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OPTIMIZING THE METALLOID CONTENT IN BULK METALLIC GLASSES*

O. J~l, R. B. SCHWARZ1, F. M. ALAMGIR2, ~d H. JA3N2
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87545.
2Dept. of Materials Science and Engineering, Lehigh Univeristy, Bethlehem, PA 18015-3195.

ABSTRACT

We have studied the effect of phosphorus content on the formation and properties of bulk

Pd-Cu-P and Pd-Ni-P metallic glasses. It was found fiat the molar volumes of the Pd-Ni-P bulk

glasses plotted as a function of P content follow a straight line whereas those for the Pd-Cu-P

glasses follow two straight lines of different slopes, intersecting at a critical P concentration.

The transition in molar volume behavior is attributed to a change in the alloy’s short-range order

with increasing P content. The origin of this structural change is discussed based on “x-ray

photoelectron spectroscopy (XPS) measurements.
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INTRODUCTION ‘

Bulk metallic glasses are receiving increasing attention for their potential in applications,

and for allowing unprecedented studies of the structure of liquids and glasses. For conventional

metallic glasses (prepared at cooling rates on the order of 106 K/s) it has long been believed that

the metalloid content should be near 20 at.%. Therefore, the search for new bulk metal-metalloid

glass-forming alloys (prepared at cooling rates on the order of 102 K/s) has been mostly devoted

to adjusting the type and content of the metal atoms, while the effect of metalloid content on

glass forming ability has received less attention. It is expected, however, that the optimization of

the metalloid content will play a crucial role in maximizing the size of the glassy product [1].

This paper reports molar volume measurements in @do.5cuo.5)loo-xpxJ

(P43.625CU0.375 )100-XPX3 and (p%.5Nio.5)loo-xpx buk metallic glasses. For each alloy class, we

determined the glass forming range. The dependence of molar volume on P concentration is

correlated with electronic structure measurements using XPS.

EXPERIMENT PROCEDURE

Powders of (Pdo-625Cuo+375)1W-xPx and (Pd0.5Cu@100-xl’X were prepared by ball-milfing

6-gram mixtures of elemental Pd (99.95 $ZO),Cu (99.999Yo) and P (99.9999t%o)powders. The

milling was done for 10 hours using a tungsten carbide vial and a single 12-gram tungsten-

carbide ball. The mill was located inside an argon-filled glove box containing less than 0.1 ppm

oxygen. The ball-milled powders were then loaded into fused silica tubes together with

dehydrated B203. Upon heating the tubes, the alloy melts and the B203 dissolves the oxides

(fluxing) [2]. After fluxing, the fused silica tubes containing the purified melts were quenched in

water. Bulk glassy rods of 7-mm and 8-mm in diameter were prepared for

(pdo.62@0.@100-#x and (Pd0.@0.5)100#x, respectively. We used the same technique to

prepare 8-mm diameter bulk glassy rods of (Pdo.5Nio.5)100-XPxwith the purpose of comparing its

properties with those of the Pd-Cu-P alloys.

The densities of the glassy rods were measured by the Archimedes method using distilled

water as immersion fluid. The rods were then sectioned with a diamond-impregnated low-speed

saw to prepare samples for X-ray diffraction and X-ray photoelectron spectroscopy (XPS)

measurements. The XPS measurements were done on a Scienta ESCA-300 spectrometer using
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Al & (1486.7 eV) x-rays from a rotating anode, and a high-resolution hemispherical

electrostatic analyzer. Before recording an XPS spectrum, the surface of each specimen was

mechanically cleaned in high vacuum (10-7 Pa) with a diamond tool.

RESULTS AND DISCUSSION

We used X-ray diffraction to determine which cast alloys were amorphous. Single phase

amorphous rods were obtained for alloys with phosphorus content, x, from 15.5 to 19 at.% for

(Pd05Cu05)lo0-XpX glasses, from 17 to 21 at.% for (PdOGzsCuOs7s)100-XPXglasses, and from 16

to 22 at.% for (Pdo.5Nio.5)100-XPXglasses. For the three alloy systems, the glass forming ranges

are centered at phosphorus content lower than 20 at.%. Although we were able to prepare 7 and

8 mm-diameter amorphous rods of Pd50Cu30P20and Pd40Ni40P20,respectively, we were unable

to prepare a similar rod at the composition Pd40Cu40P20. This clearly shows that Pd40Cu40P20is

not the optimum composition for bulk glass formation in the (Pdo.5Cu.5)lW-XPX system. It

further suggests that to maximize the dimensions of the bulk glass (i.e. lower the critical cooling

rate), one has to carefully optimize the metalloid content in the alloy. The factors that determine

the best alloy composition for bulk glass formation are poorly understood.

