMGs is suitable for
research has been devoted to study the formation mechgl€asurement of elastic wave propagation. The wide su-
nism and crystallization of metallic glasses. However,Percooled liquid region makes them ideal systems to
the lack of thermal stability in the supercooled liquid of Study the stability and accurately measure structural and
metallic system with respect to crystallization makes the®ysical properties during the prolonged isothermal an-

studies of glass transition and nucleation in the metalli?€aling in the supercooled liquid regi6n. Since the
alloys very difficult. Recently, a number of multicompo- aCOUStiC property is particularly sensitive to the micro-
nent alloys with high thermal stability of the supercooledStrUCt‘{re’ the acoustic velocities can reflect critical in-
liquid against crystallization have been found. The staformation on microstructural evolution and the changes
bility has enabled the production of bulk metallic glasseL! the physical properties of the BMGs in different
(BMGs) by using various casting proces$e®n the states. We show here an ultrasonic investigation on a
other hand, the novel bulk glassy forming liquids canZf417114Cli2 éNi1oB€;, s BMG annealed for a prolonged
now be studied in much broader time and temperaturMe in its supercooled liquid region. The density and the
ranges. The study of stability and nature of the BMG isdcoustic veIocm_es upon the annealing time were meas-
very important for understanding the excellent glass-”red- The elastic constants and therquynamlc param-
forming ability (GFA), the crystallization, and the appli- eters are determined from the acoustic data._ Marked
cations of the BMGE:® However, the mechanism for the Structural and property changes are observed in the an-
strong stability of the BMGs has not been solved yet. Thd'€aleéd BMG. The stability of the BMG and its relation
acoustic method is a powerful tool for studying the struc-With GFA and crystallization are discussed.
tural change and fundamental elastic and thermal behav-
iors as well as relationship between microstructure and- EXPERIMENTS
properties. Zr-based BMGs can be produced in a large The Zr,,Ti,,Cu;, Ni;Be,, singots were prepared by
inductive levitation and melted under a Ti-gettered Ar
dAddress all correspondence to this author. atmosphere with oxygen partial pressure of°lPa. The
e-mail: whw@aphy.iphy.ac.cn alloy was remelted in a silica tube and quenched in water
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to get a cylindrical rod with 12-mm diametéihe amor-  nearest-neighbor distance compared with the as-prepared
phous nature and the homogeneity were ascertained Isfate indicating a close-packed atomic environment. Pre-
x-ray diffraction (XRD), differential scanning calorim- vious work—** shows that the BMG separates into two
etry (DSC), transmission electron microscopy (TEM),different amorphous phases when annealed in the super-
and small-angle neutron scatterihhe amorphous rod cooled liquid region at the earlier stage of the annealing
was cut to a length of 10 mm, and its ends were carefull{0—3 h). The decomposed amorphous phases have differ-
polished flat and parallel. The sample was annealed in ant short-range orders and compositions compared with
furnace at 633 K under vacuum of 2.0 x#(Pa. The the as-prepared BM&’. The phase separation, which is
annealing temperature is near the glass transition tencontrolled by atomic mobility, favors the subsequent
perature and much lower than the calorimetric crystalli-crystallization and causes the precipitation of nanocrys-
zation temperaturé.The sample was isothermally talline particles in the BMG. The nucleation and growth
annealed at various times and cooled to room temperaf Zr-rich crystalline phasésccurs whose compositions
ture for the density, XRD, and acoustic measurementsare such that they shift the average nearest-neighbor dis-
The acoustic velocities were measured at room temperaance of the remaining amorphous alloy by preferentially
ture by using a pulse echo overlap metfidthe excita-  depleting Zr with a large atomic volume.

tion and detection of the ultrasonic pulses were provided Figure 2 presents continuous DSC traces (with a heat-
by X- or Y-cut (for longitudinal and transverse waves, ing rate of 20 K/min) for the BMG annealed at 633 K for
respectively) quartz transducers. The frequency of thearious times. The DSC trace of the as-prepared BMG
ultrasonic wave was 10 MHz. The travel time of ultra- exhibits endothermic characteristics of a glass transition
sonic waves propagating through the sample was mea#llowed by exothermic crystallization reactions at
ured using a MATEC 6600 ultrasonic system with ahigher temperature. Thg,, T,, and the supercooled lig-
measuring sensitivity of 0.5 ns. The elastic constantsjid region, AT = T, — T, are 623, 697, and 74 K,
e.g., bulk modulu, Young’'s modulusE, shear modu- respectively. The first crystallization peak is broadened,
lus G, and Poisson’s ratio, and the Debye temperature and its area (heat release) is decreased with annealing
05 of the BMG are derived from the acoustic velocitiestime. After 59 h of annealing, the first crystallization
and density"® Densityp was measured by the Archime- peak disappears completely, and the position of the sec-
dian principle, and the accuracy was evaluated to bend peak shifts to higher temperature with increasing
0.005 g/cni (MAC Science, Japan). XRD was performed annealing time. Figure 3 shows the change$odndT,
using a MAC MO03 XHF diffractometer with Cu Kra-  upon annealing time. The value @f, is monotonically
diation. DSC measurements were carried out under acreased with increasing annealing time, and the onset
purified argon atmosphere in a Perkin-Elmer DSC-7. Thecrystallization temperaturd,,, is decreased in the earli-
Vicher's hardness,,, was measured with a Newphoto- er annealing stage (<2 h) and increases monotonically
21 microhardness tester at a load of 100 g. upon annealing after that (as shown in Fig. 3). For annealing

