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Undercooling and formation of bulk metallic 
glass of Pd-Ni-P in a containerless environment 
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Institute of Physics, Academia Sinica, PO Box 603, Beijing 100080, People's Republic of China 

Undercooling experiments on Pd4oNi4oP2o alloy were performed in a laboratory-scale drop tube. 
The effect of cooling rates on nucleation and crystal growth of the alloy was studied by changing 
the inert gases in the tube and the critical cooling rate for glass formation in the tube was 
determined. In addition, the results indicate that the superheat of the drop before it dropped down 
is closely related to nucleation and crystal growth of the alloy. 

1. I n t r o d u c t i o n  
Heterogeneous nucleation occurs mainly on the cru- 
cible's wall and impurities in melt or surface oxides 
when the melt is cooled from above its melting tem- 
perature. To avoid crystal nucleation and growth, 
a cooling rate in a range of 104 to 107 K/s is generally 
needed. However, if the containerless technique is 
used, heterogeneous nucleation occurring on the wall 
could be eliminated and a lower cooling rate for the 
glass formation is permitted [1-3]. In the case of 
Pd4oNiaoP2o, it is reported that glass spheres of up to 
1 mm diameter had been formed in a 3 m drop tube 
[4]. In the present work we have studied the under- 
cooling and nucleation Of the Pd4oNi4oP2o melt 
solidified in a 1.2 m drop tube and the effect of cooling 
rates on the melt solidification process by changing 
the gases in the drop tube. 

The tube was evacuated to 1.33 x 10 -3 Pa and then 
filled with pure helium and argon, respectively, so that 
different heat extraction conditions could be reached. 
By analysing the dropped samples carefully, the pro- 
cess of glass formation, crystal nucleation and growth 
in the undercooled Pd40Ni40P20 melt was observed: 

2. Experimental procedure 
The Pd4oNi4oP2o alloy ingots were prepared by arc 
melting the mixture of pure Pd (99.9 wt %) with Ni2P 
which was alloyed by sintering pure Ni (99.6wt %) 
with pure P (99.3 wt %) at a temperature of 1100 K for 
two days. The analytic composition of the alloy devi- 
ated slightly from the nominal values. 

Spherical drops were prepared by dispersing the 
molten alloy from a quartz nozzle at the top of the 
drop tube. The tube was evacuated to 1.33 x 10 -3 Pa 
and filled with pure helium or argon gas, then evacu- 
ated and refilled a second time. After refilling a third 
time, the tube was ready to use. A molybdenum resist- 
ance heater was used to heat the nozzle and alloy to 
approximately 1050 K and 1250 K, respectively, well 
above the melting temperature of the alloy (885 K). 
When the alloy was melted, the higher pressure gas 
than in the tube was back filled and this dispersed the 

melt into the tube with the creation of many drops. 
Samples under the following three environments were 
made: (a) in vacuum condition (1.33 x 10 -3 Pa); (b) 
filled with helium at pressures of 79,800 Pa and 
26,666 Pa; (c) filled with argon at pressures of 
79,800 Pa and 26,666 Pa. The solidified samples were 
collected in the silicone oil at the bottom of the tube. 
The sizes of the drops ranged from 0.1 to 2.0 ram; the 
quartz nozzles had various orifice sizes within the 
range 0.1-0.6 mm. 

The drops were identified by an  X-ray position- 
sensitive proportional counter (PSPC) microdiffrac- 
tometer, a differential thermal analyser (DTA), a 
scanning electron microscope (SEM), etc. The spher- 
icity and smoothness of the drops were examined by 
SEM and an optical microscope. The samples for 
metallograph were etched in dilute aqua regia for 3 to 
5 minutes at room temperature. 

3. Results 
Fig. la shows the shape and surface appearance of 
Pd4oNi4oP2o glassy droplets caught at the bottom of 
the drop tube. All the drops showed a smooth surface 
and spherical shape except the one at the bottom left. 
Fig. lb is a micrograph showing the shape and cross- 
sectional structure of a glassy sphere with a diameter 
of 1.6 mm. The results for the spheres solidified in 
various gases and in vacuum at initial temperature of 
1050 K are summarized in Table I. 

From Table I we can see that the spheres solidified 
in 79,800 Pa helium gas are composed of a single glass 
phase with diameter in a range from approximately 
0.1 to 1.8 ram, while some spheres larger than about 
1.3 mm in diameter solidified in 26,666 Pa helium gas 
show some initial phase in the glass matrix (Fig. 2). 
Their shapes are trefoil and quatrefoil-like (Fig. 2b) 
and their size is about 3 pro. These phases cannot be 
detected by the X-ray PSPC microdiffractometer be- 
cause their volume fraction is less than 5%. The aver- 
age composition of these initial phases revealed by an 
electron probe is Pd36.2Ni51.4Ptz.4 , different from 
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Figure 1 Scanning electron micrograph of the Pd4oNi4oP2o drops: (a) a collection of Pd4oNi4oPzo glassy spheres; (b) the shape and 
cross-sectional structure of a sphere with a diameter of 1.6 mm. 

