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Amorphous metallic foam
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The bulk glass forming alloy Pd43Ni10Cu27P20 is processed into a low-density amorphous metallic
foam. Pd43Ni10Cu27P20 is mixed with hydrated B2O3, which releases gas at elevated temperature
and/or low pressure. Very homogeneous foams are achieved due to the high viscosity of the alloy
even at its liquidus temperature. By processing at the liquidus temperature and decreasing the
pressure to 1022 mbar, well-distributed bubbles expand to foam the material. Foam densities as low
as 1.43103 kg/m3 were obtained, corresponding to a bubble volume fraction of 84%. The bubble
diameter ranges between 231024 and 131023 m. Thermal analysis by differential scanning
calorimetry confirms the amorphous nature of the foam. Furthermore, it reveals that the foam’s
thermal stability is comparable to the bulk material. ©2003 American Institute of Physics.
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Metallic foams are known to have many interesting co
binations of physical properties. They offer high stiffness
conjunction with very low specific weight, high gas perm
ability combined with high thermal conductivity, and a ve
high energy absorption ability.1 This combination of proper-
ties makes them widely used in nature such as wood
bones. Today, it is an emerging engineering material. Fo
can be classified as either open or closed porous. Whe
open foams are mainly used as functional materials, clo
foams find application as structural materials such as en
absorbers or light-weight stiff materials. The amount of e
ergy that can be absorbed scales with the strength of
material. Since bulk metallic glasses~BMG! such as Zr- and
Pd-based materials exhibit a yield strength of about 2 GP2

compared to 250 MPa for aluminum, a much larger ene
absorption ability can be expected.

The foaming of pure metals is challenging since a fo
is an unstable structure. The kinetics of the foam expans
and collapse scales with the viscosity. To a good approxi
tion, the viscosity of pure metals is 1023 Pa s at its melting
temperature,3 compared to about 1 Pa s for BMG formin
liquids at the liquidus temperature.4 Therefore, the foaming
kinetics of BMGs can be expected to be more sluggish t
that of a pure metal. This should enable better controllabi
of factors such as foam homogeneity, bubble size distri
tion, and volume fraction. It has been found that the perf
tion of a foam strongly influences its mechanical propertie5

The challenge of making amorphous foams by cool
the sample from the stable liquid is to circumvent crysta
zation during subsequent cooling. Thus, techniques used
commercial metal foam production are excluded since t
do not allow fast cooling. In order to extract heat sufficien
fast to avoid crystallization, amorphous foam dimensions
restricted in one dimension. In addition, techniques that
troduce heterogeneous nucleation for improved bubble
tribution will also facilitate crystallization, thereby degradin
the glass forming ability. As a foaming material we chose
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excellent glass former Pd43Ni10Cu27P20,6 which has a critical
cooling rate as low as 0.1 K/s when processed in B2O3.7

Heterogeneous nucleation in this system is actually redu
by processing in B2O3.8,9

This letter reports on a manufacturing method to foa
Pd43Ni10Cu27P20. Hydrated B2O3 is utilized to create gas
bubbles in the liquid melt. These bubbles expand when
pressure is decreased, resulting in a low-density closed
foam. Differential scanning calorimetry~DSC! measure-
ments will be carried out to confirm the amorphous nature
the foam.

Ingot material of a purity ranging from 99% to 99.999
was used. The prefoam material was prepared by mixing
ingots with B2O3 powder in quartz tubes, and processing f
1200 s at 1200 K, followed by water quenching. The te
perature was measured withK-type thermocouples
Wavelength-dispersive-spectrometer measurements were
ried out to verify the composition of the samples. Therm
analysis to confirm the amorphous nature of the foam w
performed in a Perkin Elmer DSC 7 analyzer.

Figure 1 shows a prefoam specimen prepared in the

il:

FIG. 1. Prefoam of the amorphous foam prepared by mixing the ingots w
B2O3 and processing for 1200 s at 1200 K. Bubbles are uniformly dist
uted throughout the sample. The bubble volume fraction is about 20%
an average bubble size of 1.531023 m.
© 2003 American Institute of Physics
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scribed way. It consists of a uniform distribution of bubble
The bubble volume fraction is about 20% with an avera
bubble size of 1.531024 m.

Such a prefoam sample, as is shown in Fig. 1, was p
cessed for 60 s at 1100 K to improve the glass form
ability, and subsequently cooled to the alloy’s liquidus te
perature of about 860 K. Subsequently, the pressure
slowly decreased to about 1022 mbar. The lowering of the
pressure results in the foaming of the material. After 20
when the material reaches its maximum foam height, it w
water quenched. The resulting structure is shown in Fig
The density of this foam is 2.23103 kg/m3 compared to
9.13103 kg/m3 for the bulk Pd43Ni10Cu27P20 sample.10 The
bubbles vary in diameter between 1024 and 1023 m. A very
uniform bubble distribution can be observed without notic
able gradient from top to bottom.