[ll. RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of the BMG annealed at
633 K for various annealing times. The annealing tem-
perature is near the glass transition temperafyid, =
623 K) and much lower than the onset crystallization
temperaturel, (T, = 698 K). The XRD pattern for the
annealed BMG exhibits no significant difference com-
pared to that of the as-prepared BMG, and no obvious
crystalline peaks are observed up to 90 h annealing in the
sample within the examining limit of XRD. However,
the positions of the two scattering diffuse peaks obvi-
ously shift to higher angle, and the intensity of the

. . . . as-prepared
scattering peaks also increases with increasing anneal-

ing time as indicated in Fig. 1. This phenomenon has

Intensity (a.u.)

not been observed in this BMG by other researchers, 20 30 40 50 60 70 80
because we have more thoroughly studied the structure
and properties with increasing annealing time. This sug- 20 (°)

gests_that a microstructural change _happens when thes 1 xrp patterns of the Z§Ti,,Cuy, NisBe,, - BMG at 633 K
BMG is annealed for a prolonged time in the supercooledor various annealing times. The dash line is a guide for eyes to note

liquid region, and the annealed BMGs have smaller firsthe shift of the diffused peak upon annealing time.
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time longer than 59 h, the first crystallization peak dis-activation energy comparing with the second crystalliza-
appears. TheAT decreases with increase of annealingtion peaks. This is the reason the first crystallization peak
time, and its midpoint temperature shifts to higher val-is so sensitive to the annealing. Previous work found that
ues. TheTg, T,, andAT for the BMG annealed for 90 h the first crystallization was also sensitive to the small
are 668, 720, and 52 K, respectively. The results confirnelements addition, high heating rate, and high pressure
that the glass transition and the crystallization are sigwhich confirms the above result$>The DSC trace, which
nificantly affected by annealing. The first crystallization is not plotted, for the sample annealed for 40 min shows
peak is more sensitive to annealing; it shrinks afteronly slight difference compared with that of the as-
preannealing and eventually disappears for more than 60 prepared sample indicating that the microstructural
annealing. Kinetic analyst8 indicates that the first change in the BMG needs some incubation time. The
crystallization reaction has a much smaller apparenDSC results demonstrate that the primary crystallization
induced by isothermal annealing occurs négrbut the

FIG. 2. DSC traces of the £4Ti, ,Cu,, Ni;Be,, s BMG at 633 K for

various annealing times.

FIG. 3. Change of th&, andT, of the Z1;;Ti, ,Cuy, Ni;Be,, sBMG

Time(h)

annealed at 633 K for various annealing times.
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crystalline particles are too small to be detected by XRD.
However, the primary crystallization had been observed
90h by high-resolution TEM. Schneideet al® proposed that
_ |82h the primary nanocrystallization was preceded by a modu-
5 |[59h lated chemical decomposition process. The isoannealing
© causes structural change in the BMG, and the structural
— || 2¢9h change affects markedly the subsequent glass transition
2 117n and crystallization behavior. From DSC curves, the total
E Ton crystallization enthalpyAH(t), can be calculated and
o the crystallization volume fractiony(t), can be esti-
= 4h mated according to the formulas ¥f(t) = [AH.(0) -
2 2 AH_(1)]/AH(0). Figure 4 exhibits the change AH (t)
w and V,(t) upon annealing time, t. It can be clearly seen
as prepared that theAH(t) decreases upon annealing time, while the
V(t) increases with t to 32% after annealing for 90 h.
20 K/min To check the microstructural change and the influence
: — L . ! of the primary crystallization on the properties of the
500 600 700 800 annealed alloy, acoustic measurements were performed
Temperature(K) on the annealing samples at room temperature. The val-

ues ofp, longitudinal velocityv,, shear velocity,, and
H, of the as-prepared BMG are 6.108 gfr5.13 km/s,
2.43 km/s, and 5.9 GPa, respectively. Bhes, K, o, and
0 calculated from the acoustic data are 97.7 GPa, 36.0