TABLE I Summary of the results of Pd4oNi4oP2o spheres solidified in three environments, initial temperature is 1050 K 

Diameter range (mm) He (Pa) 
79,800 26,666' 

0.1-0.~; G G 
0.7-1.2 G G 
1.3-1.8 G G + D 

Ar (Pa) Vacuum (Pa) 
79,800 - 26,666 1.33 x 10 -a 

G G G + C  
G + D  G + D  G + C  
G + D  G + D  G + C , C  

Key: G means glass phase, D means initial phase and dendrites, C means spherical crystals. 

Figure 2 Microstructure of a sphere (in 26,666 Pa He) with a diameter of 1.8 ram! (a) many primary trefoil and quatrefoil-like phases appeared 
in the glass matrix; (b) a magnified view. 

that of the glass matrix of Pd38.oNi44.1Pa7.9: The 
estimated measurement error is about  _+ 3 at %. 

As the initial melt temperature increased to about 
1250 K, the number  of primary phases reduced greatly 
and almost none of them was observable. However, 
when the temperature further increased, some drops 
did not solidify as spheres but in elliptical or irregular 
shapes owing to the melt touching the bot tom of the 
tube (Fig. 3). 

The spheres solidified in argon gas with diameters 
of about  0.1 to 0.6 mm are single glass phase, while 
those with diameter larger than 0.6 mm are composed 
of glass plus the small dendrites. The dendrites grew 
along tetragonal and triangular directions, with cross- 
wise about  10 gm, as shown in Fig. 4. Als0 the diffsac- 
tions of these dendrites could not be found by the 
X-ray PSPC microdiffractometer and the spectrum 
showed only the glass pattern. Electron probe analysis 
revealed that the composition at the centre of the 
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dendrites is similar to that of the primary phase, and 
that at the trunk of a dendrite it is Pd41.aNi4o.sP18.2, 
close to that of the glass matrix. Their positions are 
noted as a, b and c, respectively, 'in Fig. 4a. 

In the case of the vacuum environment, spheres 
with diameter ranging from about  0.1 to 1.5 mm are 
composed of the glass phase plus spherical crystals 
(see Fig. 5). Carefully analysing Fig. 5b, it can be seen 
that the trefoil and quatrefoil dendrites also appeared 
at the centre of the spherical crystals, and some small 
trefoil and quatrefoil patterns, like those shown in 
Fig. 2, also appeared in the glass matrix. The lamellae 
structure grew on the dendrites radially. The overall 
composition of the lamellar structure is similar to that 
of the glass phase, and the composition of the centre of 
the dendrites is similar to that of the primary phase. 
The X-ray diffraction pattern shows that the sharp 
crystallized peaks overlapped the broad glass peak 
indicating the partial crystallization (Fig. 6b). The 



Figure 3 Samples solidified in ellipsoidal and irregular shapes as 
the T~ of the melt was too high. 

scribed by a differential equation as [5] 

dT/d t  = ( - s o ( T  4 - T 4) ~ h ( T -  To))(6/Cpgd ) 

(t) 

where T is the drop temperature, e is the emittance, 
cy is the Stefan-Boltzman constant, h is the heat trans- 
fer coefficient, Cp is the heat capacity and p is the 
density of the alloy. In using Equation 1 it is assumed 
that there are no temperature gradients within the 
drop, that no phase change occurs, and that the tem- 
perature of the gas far from the drop and the environ- 
ment temperature are both T o . 

An iteration method applied to Equation 1 was 
used to calculate the temperature of a liquid droplet as 

Figure 4 Microstructure of a sphere (in 26,666 Pa At) with a diameter of 1.9 ram, containing dendrites in the glass matrix: (a) quatrefoil 
dendrites, with a: the centre, b: the trunk, and c: the glass matrix; (b) trefoil dendrites. 

Figure 5 Microstructure of a sphere (in vacuum) with a diameter of 1.45 ram: (a) some spherical crystals in the glass matrix; (b) a magnified 
view. 

spheres with diameter larger than 1.5 mm are com- 
pletely crystallized (Fig. 6c), showing eutectic solidifi- 
cation. 