A density gradient of the bubbles would establish if t
time for the bubble to sediment through the sample is sho
than the experimental time, assuming that the foaming so
results from the growth of pre-existing bubbles and no f
ther nucleation. The sedimentation velocity of a gas bub
in a Pd43Ni10Cu27P20 liquid of viscosityh can be calculated
according to Stoke’s law:

Vsed52 a2 ~r l2rg!g/9h , ~1!

with gravitational accelerationg, bubble radiusa, and the
densities of liquid and gasr l and rg , respectively. The

FIG. 2. Pd43Ni10Cu27P20 foam prepared from the prefoam by decreasing
pressure at the liquidus temperature to 1022 mbar. The bubbles vary in size
between 1024 m and 1023 m. The density of this foam is 2.2
3103 kg/m3, which is 24% of the density of Pd43Ni10Cu27P20 .
Downloaded 17 Aug 2007 to 131.215.225.175. Redistribution subject to A
.
e

o-
g
-
as

,
s

2.

-

er
ly
-
le

Stoke’s law neglects the hydrodynamic interaction betwe
the bubbles. This interaction, which reduces the sedime
tion velocity, is considered in the empirical law of Richar
son and Zaki given by

V/Vsed5~12c!n, ~2!

with V as the mean sedimentation velocity of the interact
bubbles,c the volume concentration of bubbles, and the e
pirically determined exponentn'5.

Using the viscosity data from Nishiyama and Inoue11

and a density ofr59.13103 kg/m3,10 the sedimentation ve
locity for gas bubbles in a PdNiCuP liquid as a function
temperature was calculated by combining Eqs.~1! and ~2!.
For simplicity, a constant bubble volume fraction of 30
was assumed~see Fig. 3!. Three different bubble sizes of 5
31023, 531024, and 131024 m have been considered. A
a temperature of 900 K with a corresponding viscosity of
Pa s, the velocities ofV5131023 m/s for bubbles with a
radius of 531023 m, V5431025 m/s for the 531024 m
bubble, andV5431027 m/s for the 131024 m bubble
were calculated. By comparing the time scale for sedimen
tion with the time scale of the experiment of 20 s, one c
conclude that no noticeable gradient should be expected
bubbles with a radius of 531024 m or less. At this point, it
should be mentioned that Eq.~1! suggests that the sedimen
tation velocity of gas bubbles in pure metals is three ord
of magnitude higher owing to the three orders of magnitu
lower viscosity. Therefore, in liquid pure metals, eve
bubbles with a radius of 131024 m would show significant
sedimentation on the time scale of the experiment.

In order to determine whether the foam can be vitrifi
upon cooling we performed a thermal analysis measurem
by heating the materials with 0.33 K/s. The thermograms
shown in Fig. 4. Both thermograms for the samples, wh
microstructures are shown in Figs. 1 and 2, look very simi
The thermogram for the prefoam sample is shown at
bottom. The glass transition temperature isTg5578 K, crys-
tallization temperature isTx5667 K, and the heat of crystal
lization is DH533103 J/mol. Solidus and liquidus tem
peratures are 804 and 859 K, respectively. For the foam
sample the thermogram is shown at the top of Fig. 3,Tg

FIG. 3. Mean sedimentation velocity calculated by combining Eqs.~1! and
2 as a function of temperature for a bubble fraction of 30%. Three differ
bubble sizes of 531023 m ~dotted line!, 531024 m ~dashed line!, and 1
31024 m ~solid line! have been considered.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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5577 K, Tx5666.8 K, andDH52.93103 J/mol. Solidus
and liquidus temperatures are 804 and 858 K, respectiv
The fact thatTg andTx are not altered by the foaming pro
cess indicates that the foaming does not degrade the g
forming ability. A similar heat of crystallization measured f
the two alloys proves that the foam is entirely amorphou

The influence of the foaming process on the critical ca
ing thickness, assuming the foaming process does not c
heterogeneous nucleation, can be estimated through th
crease in thermal diffusion length. Ifag!a l ~a: thermal con-
ductivity!, rg!r l , and cp,g<cp,l the heat will predomi-
nately transfer through the liquid. But, this requires
increased diffusion length since the linear path is interrup
Assuming a dense packing of spherically shaped, unifo

FIG. 4. DSC thermograms of heating experiments with 20 K/min. The b
tom thermogram was obtained for the prefoam material~shown in Fig. 1!
and the top thermogram for the foamed material which microstructur
shown in Fig. 2. For the prefoam materialTg5578 K, Tx5667 K, DH
533103 J/mol, Ts5804 K, andTl5859 K have been measured. Almo
identical values ofTg5577 K, Tx5666.8 K, DH52.93103 J/mol, Ts

5804 K, andTl5858 K are determined for the foam.
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bubbles, the additional diffusion length can be calculated
comparing the length of going around a bubble with t
bubble diameter, resulting in a factor ofp/2. This results in a
critical casting thickness, which is 35% smaller for a foa
compared to the bulk material.

The bulk metallic glass forming alloy Pd43Ni10Cu27P20

was processed into amorphous foam. First, a prefoam
prepared by mixing the ingot materials with B2O3 powder
and processing above the liquidus temperature. The foam
was achieved by decreasing the pressure, which causes
existing bubbles to grow in the liquid sample. The resulti
foams have densities as low as 1.43103 kg/m3 with a homo-
geneous distribution of bubbles of a size range betwee
31024 and 131023 m. The homogeneity of the foam is
result of a very low sedimentation velocity, which can
explained by the high viscosity of bulk metallic glass form
ing liquids.
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