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Zr57Cuz0Al1oNigTis has very high glass forming ability (GFA) due to its low crystal growth
rate which limits development of crystallites arising from container walls or nuclei. Effect
of ZrO, and SiO, on GFA was studied by investigating the solidification microstructures

of alloys containing different amount of the oxides. Amorphous ingots were formed

by melting and freezing alloys without addition of the oxides using an arc furnace. Partially
amorphous ingots were formed for addition of the oxides up to 0.2 wt %. Amorphous
forming conditions of alloys containing greater concentration of the oxides were studied
using a drop tube. GFA decreases with increasing concentration of the oxides. However,
superheating of melts eliminates some effects of the oxides. Different types of oxides
leads to different microstructures due to their different heterogeneous nucleation rates and
nucleation temperature. © 1999 Kluwer Academic Publishers

1. Introduction GFA, for example, Zr-Cu-Ni-Al [11], Zr-Ti-Cu-Ni-Be
Heterogeneous nucleation agents affect glass forminfil2] and Zr-Ti-Al-Cu-Ni [13-15]. Experiments using
ability (GFA) of alloys [1-4]. To decrease the criti- these alloys may provide distinguish information be-
cal cooling rate for glass formation or to increase thecause they permit addition of relatively large quantities
dimensions of amorphous samples prepared, variousf impurities and may form amorphous phases under
methods have been used to eliminate heterogeneoaswide range of cooling rates. In the present experi-
nucleation. Using thermal cycling and surface etchingment, Zg;Cuy0Al10NigTis was used as sample alloy.
to remove the surface heterogeneous agents, DrehmamO, and SiQ were used as the added impurities in
et al. prepared bulk P@NisoP.0amorphous alloys with  view of the fact that oxidation is the common source of
diameters up to 5.3 mm [5]. Kuit al. increased the di- contamination during melting and that quartz crucibles
mensions of PgNisoP20 amorphous alloy upto 10 mm are usually used for melting.

