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Microstructural transformation in a Zr 44Ti14Cuq, NiioBe,, 5 bulk metallic glass
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The microstructure and its evolution of a,ZFi4,Cu;, Ni;oBe,, s bulk metallic glassBMG) annealed under
high pressure and below glass transition temperature are investigated by using high resolution transmission
electron microscope, differential scanning calorimeter, x-ray diffraction, ultrasonic study, and density measure-
ments. It is found that high pressure annealing belgywesults in a microstructural transformation from
short-range order to medium-range order in the BMG; the BMG with medium-range order structure exhibits
different structural, thermal and acoustic properties.

Recently, a new family of multicomponent glass-forming materials from the quartz tube container were removed. The
alloys such as La-Al-Ni, Zr-Ni-Al-Cu, and Zr-Ti-Cu-Ni-Be composition carefully checked by chemical analysis. XRD
has been discovered which exhibits extraordinary glass formwas performed using a MAC M03 XHF diffractometer with
ing ability (GFA) and propertie$? The alloys require no CuK, radiation. The rod was cut to a cylinder with a length
special processing treatments, and fully metallic glass irof 7 mm for ultrasonic measurements before and after high
greater bulk can be obtained. When heated through the glagsessure. The ends of the cylinder were carefully polished
transition, the bulk metallic glasséBMG's) yield a super- flat and parallel before ultrasonic measurement. The acoustic
cooled liquid state of unusual stability for metals. The stabil-velocities were measured by using a pulse echo overlap
ity of the supercooled liquid in large temperature region, andnethod® The excitation and detection of the ultrasonic
the larger geometric size of the BMG have permitted farpulses were provided b¥X or Y cut (for longitudinal and
more extensive structural and properties investigations upotransverse waves, respectivell0 MHz quartz transducers.
temperature and pressure than possible previously. Thefehe travel time of ultrasonic waves propagating through the
seems to be general agreement in that the basic process sample with a 10 MHz carry frequency was measured using
duced by annealing below glass transition temperaflyés  a MATEC 6600 ultrasonic system with a measuring sensitive
the structural relaxation® but it is not clear to what extent of 0.5 ns. Density was measured by the Archimedian prin-
this leads to structural units and what phenomena will hapeiple and the accuracy was evaluated to be 0.005{/O8&C
pen when annealed under high pressure bélgwThe struc-  measurements were carried out under a purified argon atmo-
tural relaxation is found to have significant effects on thesphere in a Perkin EImer DSC-7 at the heating rate of 0.33
microstructure, thermal stability, physical properties andK/s. High pressuréHP) was performed in an apparatus with
subsequent crystallizatior?, but the cause for the effects is six anvils tops. NaCl powder was used as solid pressure
still unknown. The detailed knowledge of the atomic struc-transmitting media. NiCr-NiAl thermocouple was brought
ture is essential to understand the special properties of thato the pressurized zone through graphite furnace and near
BMG. In this report, the local microstructural change of athe sample. The samples were prepressured to a certain value
Zr41Ti14Cu» NiBesrs s BMG induced by high pressure an- to enhance the homogeneity of the pressurization. The pres-
nealing belowT, is studied. The ultrasonic study, density sure was calibrated by the known materials of Ba, Bi, and
measurement, high-resolution transmission electron microexide glasses, the accuracy was better thdnl GPa. The
scope (HRTEM), differential scanning calorimeteiDSO), accuracy to measure the temperature of the sample itself
and x-ray diffraction(XRD) are used to monitor the micro- under applied pressure was better thaB K. The details
structural and properties changes. of the HP experiment were described in Ref. 9. HRTEM

Ingots with a nominal composition of observation was performed at a Jeol-2010 operating at 200
Zr,1Ti14Cup» NijgBey, s were prepared by melting a mixture kV. The as-prepared BMG samplé®ferred to as alloyd)
of elements in Ti-gettered arc furnace, and remelted in avas annealed at 573 K, 3.0 GPa for 2 h, and referred to as
vacuum-sealed quartz tube, and then quenched in water &dloysB.
get rod with a diameter of 12 mm. The details of the experi- Figure 1 shows XRD patterns for the
mental procedure can be seen in Ref. 7. The amorphous nd#,;Ti14Cu;» NijBexy s BMG in as-prepared stat@lloy A)
ture as well as the homogeneity of the rod was ascertaineand isothermal annealed at 573 K under 3.0 Gilloy B).
with XRD, transmission electron microscop€EM), small The annealing temperature is much lower than the
angle neutron scattering and reduced density functiofy(623K). The annealing time is 2 h. The XRD pattern for
analyses~’ The rod was machined down to 8 mm in diam- the BMG annealed under HP exhibits no difference compar-
eter, by grinding off the outer surface, any possible oxideng to that of the alloyA, this indicates that the crystalliza-
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FIG. 1. XRD patterns for the Z{Ti;,Cu, NijoBe, BMG in
as-prepared statalloy A) and isothermal annealed at 573 K under
3.0 GPa for 2 halloy B).