Figure 1 shows the molar volumes of the alloys as a function of phosphorus content. The

molar volumes were deduced from measured densities, the nominal compositions, and the known

atomic weight of the elements. Two features are apparent in this figure. First, the bulk glass

forming range of the (Pdo.5Nio.5)100-XPXglasses is wider than that of the (pdo.625cUo375)1~-xpx

and (Pdo.5Cuo,5)100-XPXglasses, indicating that Pd-Ni-P is overall a better glass-forming system

than Pd-Cu-P. Second, the molar volumes of the (Pdo.5Nio5)100-XPXglasses follow a single

straight line, whereas those of (Pdo.625Cu0.375)1M.xPX and (Pdo.5Cuo.5)lW-XPX glasses show

clear discontinuities at 19 and 17.5 at.%, respectively.

The molar volume data for the Pd-Cu-P bulk glasses for phosphorus contents below and

above the respective discontinuities can be fitted by two straight lines. The intersection of these

lines define the critical phosphorus concentrations c~l = 17.5 and c~~ = 19 for the two Pd-Cu-P

alloys with Pd/Cu ratios of 1:1 and 5:3, respectively. An extrapolation of these lines to the pure-

phosphorus ordinate enables us to deduce the partial molar volumes of phosphorus, VP, given in

the last column of Table 1. Notice that the molar volumes deduced from the extrapolation of the



.,? .

lines with negative slopes have comparable values of, ~P=7.18, 6.85, and7.10cm3 mole-].

Similarly, the ~Pvalues deduced from the extrapolation of the lines with positive slopes are

also of comparable values, 9.2 and 8.95 cm3 mole-l. This suggests that ~Passumes one value

(close to 7.1) for the two Pd-Cu-P bulk glasses below their respective critical phosphorus

concentration, and a different value (close

concentrations.

An extrapolation of the lines fitted to the

to 9) for glasses above the critical phosphorus

molar volumes of the Pd-Cu-P bulk glasses to the

zero-phosphorus ordinate enables us to deduce the combined partial volume of Pd and Cu in

these glasses, weighted”by the molar ratios between these elements. Based on the previous

analysis, we assume that, as for phosphorus, the metal atom partial molar volumes have only two

values: one for all the Pd-Cu-P bulk glasses fitted by the two lines of positive slope, and another

for the alloys fitted by the two lines of negative slope. With this assumption we obtain two

equations that enable us to calculate the partial molar volumes of Pd and Cu. These values are

given in Table 1.

Figure 1 and Table 1

glasses change abruptly

indicate that the partial molar volumes of Pd, Cu, and P in the Pd-Cu-P

at critical concentrations of phosphorus. We interpret these abrupt

changes to reflect changes in the local atomic environment (short-range order, SRO). For all the

Pd-Cu-P alloys belonging to the lines with negative slope in Fig. 1, the partial molar volumes of

Pd, Cu, and P are approximately 9.0, 7.6, and 7.0 cms mole-l, respectively. When the

phosphorus content increases beyond the critical phosphorus concentrations, the partial molar

volume of Pd decreases by 3.3910to 8.7, that of Cu decreases by 10.5% to 6.8, and that of

phosphorus increases by 30% to 9.1.

The 7P value in the Pd-Ni-P glasses, deduced from the single fitted line in Fig. 1, is

approximately 7.2, thus close to the VP values in the Pd-Cu-P glasses below their respective

critical concentrations. This observation justifies ma.@ngthe additional assumption that ~pd is

the same for all the glasses whose molar volumes have been fitted by lines of negative slope.

This assumption enables us to deduce the partial molar volume of nickel in the Pd-Ni-P glasses

to be 6.66 cm3 mole-l.