by using BO3 as a flux [6]. Recently, Het al. prepared

bulk PdigNisoP2o amorphous rods of 25 mm diame-

ter by water quenching following fluxing with.®; 2. Experimental

[7]. Xing et al. increased the critical dimensions for The “pure” Zis;CuoAl10NigTis ingots was prepared
amorphous formation of NiB17Sig by fluxing with by arc melting using components of the following pu-
B,0O3 and cyclically heating before quenching into arities: Zr 99.5%, Cu 99.99%, Ni 99.998, Al 99.999%,
copper mould [8]. Gillesseet al. formed Cu-Zr amor-  Ti 99.95%. In order to produce ingots containing var-
phous droplets by using a drop tube to eliminate thaéous amounts of heterogeneous nucleating agents, dif-
container-wall-induced heterogeneous nucleation anterent amounts of Zr@and SiQ powders were wet-
compared the influence of melting conditions [9]. Kim ted with ethyl alcohol and coated on the pieces of the
et al used levitation melting and containerless solid-components before arc melting. Amorphous specimens
ification to decrease the critical cooling rate for glasswere prepared by remelting the alloys from the pre-
formation of Zn;,Ti138CW25NioBexs [10]. These pared ingots using an arc furnace and a drop-tube 8 m
previous studies aimed to purify the alloys as muchin length. For arc melting, the furnace was evacuated to
as possible. However, for industrial applications of4 x 10~* mbar and then filled with Ar (99.999% purity)
metallic glasses, alloys of high purity are too expen-to a pressure of 800 mbar. The sample mass was about
sive and it is difficult to eliminate heterogeneous nu-5 g. The melted sample had an ellipsoidal shape with
cleation for mass production. In this work, we aimedaxial lengths of about 12 mm by 10 mm. For the con-
to investigate the glass forming behaviour of alloystainerless solidification with the drop tube, the chamber
containing various amounts of heterogeneous nuclewas evacuated tos 10~° mbar and then filled with He
ating agents, and the effects of eliminating heterogef99.999% purity) to a pressure of 800 mbar. Alloys of
neous nucleation by superheating the melt, which isnass aboul g were melted in a quartz tube with a
the most practical way for industrial production. Re- nozzle at the bottom, and then forced into the drop tube
cently, several alloys were found to have very highthrough the nozzle with Ar pressure. The structures of
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the specimens were analyzed using X-ray diffractionshows the microstructures near the bottom of the ingot,
differential scanning calorimetry (DSC) and optical mi- indicating crystals growing from the bottom. There
crography. For the optical micrography, the specimenss a clear interface between the crystalline region and
were etched using a solution of 40 ml HN® 4 ml  the amorphous region. The region with light contrast
HF + 25 g CrQ + 70 ml H,O. The crystallization en- is amorphous (marked “C” in Fig. 1a). Fig. 1c shows
thalpies of the amorphous samples were measured tgn enlarged micrography of region C. Fig. 2 shows
integrating the areas of the crystallization peaks in thehe X-ray diffraction pattern for the cross section after
DSC traces. The amorphous fractions of the sampleeemoving the bottom layer (marked “B” in Fig. 1a).
were estimated by comparing their crystallization en-The diffraction pattern shows no peaks for crystalline
thalpy to that of the fully amorphous alloy. phases, indicating that this region is amorphous in
the sense of X-ray diffraction examination. For DSC
measurement, the specimen taken from the region “C”
3. Results and discussion shows similar exothermic peaks to the amorphous
Melting and freezing the “pure” £FCup0Al10NigTis  alloys prepared by copper mould casting [16]. The
alloy in the arc furnace results in formation of crystallization enthalpy is 70 J/g, similar to that of the
amorphous ingots, except for a thin crystalline layeramorphous alloys cast with copper moulds [16].
on the bottom where the melt is in contact with the The crystalline layer (Fig. 1a and b) is caused by het-
copper hearth. Fig. 1a shows a general view of theerogeneous nucleation due to the copper hearth. During
cross-section of an as-solidified ingot. On the bottomcooling, the crystalline phase grows from the bottom
there is a small dark coloured crystalline regioninterface upwards into the melt due to a temperature
(marked by an arrow and “B” in Fig. 1a). Fig. 1b gradient; meanwhile, the melt in front of solidification
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Figure 1 Glass forming conditions of 2sCu0Al 10NigTis melted in an arc furnace. (a) General view of the cross-section of an ingot. (b) and (c)
Microstructures near the bottom and in the center of the ingot (marked “B” and “C” in the micrograph (a) respectively).
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Figure 2 X-ray diffraction pattern of the ingot shown in Fig. 1 after removing the bottom crystalline layer.
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Figure 3 Glass forming conditions of £5CuzoAl 10NigTis containing 0.05 wt % Zr@by melting and freezing in an arc furnace. (a) General view of
the cross-section of an ingot. (b) Microstructures in the central region of the ingot.
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Figure 4 Glass forming conditions of Z2§CuyoAl19NigTis containing 0.05 wt % Si@by melting and freezing in an arc furnace. (a) General view of
the cross-section of an ingot. (b) Microstructures in the central region of the ingot.
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interface undercools. When the melt in front of the (a)
solidification interface undercools close to the glasg
transition temperature, the crystal growth stops. The
growing crystalline phase has a dendritic morphol
ogy (Fig. 1b). The crystalline layer grows only up
about 0.5 mm during the cooling process, indicat
ing that the crystal growth rate is very low. There
are also some crystallites of diameters between abo
2 um and 10um precipitated in the amorphous matrix
(Fig. 1c). These crystallites result from the presencg
of heterogeneous nuclei in the undercooled melt. W
have investigated these microstructures by high resd
lution transmission microscopy (HRTEM). No nano-
sized crystallites are present in the amorphous matri
except for the micrometer-sized crystallites also see
by optical microscopy.

Samples containing 0.05 wt% Zs@r SiO, were =
melted in the arc furnace two times for about one minute
in each case. Fig. 3a shows the cross-section of a solid
fied ingot containing 0.05 wt % ZrFig. 3b shows the
microstructure in the center region of the ingot. Fig. 4a
and b are the corresponding micrographs for an ingo
containing 0.05 wt% Si@ The glass forming condi- /
tions for these two ingots are similar to that for the ingot
shown in Fig. 1. The crystalline layers on the bottoms
of these ingots are also of thickness about 0.5 mm. Th
number density of crystallites precipitated in the amor-
phous matrices (Figs 3b and 4b) are not significantly
higher than that for the relatively pure alloy (Fig. 1b). It
is supposed that the melts can dissolve some amount
the oxides when they are heated to very high tempere
ture for some time. Therefore, overheating of melts for ¢ (¢)
period of time has the effect of eliminating a proportion
of heterogeneous nuclei.