tion does not occur in the sample within the examining limit
of XRD. Figure 2 presents continuous DSC traces of the
alloy A andB at a heating rate of 0.33 K/s. Both of the DSC
traces exhibit endothermic characteristic of a glass transition
followed by exothermic crystallization reactions at higher
temperature. However, the glass transition, crystallization
and supercooled liquid regiodT=T,—T,, are markedly
different for the two alloys. Thely, T,, and AT for the
alloy A are 629, 710, and 81 K, respectively. For the alB)y
the Ty, Ty, andAT are 687, 731, and 44 K, respectively.
The first DSC crystallization peak disappears after HP an-
nealing. Furthermore, the second peak of the BMG is broad- FIG. 3. (8 HRTEM picture of the bulk amorphous alloy in
ened and shrunk, and its position shifts to high temperaturas-prepared stat@lloy A); (b) HRTEM picture of the amorphous
after HP annealing. Th&, and T, are markedly increased alloy after HP annealing at 573 K, 3.0 GPa for 2diloy B). The
after HP annealing, indicating that the amorphous phase igmall nuclei with the size of 1-2 nm can be clearly seen. It confirms
more stable. However, the preannealing without appliedhat a microstructural transformation from the SRO to the MRO
pressure at the identical temperature does not have the sa/figfurs in the HP annealed BMG.

effect'® The marked effects of HP on the crystallization haverpese results indicate that pressure annealing cause signifi-

also been found in the ZiTi1,Cui, NigBern i BMG™ ot structural relaxation, which affects markedly on the sub-
sequent glass transition and crystallization behaviors. Previ-
ous worR shows that the BMG obtained in a very low
cooling rate(~5 K/s) has highly random packed microstruc-
(a) | ture, it might be tempted to expect little structural relaxation
during the pressure annealing due to a low cooling rate for
| formation and a highly random packed microstructure.
Above results indicate significant microstructural change is
induced by HP annealing, the conclusion has also been con-
(b) \ firmed by volume-pressure relation measuremé&ntshich
shows the BMG has larger volume change upon HP com-

' pared with crystalline metals or alloys, because the structural
change induced by pressure. The structural change induced
by pressure annealing affects the subsequent glass transition

Exothermic (arbitrary unit)

T ‘ T 0.33 KJs and crystallization behaviors through the annihilation of the
g X free volume and the atomic relaxation.
660 7(')0 860 Figure 3a) exhibits HRTEM picture of the homogeneous
microstructure of the as-prepared BMG. The homogeneous
Tempel‘atlll’e (K) microstructure as well as the character of a short-range order

) _ ) (SRO) has also been confirmed by transmission electron mi-
FIG. 2. DSC traces for the £fTi1/Cuio NiroBey salloy at dif-  ¢roscope, SANSY and reduced density function analy3is.
ferent annealing temperatures at the heating rate of 0.33(&)/s: HRTEM picture presented in Fig(13 shows the microstruc-
as-prepared stai@lloy A); (b) annealed at 573 K, 3.0 GPafor 2h ¢ iy the HP annealed BMGlloy B). The small clusters
(alloy B). with the size of 1-2 nm are frequently seen locally in spite



11 294 BRIEF REPORTS PRB 62

TABLE I. The properties of the ZgTi;4Cu;, NijgBern s BMG in as-prepared glassy statalloy A)
(density,po=6.125 g/cm, acoustic velocitiesu,o,vg, elastic constan®,, Debye temperaturép,) and HP
annealing state at 573 K and 3.0 GPa for gatioy B). For comparison, the relative changes of the density,
acoustic velocities of the BMG annealed at 573 K in vacuum for(2lloy C) are also listed.