4. Heat f low analysis 
To understand the cooling behaviour of Pd+oNi4oP2o 
drops further, the cooling rates of the drops in the tube 
were calcul~ited. In the tube a liquid droplet cooled 
down partly by radiative heat transfer but mostly by 
convective heat transfer. The temperature history of 
a liquid droplet in drop tube processing can be de- 

a function of fall time in the drop tube. The results 
indicated that with increasing d, the diameter of the 
Sphere, a longer falling time is required to reach the 
same undercooling. Also, because the heat extraction 
rate is decreased, a longer falling time is required for 
the same size drop in argon gas than in helium, indi- 
cating the decreased cooling rate. Fig. 7 shows the 
cooling rate of drops with various diameters in helium 
and argon gas at a temperature of Tg (590 K). Com- 
pared with the results summarized in Table I, the 
critical cooling rate for glass formation in drop tube 
processing was estimated, By eliminating wall hetero- 
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Figure 6 X-ray diffraction patterns: (a) spectrum of the glass 
spheres; (b) glass phase with some spherical-like crystals; (c) com- 
pletely crystallized sphere. 
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Figure 7 The calculated cooling rate (at 590 K) versus the drop 
diameter in He and Ar gas under pressures of 79,800 Pa (solid line) 
and 26,666 Pa (dashed line). 

geneous nucleations, a cooling rate of 150 K/s was 
needed to avoid the drop interior nucleation. 

5 .  D i s c u s s i o n s  
The free fall time provided by a 1.2 m drop tube is 
about 0.5 second. In the case of the vacuum environ- 
ment, the melt drops are hardly solidified in such 
a short time solely by radiative thermal transport. As 
the tube is filled with inert gas, the thermal transport 
in the drops is combined with convection and radi- 
ation, and the convective term is much larger than the 
radiative~ term [3]. In our experiment, inert helium 
and argon gas were used. The thermal conductivity of 
helium is about one order of magnitude larger than 
that of argon gas [6], so the heat transfer coefficient of 
the droplet in helium gas is several times (approxi- 
mately five times by our calculations) of that in argon 
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gas. Therefore, by filling with various inert gases at 
various pressures in the tube, the thermal conditions 
of the molten drops are varied over a wide range. As 
a result, the different solidification morphologies of 
the drops were observed, allowing an insight into the 
crystal nucleation and growth process. 

Fig. 7 shows the cooling rate, effected by the gas 
pressures, varying with the diameters of the drops. For 
diameters d smaller than about 1.0 mm, the cooling 
rate ~h decreased rapidly with the increasing of d; while 
for d larger than 1.0 ram, the ~h decreased slowly. This 
can be interpreted by the Change of the heat transfer 
coefficient h according to Equation 1. h varies with the 
temperature, velocity and the diameter of the droplet, 
and can be described in terms of Nusselt number [5] 
through the equations 

h = Nu x K t / d  (2) 

Nu = 2 + 0.3Pr x Re ~ (Re < l0 s) (3) 

where K, is the thermal conductivity of the gas, 
P, = Cp x q g / K  t is the Prandtl number, Re = pgV~d/rlg 
is the Reynolds number, Cv, qg and pg are the specific 
heat, viscosity and density of the gas, respectively, and 
V,, is the velocity of the drop. In this case the gas 
properties are evaluated at the film temperature 
Tf = (T + To)/2. 

From Equations 1-3 we can see that the radiative 
term is proportional to d-  1, and the convective term is 
proportional to d -2. Thus, with the increasing of d, 
h decreased with d, and the cooling rate ~h decreased 
with d 2 mainly, resulting in the change of sofidification 
morphologies. In the previous work reported by 
Drehman et al. [4], since the drop tube was filled with 
helium at one atmosphere and the drop diameters 
were smaller than 1.0 mm, only the single glass phase 
of Pd4oNi4oP2o droplets was obtained by the drop 
tube process. 

Davies has estimated that a critical cooling rate 
of 120 K/s was needed for the glass formation of 
Pd4oNiaoP2o alloy by using the classical homogen- 
eous nucleation theory [7]. This value is in agreement 
with our result, estimated as 150K/s. However, 
Drehman et al. had prepared the bulk Pd4oNi4oP20 
glass with a cooling rate as low as 1 K/s [8], and found 
that the homogeneous nucleation rate is about 
106/m3s at a temperature of 590 K [4]. This value can 
produce the quenched-in nuclei density of 
6 x 104/m 3, much smaller than o u r  result of 
1.4 x 1013/m 3, estimated from Fig. 5a. This great dis- 
crepancy indicated that it is unlikely that the nuclea- 
tion process occurring in our samples is homogene- 
ous; more likely, it is heterogeneous. On the other 
hand, the homogeneous nucleation, an intrinsic pro- 
cess, can only be avoided by a cooling rate which is 
determined by the homogeneous nucleation rate; 
while the heterogeneous nucleation process can, in 
principle, be reduced by eliminating the heterogenei- 
ties. Therefore, it is possible to produce Pd4oNi40P2o 
glass at a cooling rate lower than 1 K/s if heterogen- 
eous nucleation is completely avoided. The cooling 
rate of 150 K/s is used to avoid interior heterogeneous 
nucleation in the drop tube process. The inadequate 



value of 120 K/s, estimated by Davies, may be mostly 
due to the uncertainty of the thermal physical para- 
meters such as viscosity, interfacial energy and Gibbs 
free energy, etc., which are difficult to determine by 
experiment. 

