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Pressure-Induced Amorphization of R-AI,Li,Cu: 
A Structural Relation Among Amorphous Metals, 

Quasi-Crystals, and curved Space 

Robert R. Winters and William S. Hammack* 
A central question in the study of amorphous materials is the extent to which they are 
ordered. When the crystalline intermetallic R-AI,Li,Cu is compressed to 23.2 gigapascals 
at ambient temperature, an amorphous phase is produced whose order can be described 
as defects in a curved-space crystal. This result supports a structural relation between 
quasi-crystals and amorphous metals based on icosahedral ordering. This result also 
shows that a metallic crystal can be made amorphous by compression. 

A central question in the study of amor- 
phous materials is: "How disordered are 
they?" (1). Formally this is known as the 
problem of medium-range order (MRO) , 
that is, order on the length scale 5 to 20 
A. Experimentally MRO is difficult to 
measure, although recent work has shown 
conclbsively ordering to -10 A for an 
alkali silicate glass (2). Also, the phenom- 
enon of pressure-induced amorphization, a 
new method for preparing amorphous sol- 
ids at ambient temperature by compres- 
sion, has demonstrated a sense of order in 
amorphous solids (3-9). The difficult as- 
pect is how to describe this "new" order in 
amorphous materials.. The most common 
approach is to establish the short-range 
order in the amorphous material and then 
look for the topological rules that govern 
the MRO (1 0). 

Several researchers have proposed that 
the order in amomhous metals can be found 
by examining a perfect crystal formed in a 
curved space (1 1, 12). Sadoc and &vier 
showed how decurving this perfect crystal 
can produce a metal alloy or an amorphous 
metallic structure (1 3). Similarly, Nelson 
used the perfect curved-space crystal to 
define defects in icosahedral bond orienta- 
tional order (1 l) .  The major point of their 
work was to change the level at which 
disorder is considered. Rather than focusing 
on the irregular arrangement of atoms, one 
focuses on the structure of the defects be- 
cause they are defined relative to a perfect 
state in curved space. 

In this work we show that compression 
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can produce an amorphous metallic alloy 
whose order is described in curved space. 
Moreover, this result shows that we have 
observed the pressure-induced amorphiza- 
tion of a crystalline metal. The preparatory 
method is also unusual because the amor- 
phous solid is produced without quenching: 
typically ultrahigh quench rates, on the 
order of lo6 'CIS, are needed to produce 
amorphous metals (1 0). 

To understand the curved-mace ideas 
mentioned above, we must review several 
packing principles of metallic alloys. Metal- 
lic alloys prefer to have a coordination shell 
of 12 atoms in the shape of an icosahedron 
(14, 15). This arrangement allows the 
densest local packing and hence the lowest 
energy (1 6). A crystal consisting of only 
perfect icosahedral coordination shells is 
incompatible with space-filling require- 
ments; this balance between locally low- 
energy noncrystallographic packings and 
long-range periodicity has been called "to- 
pological frustration" (8, 17). Nature ad- 
justs this frustration by mixing different 
coordination shells-coordinations of 14, 
15, or 16 atoms-forming what ?re called 
Frank-Kasper phases (1 8, 19). These alloys 
are composed of atoms of different sizes. 
Thus, purely tetrahedral packing is allowed, 
which results.in a more efficient ~ackine - 
than cubic or hexagonal close packing. 
Because the Frank-Kasper phases have only 
slightly distorted tetrahedral interstices, 
they are often called tetrahedrally close- 
packed (tcp) structures (1 4). 

A structure does exist in a curved space, 
however, in which every atom has perfect 
icosahedral coordination; it is called poly- 
tope (3,331. It can be regarded as a four- 
dimensional analog of the regular icosahe- 
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dron in Euclidean (flat) space. Sadoc and 
Mosseri have shown how to produce tcp 
structures or metallic glasses in ~uclidiai 
(flat) space by introducing defects or "dis- 
clinations" in the ideal icosahedrally or- 
dered curved-space crystal (1 2). Effectively, 
these disclinations reduce the curvature of 
polytope {3,3,5). Disclinations are defined 
as follows. In the higher space polytope 
each atom would have a coordination num- 
ber of 12: this would mean that five tetra- 
hedra are packed around each "bond." 
When there are more than or fewer than 
five tetrahedra around a bond, then a dis- 
clination line is formed, that is, a defect in 
the perfect icosahedral order of curved 
space is created. Disclinations are formed 
by cutting the (higher space) structure and 
adding a wedge of material. This changes 
the number of tetrahedra around a bond to 
six, seven, or eight, creating a defect in the 
perfect icosahedral order (1 2). This process 
causes several atoms to become 14-, 15-, or 
16-coordnated. By connecting these atoms 
one obtains the set of disclination lines 
necessary for flattening polytope {3,3,5); it 
can then be thought of as a set of these 
defects. If these lines are periodic, the 
structure is crystalline; if they are not, it is 
amorphous. Frank-Kasper phases result 
from introducing disclinations into the 
higher space polytope because the phases 
contain atoms with only 12, 14, 15, or 16 
neighbors; the latter three coordinations 
make up the disclination line network. As 
Nelson pointed out (1 1, p. 5516), "Upon 
disordering a Frank-Kasper disclination net- 
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Fig. 1. Energy-dispersive x-ray diffraction pat- 
terns of crystalline R-AI,Li,Cu at pressures of 
0.8, 9.3, 13.3, 18.6, and 23.2 GPa (Ed = 88.18 
ke~.A). The spectra have been normalized to 
the intensity of the Au(ll1) peak, which ap- 
pears at energies greater than 40 keV. 

work, one obtains an attractive model for a 
metallic glass." For this reason we chose to 
study the behavior of a Frank-Kasper phase 
at high pressure to see whether we could 
produce an amorphous metallic alloy. 