Ap Ay, Avg AG A6y

Po v vy Us vy G Go 0p Opo
Sample (%) (km/s) (%) (km/s) (%) (GPa (%) (K) (%)
Alloy A 5.17 2.47 37.4 326.8
Alloy B 0.35 5.30 2.4 2.65 7.2 43.4 16.0 350.7 7.3
Alloy C 0.1 5.21 0.7 2.52 2.0 39.0 4.3 333.3 2.0

of the halo electron diffraction pattern. The key feather of thethe HP annealing is 0.4%. The relative change of longitudi-
HRTEM image is uniform dispersion and random crystallo-nal velocity v;, and transverse velocity,, are 2.4%
graphic orientation of the clusters. The formation of the clus-and 7.2% respectively, the relative changes are much
ters with size of 1-2 nm is considered as a medium-ranggarger than that of the BMG annealed at 573 K without
order (MRO) microstructure in contrast to the SRO in applying pressure as shown in Table I. The previous acoustic
the as-prepared BMG. The so-called MRO is consideredtydied® have demonstrated that the increase of the acoustic
as an ordered configuration in amorphous phase in a Sizgiqcities, especiallyvs, indicates the increase in the
of 0.5—2 nm, which is larger than the critical nuclei but degree of the SRO, it has widely been supposed that
does not yield a characteristic crystalline reflecting iny,e'increased SRO to some extent implied the formation of
XRD and other diffraction patterri:** The transformation . © 1514 The acoustic and density results confirm the

from Fhe SRO o the MRO. s induced b.y HP transformation from the SRO to the MRO induced by HP

annealing belowT,; as shown in above experiments. .

The MRO microstructure has also been observed inanneall_ng. 57 .
Previous work®’ shows that the BMG separates into two

other BMG’s and conventional metallic glass@sThe diff h h h ted in th
MRO structure of the allo exhibits similar XRD and elec- literent amorphous phases w en anneaied in t em
629 to 710 K. The reduced distribution function profiles

tron diffraction patterns with the allop, however, the two -~
alloys show different crystallization behaviors. The BMG Suggest that the decomposition have also a great effect on the

with the MRO microstructure is thermodynamically more chemical and topological configuration of the BMG, and the
stable. decomposed amorphous phases are with different short-
The primary crystallization of the BMG is known to be fange orders and compositioh3he decomposed two amor-
controlled by diffusion, it requires long-range atomic diffu- Phous phase networks in the order of nanometers intertwine
sion due to a large composition difference between the amowith each othef? The phase separation is controlled by
phous phases and its corresponding crystallizatiomtomic mobility, the HP promotes local atomic motion and
productst® HP is an obstacle to the long-range atomic dif- makes the long-range atomic diffusion much more difficult.
fusion during the growth proces$!’ However, experimen- Therefore, the HP annealing beloW, may induce
tal studies and numerical modeling demonstrate that HP prosery small decomposition wavelengths of the networks
motes a short-range atomic rearrangement in metallic glass@s the BMG and possibly result in the transformation from
by the annihilation of the free volume through compressionthe SRO to the MRO. The BMG with the SRO has
and reconstruction of the atomic configuratiért’ The  similar microstructure with that of a liquid,it may be
short-range atomic rearrangement favors the homogenougjied liquidlike BMG, and the BMG with the MRO cluster
formation of small nuclei. The formed nuclei distribute uni- ¢ouid be regarded as a glass with latticelike microstructure.
formly and randomly in the glassy matrix, which act asp phase transition may exist between the SRO and the
nucleation sites. Owing to the intrinsic extremely low atomic RO BMG'’s, because the SRO to the MRO transformation
mobility in the BMG;® and the increased activation energy is related to the distinct property change and heat release
barrier under pressure for diffusion, the redistribution of at-35 indicated in DSC resujts The phase transition
oms on a large-range scale is extremely difficult. The subseyetween liquids, or between amorphous phases has
quent growth of the nucleation sites is inhabited, and thisyeen found in an amount of liquids and amorphous
results in the formation of the uniformly and randomly dis- gystemg0-24
tributed clusters with small size, the large population of * |, conclusion, high pressure annealing bel@y results
small clusters and the inhibited atomic mobility in the amor-jn the microstructural transformation from short-range order
phous phase result in the transformation from the SRO to thg, medium-range order in the Zii;,Cuy» Ni;Bey» BMG,
MRO. The change of the crystallization behavior of the asyhe BMG with the MRO structure may be regérded as a

prepared BMG is supposed to be related to the structurgyjass exhibiting different structural, thermal and acoustic
transformation. To verify the transformation from the SRO properties.

to the MRO induced by HP, the densityand the acoustic

velocities, which are particularly sensitive to the microstruc- The authors are grateful for the financial support of the
tural change, were measured for the alfogndB, the results  National Natural Science Foundation of Chif@arant Nos.
are listed in Table I. The relative density change due td69925101, 59871059, and 19874075
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