Alloys containing 0.2 wt% Zr@ or SiO, were
melted by the same procedures as described abo
Fig. 5a shows the cross-section of a solidified ingo
containing 0.2 wt% Zr@. Fig. 5b and c are, respec- |
tively, microstructures of the regions marked “B” and
“C” in Fig. 5a. Fig. 6a—c are the corresponding micro-
graphs for the samples containing 0.2 wt % SiChese
ingots can be divided into three regions according to th
glass forming conditions. One region is the crystallineg
layer on the bottom of the ingot (Figs 5a and 6a), which#
arises from the copper hearth. The second region is &
mixture of amorphous and crystalline phase (marke®
“B” in Figs 5a and 6a). As shown in Fig. 5b, the mixed *
region for the alloy containing 0.2 wt % Zp®as larger  Figure 5 Glass forming conditions of ZiCugoAl10NigTis containing
but fewer crystallites. In contrast, the mixed region foro.2 wt% zrQ by melting and freezing in an arc furnace. (a) General
the ingot containing 0.2 wt% SiOhas larger num-  view of the cross-section of an ingot. (b) and (c) Microstructures corre-
ber of much smaller crystallites. Measured on the basi&P°nding to the regions marked “8" and “C" in the micrograph ().
of crystallization enthalpy, the amorphous fractions in
the region with light contrast (marked “B” in Fig. 6a) 0.2 wt% ZrGQ has much larger grains than that con-
are between 60 and 90%. The sizes of the precipitatethining 0.2 wt % SiQ. The area of fully crystalline re-
crystallites can be related to the heterogeneous nuclejion is larger for the ingot containing 0.2 wt% SiO
ation temperatures. ZgOs supposed to have higher than for the ingot containing the 0.2 wt % ZrOrhese
heterogeneous nucleation temperature but lower nuesults indicate that the solidification microstructures
cleation rate. In contrast, SjChas lower heteroge- are dependent on the types and amounts of heteroge-
neous nucleation temperature but higher nucleatiomeous nuclei and on the cooling rate (or temperature
rate. The third regions are marked “C” in Figs 5a andgradient). Amorphous phase forms when the tempera-
6a. These regions are almost fully crystalline althougtture gradient (cooling rate) is high enough to eliminate
the microstructures are different. The ingot containingheterogeneous nucleation, for example in the case of
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Figure 7 Amorphous fraction of Z7CuoAl19NigTis droplets solidi-

fied during the free fall in a drop tube as a function of the average droplet
diameter. (a) Alloy with addition of 0.3 wt % SiO(b) Alloy with addi-

tion of 0.3 wt% SiQ + 0.2 wt % ZrQ;.

crystalline region forms with further increase of the
heterogeneous nucleation rate or decrease of the tem-
perature gradient, e.g. in the upper region of the samples
shown in Figs 5 and 6.

For the alloys with greater concentration of added
oxides, the glass forming behaviour was investigated
using the drop tube. The melting was performed at
about 1370 K for about 1 minute. Droplets up to about
1000m in diameter solidified during the free fall and
were collected at the bottom of the drop tube. The
droplets were sized with assorted wire meshes. The
droplets of each size group were analyzed with re-
spect to their amorphous fractions by DSC (by com-
paring their crystallization enthalpy with that of the
fully amorphous alloy). Fig. 7 shows the amorphous
fractions of the droplets as a function of the average
droplet diameters. Curve (a) is for the alloy contain-
ing 0.3 wt% SiQ. Curve (b) is for the alloy containing
0.3wt% SiQ + 0.2wt % ZrO,. These curves show that
the amorphous fraction decreases as the weight fraction
of the oxides is increased. In contrast to the results for a
Zr-Cu alloy [9], a mixed microstructure of amorphous
and crystalline phases forms over a very wide range
of cooling rates for Zr-Ti-Cu-Ni-Al. The amorphous
fraction decreases from 80 to 20% as the droplet diam-
eter increases from about 200n to about 30Qwm for
the CuyZrag, and from 100um to about 20Qum for
the CweZraq [9]. In contrast, the amorphous fraction
decreases from 80 to 20% as the droplet diameter in-
creases from about 200m to 900um (Fig. 7a). The
existence of mixed microstructures over such a wide
Figure 6 Glass forming conditions of ZfCu,0Al1oNigTis containing ~ fange of cooling rates is associated with the low crystal

0.2 wt% SiQ by melting and freezing in an arc furnace. (a) General growth rate of the Zr-Ti-Cu-Ni-Al alloy.
view of the cross-section of an ingot. (b) and (c) Microstructures corre-
sponding to the regions marked “B” and “C” in the micrograph (a).

4. Conclusions

Bulk Zr57,Cu0Al 10NigTis amorphous ingots can be pre-
Figs 1, 3 and 4. Under this condition, very small or nopared by melting and freezing in an arc furnace. The low
regions of mixed amorphous and crystalline phases agrystal growth rate of this alloy is a contributing fac-
pear, and the interface between the amorphous regidor to its high GFA because it limits the development
and the crystalline region is very sharp in cases wheref the crystals formed at the container wall or from
a crystalline region arises from the container wall. Forheterogeneous nuclei. Zg@nd SiQ reduce the GFA
appropriate heterogeneous nucleation rates and terdue to their role as heterogeneous nucleation agents.
perature gradients, a region of mixed microstructureShe GFA decreases with increasing the amount of the
may form, as shown Figs 5 and 6. Accordingly, a fully oxides. However, superheating of the melt eliminates
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some effects of the oxides. Partially amorphous ingotse
can still be formed by melting and freezing the alloys
in an arc furnace even with addition of 0.2 wt % 2rO
or Si0;. Different types of heterogeneous agents resultg
in different solidification microstructures due to differ-

ences in the nucleation rate and nucleation temperatures
10

7
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