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Zr 4 5Ti13.8CU» Nijg. Bess 5 bulk metallic glasses were prepared by cooling the melt with a rate of
about 10 K/s and investigated with respect to their chemical and structural homogeneity by atom
probe field ion microscopy and transmission electron microscopy. The measurements on these
slowly cooled samples reveal that the alloy exhibits phase separation in the undercooled liquid state.
Significant composition fluctuations are found in the Be and Zr concentration but not in the Ti, Cu,
and Ni concentration. The decomposed microstructure is compared with the microstructure obtained
upon primary crystallization, suggesting that the nucleation during primary crystallization of this
bulk glass former is triggered by the preceding diffusion controlled decomposition in the
undercooled liquid state. @995 American Institute of Physics.

In the last decade, phase separation in the amorphous gether in a3 inch inner diameter silica tube and then water
undercooled liquid state has been studied in a large variety afuenched, resultingnia 4 inch long amorphous cylindrical
metallic glasses. Decomposition was, for example, reportetbd. To produce FIM tips, bars with a square cross section
in the Ti—Zr—Be system?in Zr—Cu®#* Zr—Co>®and lately ~ (250x250) um were cut from the 1/2 inch diameter rod. The
in the La—AI-N{ and the Zr—Y—Ni—Af bulk metallic glass samples then were electropolished in a solution of 10%
(BMG) forming systems. In BMG forming alloys, phase H3ClO, and 90% CHCOOH at 4-12 V dc to obtain a tip
separation becomes an important factor in understanding tH&hape. The AP/FIM studies were carried out with the AP/

o . - : : i g 17
crystallization process and the glass forming ability. FIM of the Institut fu Metallphysik in Gdtingen:" The

The novel multicomponent BMG formers that, for ex- Specimens were imaged either with a mixture of 15%@Hd
ample, additionally include Zr—Al-Ni, Zr-Al-Cu-Ni®  85% Ne or with pure Ne at 50 K to obtain a phase contrast.

and Zr-Ti—-Cu—Ni—Bé! exhibit an extremely high glass The atom probe analyses were performed at 50 K with a ratio
forming ability. For the Zg, ;Tiys §Cli Nizo BEss s alloy, a of 20% between pulse voltage and permanently applied volt-

cooling rate of only 1 K/s is required to suppress crystalliza-29€-

tion and to form a metallic glas$.If one assumes classical Figure Xa) shows the FIM image of the center of the
nucleation from a homogeneous undercooled liquid state bes@Wly cooled amorphous £15Tiyg &Cuo Niso Bez25r0d. It

low the melting point or a supercooled liquid state above th(__{eprelse;tsKr;l s_tre;'][e .that was cooled W!th a rafte %j ?\lpproxc;-
glass transition, this implies very small nucleation rates forTS%;ey Ot ‘C{'t Ie image ga;évl%s_flzr)nlx%:e % .8?“0 etan
crystallization at relatively high diffusion constatitsand eoth% f';:na ;)aofprg:sllére ° face aton? 'neearllg aSF;O ;
should result in a rather coarse microstructure upon crysta:r images ot sing'e sur s IN real space. Ring
o . o . .~ "like patterng(poles resulting from a crystal structure are not
lization. However, in contradiction to this, there are indica- . . .
. . : . observed. However, the imaged atoms are not uniformly dis-
tions in several BMG forming alloy systems that primary _. L d

L . ) I tributed, resulting in bright and darker areas corresponding to
crystallization results in a microstructure consisting of . . .

) . . .a higher and lower density of imaged atoms, respectively.

nanocrystals with a very high number density embedded "Yhis originates from the fact that the radius of the tip
an amorphous matriX~°In this letter we will show that the

704 17713 Clip Niso Besys alloy decomposes during under- changes local. The local radius at the bright regions is
cooling in the liquid state. This decomposition appears to be
a necessary precursor for the nucleation of crystals and fui
ther results in a uniform distribution of crystals on a very fine
length scale during primary crystallization. Results of atom
probe field ion microscopyAP/FIM) and transmission elec-  §
tron microscopy(TEM) will be shown to support this de-
scription.

Amorphous alloy ingots with a nominal composition of
Zr 4y 5Ti13 £CU, Nijg By s were prepared from a mixture of
the elements of purity ranging from 99.5% to 99.9% by in-
duction melting on a water-cooled silver boat under a Ti

gettered argon atmosphere. Several pieces were remelted #6. 1. (@) Field ion micrograph of the center of an amorphous
Zryq 5Ti13 £CU > Nijg By 5 Sample rod imaged with 85% Nel5% H, at a
voltage of 8.2 kV.(b) Field ion micrograph of the same area of the sample
dElectronic mail: busch@hyperfine.caltech.edu imaged with pure Ne at 9.5 kV.

(a) 20 nm o ' (b)
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FIG. 3. Dark field TEM image of a Zi ,Ti13dCuy,» Niyg Be, 5 alloy after

FIG. 2. Atom probe concentration profile from the center of an amorphousP”mary crystallization.