These results suggest further that the SRO in the Pd-Ni-P bulk glasses is similar to that of

the Pd-Cu-P bulk glasses for phosphorus contents below their respective critical concentrations.
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Finally, in Fig. 1, the molar volume of the (Pd0.625Cuo.375)79P21glass does not seem to belong

to either of the two lines fitting the rest of the molar volume data. This

phosphorus, may contain nano-sized crystalline inclusions that were not

diffraction.

alloy, very rich in

detected by x-ray

It is interesting to compare the current partial molar volumes of palladium, copper and

nickel in bulk glasses to their known elemental v&es, also listed in Table 1. The previous

discussion suggests that all the glasses studied can be classified into two groups: (1) glasses with

VP= 7; and (2) glasses with 7P= 9 cms mole-l. For the first group, the partial molar volume

of the metal atoms is slightly larger in the glass than in elemental form, whereas the opposite is

true for the second group. If indeed these two groups of glasses have different SRO, the partial

molar volume results suggest that the change in SRO is accompanied

electronic bonding.

XPS measurements were performed to elucidate the driving force for

by a change in the

a possible change of

SRO in the Pd-Cu-P glasses. Figure 2 shows XPS data for Pd4~i40P20, and for three

(Pdo5Cuo#lw.XPx glasses with x = 16.5, 17.5, and 19. It is customary to present the XPS

spectra with the zero of the energy scale at the Fermi energy, so that the abscissa represents

binding energy. In Figure 2 we used a different energy normalization: we shifted the abscissa of

each ‘curve so as to superimpose the high-energy edges of the d-band for all XPS curves and

placed this edge at x = O. By doing this, one can more clearly see the different contributions to

electronic bonding in these glasses. A detailed study of the valence band of Pd-Ni-P glasses as a

function of Pd/Ni ratio has been published before [3]. The XPS signal for the Pd-Ni-P glasses

has a broad density of states with a sharp high-energy edge, characteristic of a transition metal

with a filled, or partially filled, d-band. The XPS spectra for the Pd-Cu-P glasses have similar

broad d-type bands but, in addition, have high-energy tails, characteristic of higher energys and

p-states. This indicates that the d-bands in the Pd-Cu-P glasses are full and that excess electrons

occupys and p states of energy higher than that at the top of the d-bands.

The inset to Fig. 2 (left) is an enlargement of the highest energy range of the XPS signals for

the Pd-Cu-P glasses. The inset clearly shows that the phosphorus increase causes an increase in

the occupancy of the s- and p-bands. The energy increase is about 0.08 eV per atom percent

increase in phosphorus. We use these observations to explain the structural chimges implied by

the changes in partial molar volumes in Fig. 1.



in these glasses. The latter glasses, containing more Pd, have a larger density of unoccupied d-

states, which can accommodate a larger fraction of the electrons donated by the phosphorus. The

s and p states above the d-band are thus less populated in the latter alloys and the polymorphic

transition occurs at a higher phosphorus concentration.

The molar volume data for Pd-Ni-P glasses show no indication of a polymorphic transition.

Figure 2 shows that the density of states for amorphous Pd4@Ji4&20 is characterized by a

partially filled, or just filled, d-band. This agrees with the fact that nickel has a lower number of

valence electrons than copper. Thus, in these alloys, an increase in the phosphorus concentration

does not cause a significant increase in the alloy’s Fermi energy. Increasing the phosphorus

concentration by a large amount may eventually cause a polymorphic transition similar to that

observed in the Pd-Cu-P glasses. However, this transition may occur at phosphorus

concentrations well beyond the glass-forming range for these alloys.

The optimum phosphorus concentration for bulk glass formation in the Pd-Ni-P system is at

the center of its homogeneity range, x = 19. For the Pd-Cu-P glasses, the optimum phosphorus

concentration for bulk glass formation is close to c~:l=17.5 and c~~=19 at.% (Fig. 1). We

arrived at these conclusions by measuring thermal properties such as glass transition

temperature, crystallization temperature, and enthalpy of crystallization. These data will be

presented separately. However, none of the Pd-Cu-P compositions was as good a bulk-glass

former as the Pd40Ni40P20glass. The XPS data suggest thats and p bonding at energies above

the d-band is present in all our Pd-Cu-P glasses and that this bonding type is less favorable to

bulk glass formation.

CONCLUSIONS

Metalloid concentration has significant effect on the glass forming ability of metal-me@loid

glasses. To minimize the critical cooling rate, and thus maximize the size of the bulk metallic

glasses, the metalloid content needs to be optimized.