750 GPa, 113.0 GPa, 0.356, and 321.0 K, respectively. The
obtained elastic data for the as-prepared BMG are in
good agreement with the data measured using different
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FIG. 4. Changes of crystallization enthalgyH(t) and crystalline
phase volume fractiol(t) of the Zr,,Ti, ,Cu,, Ni,Be,, s BMG an-
nealed at 633 K for various annealing times.
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methods-* This confirms that the ultrasonic methods can  Primary nanocrystallizatioh,phase separatioh*°*>
provide exact information about elastic properties of theand local microstructural change from short-range order
BMG. Figure 5 presents the variatiodsy/Y, = [Y -  to medium-range ord&? depending on annealing condi-
Yol/Y, of the v, v, and density of the BMG annealed at tions have been observed in the supercooled liquid region
633 K for various times. Both, and v increase with of the BMG. The large density difference (the relative
increasing annealing time as indicated in Fig. 5(a). Thaelensity change is about 1.0%), elastic constants changes,
change o, upon annealing time is much larger than thatand XRD and DSC results provide additional evidence
of v,. The large density difference, 1% (the relative den-that nanocrystalline precipitation occurs in the BMG re-
sity change between as-prepared BMG and fully crystalheated near td,. The nanocrystalline particles cannot be
lized BMG is about 1.2%), can be seen in Fig. 5(b). The detected by XRD indicating that the growth of the nuclei
result is in agreement with that of XRD and demonstratess inhibited in this annealing condition; this is due to the
the densification of the structure with increasing annealdiffusion limited growth in the very alloy in supercooled
ing time. The corresponding elastic constants changes difjuid state. We choose the property change& a@indE,

Y (Y = E, G, K) of the BMG calculated from the which are structure-sensitive, alfd to plot versus Irtj.
velocities are shown in Fig. 6Y is normalized by Figure 7 shows the plot akY/Y, versus In{). It can be
AYIY, = (Y= Yy)/Y,, whereY, is the normal modulus for seen from Fig. 7 that the change of the meas@ed,

the as-prepared BMG. ThE, G, and K show similar and V,(t) of the BMG varies roughly linearly with the
change trends with increasing time. Large changes in thia(t) and an approximate relatiadxy/Y, « In(vt), wherev

v (9.6%),05 (9.6%),G (21.4%),p (1.0%), andy, (3.2%) is the attempt frequency, to be obeyed in the isothermal
between the BMG in as-prepared and 90-h annealednnealing; this corresponds to a continuous spectrum of
states have been induced. The marked properties changetivation energies for the relaxation in the BMGZ°
during the prolonged annealing process confirms the Our experimental results indicate that the ZrTiCuNiBe
microstructural change induced by isothermal annealin®@MG has following characteristics: (i) It has a wide su-
near T,. In fact, the glass—matrix composite contain-percooled liquid region with sluggish kinetics resulting
ing nanocrystalline particles is formed in the annealingn strong resistance against crystallization. The diffusion
process; the composite has different acoustic and elastienited growth and high nucleation rate in the super-
properties. cooled liquid region lead to nanocrystallization. The al-
loy has five metallic components with a large atomic-size
mismatch and a composition close to a deep eutétsc;

107 . . . supercooled liquid is then a highly dense liquid with
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FIG. 6. Relative changesY/Y, = (Y — Yy)/Y, of variation of elastic
FIG. 5. Relative (a) longitudinal, transverse velocities and (b) densityconstants and Debye temperateG, K,and6, (Y = E, G, K,and
changes upon annealing time at 633 X € p, v, andvy). Y is 0p) of the BMG with increasing annealing time. A large relative
normalized byAY/Y, = (Y = Yy)/Y,, whereY, is a corresponding value  change ofG, E,and6, and a smaller change Bfin the 90-h-annealed
for the as-prepared BMG. sample relative to the as-prepared glassy state can be clearly seen.
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AE/E(0)

property changes are observed in the BMG reheated into
the supercooled liquid state. The BMG can be trans-

fo

AYIY,

1 2 1

9

10 11 12 13
Ln(t) (s)
FIG. 7. Relative changesY/Y, (Y = E, G,andV,) of the BMG with

the logarithm of the isothermal annealing timet)nThe solid lines in
the figure are for guiding the eyes.

14

o

7.
8.

small free volumes (about 1) and large viscosity that
are several orders of magnitude higher than those of preq
viously known alloys?? In addition, the melt is energeti-
cally close to its corresponding crystalline st&teand

the driving force for crystallization is relatively small.

These factors result in a strong liquid behavior and slug?®:

gish crystallization kinetics and lead to the wide super-
cooled liquid region reflecting a very low critical cooling

rate for the metallic glass formation or excellent glass-13.

forming ability. (i) The nanocrystallization obeys the
“In(t)” kinetic'®2° corresponding to a continuous spec-
trum of activation energies for the atomic rearrangement
in the BMG. (iii) The BMG can be transformed into a

glass—matrix composite containing nanocrystalline parie.

ticles when it is annealed for a prolonged time much
below the crystallization temperature.

[V. CONCLUSIONS

Primary crystallization occurs in the ZfTi,,-
Cu,, Ni;Be,, sBMG when it is annealed for prolonged

20.
21.

time near the glass transition temperature. The isothermaf-
annealing neail, leads to primary nanocrystallization »3.

which obeys the “Inj” kinetic. Obvious structural and
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rmed into a glass—matrix composite containing

nanocrystalline particles.
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