The purity of the initial materials that we used is 
very low, so this may be a significant source of the 
much higher nucleus density in our samples. This has 
been supported by our results from electron probe 
microanalysis of the Composition at the centre of the 
dendrites or the inclusions (Figs 2 and 4). The elements 
A1, Si and Mn appeared clearly in the X-ray energy 
spectrum (Fig. 8), and their contents were much higher 
than that at other places, such as at the trunk of the 
dendrites or the glass matrix. These inclusion elements 
may be present as oxides or compounds, and they can 
act as the nucleation centre during the cooling of the 
melt. As the initial temperature T i of the drops in- 
creased, the Si content was absent and the Mg content 
reduced significantly, while the A1 content was still 
present (see Fig. 9). This means that some Si and Mg 
compounds were dissolved or reduced. Since the 
melting temperature of AI is 933 K, the A1 element 
appearing in the spectrum suggests that it may present 
as oxides. The melting temperature of the A1 oxides is 
much higher than that of the element, so the A1 oxides 
could not be dissolved by increasing the temperature 
in our experiment. This needs to be investigated fur- 
ther. Nevertheless, by increasing Ti, the inclusions 
compounds or oxides were partly dissolved or re- 
duced, so that the nucleation events reduced signific- 
antly during the cooling of the drops. Thus the effect 
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Figure 8 Electron probe X-ray energy spectrum at the centre of the 
dendrites with sample T~ of 1050 K. 
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Figure 9 X-ray energy spectrum at the centre of the dendrites with 
sample T~ of 1250 K. 
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Figure 10 Section of the phase diagram of the ternary Pd-Ni P 
alloy. 

of the T i on the morphology of the Pd40Ni40P20 
droplets can be interpreted. 

To know what phase is initially formed, it is neces- 
sary to understand the phase composition in the 
PdgoNi40P20 alloy. The structure of the ternary 
Pd-Ni-P system in the composition range 
(PdsoNiso)loo_xPx with 0 < x < 25 has been investi- 
gated by Wachtal et al. [9], who reported that 
Pd40Ni40P20 alloy is composed eutectically by 
a Pd-Ni solid solution phase, and primary phosphide 
NisP 2 and Pd3P phases (see Fig. 10). As the 
Pd40Ni40P20 melt cooled from above liquidus, the 
phosphide NisP 2 phase would initially form. 
Donovan et al. have examined the structure of these 
phases in a slowly cooled Pd40Ni40P20 alloy by trans- 
mission electron microscopy [10]. They identified the 
composition primary phosphide as Pd34Ni,~5P21 , the 
other two phases being Pd,oNi59P 1 and Pd68Ni14Pls 
(absolute error is __2 10 at %). In the Pd-Ni solid solu- 
tion phase the P content is almost absent, the third 
phase is a Pd-rich phosphide. Considering the error 
introduced by the energy spectrometer, the Ni-rich 
phase Pd34Ni45P2~ is very close to our primary phase 
Pd36.2Ni5L4P12.4. Now, we can conclude that with 
the cooling rate decreased, the Ni-rich phase is ini- 
tially formed on the heterogeneities; then the dendrites 
grow; and finally the lamellae structures eutectically 
grow on the dendrites radially. 

6 .  C o n c l u s i o n s  
Drop tube processing allows significant levels of liquid 
undercooling by elimination of crucible-induced nu- 
cleation. By controlling the processing parameters 
such as drop size, initial temperature and gas pressure, 
the solidification morphology of Pd40Ni40P20 drops 
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from glass to crystal nucleation and growth was ob- 
served. As the cooling rate decreased, the Ni-rich 
phase Pd36.2Ni51.4Pa2.4 was initially formed, and on 
this phase the dendrites grew into a glass matrix, then 
the surrounding eutectic crystals grew radially. As the 
initial temperature of melt increased, the heterogenei- 
ties were partly dissolved or reduced. From the experi- 
ment the density of nuclei was estimated as 
1.4 x 1013/m 3. The calculation of the cooling behavi- 
our of drops in inert gas indicated that a cooling rate 
of 150 K/s is required_for glass formation in drop tube 
processing. 
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