Partial molar volume measurements suggest that Pd-Cu-P glasses sustain a polymorphic

change with increasing phosphorus content. This change is driven by an increase in the

electronic contribution to the alloy’s free energy. Before the occurrence of the polymorphic

change, the SRO in the Pd-Cu-P glasses is similar to that in the Pd-Ni-P glasses. The

polymorphic transition in the Pd-Cu-P glasses, and the difference between the glass-forming



Describing SRO in metal-metalloid glasses has concerned researchers for a long time. Some

understanding of the SRO has been obtained by simulating the structure of these glasses by

computer models. A comparison of measured and calculated atom pair distribution functions

was taken as a measure of the model accuracy. It was found that the models reproduced the

measured atom-pair distribution functions only when constructed following special algorithms

that favor the development of specific types of SRO. Examples are the algorithm of Boudreaux

and Gregor [4], which bias the alloy against metalloid-metalloid nearest neighbors, and the

algorithm of Gaskell [5], which bias the alloy towards containing a large number of trigonal

prismatic units. These units have a metalloid atom at the center and metal atoms at the comers

and near the faces. Clearly, the glass could adopt many other SRO configurations. It is now

accepted that metal-metalloid glasses can exhibit polymorphism. Furthermore, polymorphism

can be more prevalent in ternary (and higher component) glasses, which have a higher degree of

freedom for packing tetrahedral atom units [6].

Because the present bulk glasses were prepared by quenching the melt at relatively low

cooling rates on the order of 100 K s-l [7], the SRO trapped in the glassy state will most likely be

that present in the undercooked melt as it approached the glass transition temperature. As the melt

is undercooked, it will seek the SRO that minimizes its free energy at that temperature. Changes

in the electronic contribution to this energy, brought about by changes in alloy composition, can

cause changes in the SRO adopted by the undercooked melt.

The present XPS data (Fig. 2) shows that Pd-Cu-P glasses have filled d-bands. For these

glasses, an increase in the phosphorus content causes a rapid increase in the electronic

contribution to the free energy because the electrons from the additional phosphorus atoms can

only populate emptys and p states of higher energy. We suggest that the increase in free energy

with increasing phosphorus content forces the glassy alloy to perform a polymorphic change to a

SRO structure of lower free energy. In the (Pdo5Cuo+5)100-xPxglasses, the polymorphic change

occurs at c~l = 17.5. This structural change creates additional d-band states, as reflected by the

widening of the d-band XPS signal when the P content is increased from x = 17.5 to x = 19 (Fig.

2, right). The availability of ,more d-band states means that the additional electrons do not have

to populates and p states of higher energy.

In the (Pdo.625Cuo.3.75)lo@xPXglasses, the polymorphic change occurs at c~~ = 19. This

difference in critical phosphorus concentration is consistent with the difference in the Pd content
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ability of the Pd-Cu-P and

structure of the alloys.

Pd-Ni-P glasses is related to band

Table 1. Partial molar volumes of Pd, Cu, Ni and P deduced from extrapolations of density
measurements for bulk metallic glasses as a function of phosphorus content. The table includes
the known molar volumes of elemental Pd, Cu, and Ni with fcc structure.

Alloy Phosphorus ~Pd Vc. ~Ni Vp

x-range cm3/mole cm3/mole cm3/mole cm3imole

(1’do.5Nio.5)loo-xpx 16–22 8.95 — 6.66 7.18

(pdo.5~uo.5)loo-xpx 15.5 – 17.5 8.95 7.56 — 6.85

17.5– 19 8.68 6.83 — 9.20

(pdo.62#”0.375) lo0-xpx 17-19 8.95 7.56 — 7.10

19-20 8.68 6.83 — 8.95

fcc Pd 8.90 — — —

fcc Cu — 7.10 — —

fcc Ni — — 6.59 —
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Fig.1 Molar volumes of Pd-Ni-P and Pd-Cu-P glasses as a function of phosphorus content.
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Fig. 2. XPS spectra for of Pd4~i4#20 and for three (Pdo.@o.5)lw-XPX glasses with x = 16.5,

17.5, and 19 (left), and expanded view of the top of the d-bands for the (Pdo.5Cuo.5)100-XPX

glasses. The reference energy is chosen as explained in the text.
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