Zr 41 5Ti13.dCU» Nigg B 5 Sample rod. The Zr-rich regions appear bright

and the Be-rich regions appear dark on the FIM images. . . . .
g PP g middle of the microchannelplate scregfig. 1(a)] is found

to be above a dark area. The composition fluctuations in the

smaller than at the dark regions. This results in a larger locaCu and Ni concentratiofnot shown are comparable to the
electric field above bright regions and a higher probabilityfluctuations observed in the Ti concentration. The measured
for the imaging gases to be ionized. The reasons for the localoncentration variations for Ti, Cu, and Ni do not exceed
changes in tip radius are usually inhomogeneities in the comvariations expected from counting statistics. They are there-
position of the sample that cause parts of the sample itself tfore statistically insignificant in contrast to the fluctuations in
evaporate faster thus producing the observed phase contrase Be and Zr content. Hence, we can conclude that the de-
(see, for example, Ref. 18Since Ne has a higher ionization composition involves mainly the Be and Zr concentration.
field compared to B, the minimum ionization field increases The decomposition of the £f5Tij3dCu, NijgBers
by removing the H from the chamber. This enhances thealloy in the undercooled liquid state leads to an amorphous
phase contrast as demonstrated in Fidp) Where the same microstructure with locally different Zr and Be compositions.
part of the sample was solely imaged with neon. Now theThus, the glass transition temperature as well as the tempera-
field is too low to create a sufficiently high ion flux of the ture for primary crystallization are expected to change lo-
remaining Ne to image the surface atoms above the darklgally with the typical length scale of the decomposed micro-
imaged phase. The typical length scale of the bright and darktructure. For the Zr—Ti—-Cu—Ni—Be alloy system, it has
regions on this image that can be regarded as a two dimeffpeen shown that the glass transition temperature and the
sional projection of a sponge structure is of the order of 5Ccrystallization temperature decrease with increasing Zr
nm and appears to be rather coarse. concentratiot®?° This is a general effect found in Zr-based

Using the atom probe, composition analyses of the twaglass formers. For example, this is found in binary systems
phases were performed. By using a reflectron detectotombining Zr with a late transition metal like Ni, Fe, and Co,
systenmt’ we were able to obtain sufficiently high mass reso-it is also observed in ternary and quaternary BMG formers
lution to separate all masses of the five components in thesuch as Zr—Al—-Ni and Zr—Al-Cu—Nit° Hence, the crystal-
respective state of ionization. In averaging over all measurelization should preferentially start in the Zr-richer regions
ments, we measured 23% of the beryllium expected based gbright in Figs. 1a) and (b)]. Further the growth of these
the weight of content in the alloy. Thus, the beryllium has acrystals should be limited to the size of the phase separated
strong tendency to evaporate preferentially compared to thdomains. This in turn has to lead to nanocrystals which are
other components. In the following concentration profile theZr-rich, embedded in a Be-rich amorphous matrix that is
Be concentration has been corrected for this effect. Figure thermally more stable with respect to crystallization. Figure
shows the measured concentrations of Zr, Be, and Ti as & shows the dark field TEM image of an amorphous
function of the sampling depth. The lateral resolution of thisZr,; 5Ti 3 > Nijg B 5 alloy that was reheated into the
measurement is about 3 nm due to the respective voltage atipercooled liquid region until primary crystallization oc-
the tip. The profile shows that the Zr and the Be are noturred. The microstructure indeed consists of nanocrystals of
homogeneously distributed in the sample. Regions with @ high number density embedded in an amorphous matrix as
low Be content have a higher Zr concentration and viceexpected from the preceding decomposition in the under-
versa. By comparing the location of the atom probe hole ortooled liquid state. Further results of the crystallization pro-
the FIM image with the corresponding concentration of thecess will be published elsewhelfe.
profile, we determined that the bright areas on the FIM im-  The occurrence of phase separation in the undercooled
ages are Zr-rich while the dark regions are Be-rich. Figurediquid state is thermodynamically caused by a miscibility
1(a) and Xb), for example, were taken at the end of thegap that opens up in between two thermodynamically
profiling shown in Fig. 2 without tilting the tip. The probe favored undercooled melts that are Be-rich and Zr-rich in
hole, which is located in the center of the dead spot in theur case. Radiative cooling curves of undercooled
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cooled melt decomposes during cooling in the liquid state
and forms a two phase mixture of respective Zr-rich and
Be-rich amorphous regions with a typical length scale of tens
of nanometers for slow cooling rates. On reheating the de-
composed alloy, the crystallization starts in the undercooled
liquid phase with the lower crystallization temperature. Since
Zr-richer Zr—Ti—Cu—Ni—Be alloys are thermally less stable
with respect to crystallization than Be-richer alloys, crystal-
lization of the reheated amorphous alloy begins in the Zr-rich

Cu+Ni

E 7.<500k/s

|:| TC<10K/s

’\ portions of the microstructure. The time scale of the ob-
40 served decomposition in the undercooled liquid state on a
\ /\ fine length scale determines the critical cooling rate and ul-

timately leads to local primary crystallization with nanocrys-
20 tallites embedded in an amorphous matrix of different com-
\ position. The crystallization most likely also involves the

f\ other components Ti, Cu, and Ni. This will be subject to
{ Be

further investigation.
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