Specifically we studied the intermetallic 
R-A15Li3Cu because it is closely related to 
the higher space polytope {3,3,5) (20). The 
effect of pressure on the x-ray diffraction 
pattern of R-A15Li3Cu is shown in Fig. 1 
(2 1). The important aspects are as follows: 
(i) below 18 GPa the major diffraction 
peaks of A15Li3Cu can be seen; (ii) above 
18 GPa the crystal structure begins to dete- 
riorate, and only one diffraction peak is 
prominent; (iii) at 23.2 GPa the alloy 
becomes x-ray amorphous. The ambient- 
pressure crystal structure is recovered if the 
pressure is released by 18.6 GPa; upon 
release from 23.2 GPa the amomhous state 
is retained. We also measured the released 
amorphous sample after 4 weeks of relax- 
ation at ambient pressure: no diffraction 
peaks reappeared. Compression of the crys- 
tal to a pressure of 18.6 GPa resulted in a 
26% volume decrease (see Fig. 2). Because 
amorphization occurs at ambient tempera- 
ture and shear stresses are not a significant 
factor in the transformation, the amor- 
phous state has largely the topology of the 
original Frank-Kasper phase but with disor- 
dered disclination lines. Thus. we have 
created an amorphous material whose order 
can be described in curved space. 

The amorphization occurs because there 
are nearly icosahedral clusters in the crystal 
structure of R-A15Li,Cu (see Fig. 3). The 
structure is body-centered-cubic (bcc) with 
a lattice constant of 13.9 A and 160 atoms 
per unit cell (22, 23). A 104-atom cluster 
in the shape of a truncated icosahedron 
(TI) is located on each bcc lattice site. This 
is the same shape as that of a "buckyball," 
although, unlike a buckyball, these TIs are 
full of atoms. The interior contains 44 
atoms with the same local coordination as 
polytope {3,3,5), an icosahedron surround- 
ed by a pentagonal dodecahedron. These 
104-atom clusters do not have perfect icosa- 
hedral symmetry, which is incompatible 
with translational periodicity (23). We sug- 
gest that the nearly icosahedral 104-atom 
clusters become perfectly icosahedral, caus- 
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Fig. 2. The change with pressure of the volume 
of the unit cell of R-AI,Li,Cu. The initial volume, 
v,, is 2686 As. 

ing the amorphization; paradoxically as the 
structure becomes more locally ordered, the 
global ordering is lost. As the crystalline 
solid is compressed, the interatomic dis- 
tances within the TI cluster decrease until a 
voint is reached at which the interatomic 
repulsion is very great. At this point the 
atoms in the TI cluster can be repacked 
more efficiently into a TI with perfect icosa- 
hedral symmetry. This packing is -3% 
more dense than the crystalline packing, 
but with roughly the same interatomic dis- 
tances (23). A perfect TI can form only 
upon the loss and therefore at the expense 
of crystallinity. This suggests that compres- 
sion can provide the energy necessary for 
the sample to rearrange into an amorphous 
state. Note from Fig. 2 that -230 kJ/mol of 
energy is transmitted to the sample through 

Fig. 3. (A) The truncated icosahedron (TI) 
characteristic of the crystal structure of 
R-AI,Li,Cu. The light-colored atoms are alumi- 
num or copper and the larger dark atoms are 
lithium. The five light atoms in the center of the 
cluster form a nearly regular pentagonal ring. 
(B) The Tls are centered on the sites of a bcc 
lattice. The unit cell is shown with dotted lines. 
The vertices of the truncated icosahedra shown 
here correspond to the light-colored atoms in 
(A); the lithium atoms between the TI units are 
not shown. 
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pressure-volume (fiV) work. 
The pressure-induced amorphization of 

R-Al5Li3Cu supports a suggestion of a struc
tural relation between quasi-crystals and 
amorphous metals. Nelson and Spaepen 
have suggested that the ordering in quasi-
crystals and metallic glasses is based on 
polytetrahedral packings like the icosahe-
dron (17). This relation can be shown by 
examining the close structural relation 
among crystalline R-Al5Li3Cu, quasi-crys
talline i-Al6Li3Cu, and the pressure-in
duced amorphous phase of R-Al5Li3Cu 
(24)- Extended x-ray absorption fine struc
ture (EXAFS) measurements show that the 
icosahedral clusters in the quasi-crystal 
i-Al6Li3Cu are similar to those in its crys
talline counterpart R-Al5Li3Cu except that 
they are more locally ordered (25). Single-
crystal structural refinements of i-Al6Li3Cu 
show the same atomic shells as in the 
R-phase (26). The measurements reported 
here suggest that the amorphous metallic 
phase R-Al5Li3Cu created by compression 
has the topology of the crystalline R-phase, 
with more nearly perfect local icosahedral 
order. In addition, i-Al6Li3Cu shows be
havior similar to that of the crystalline 
R-phase when compressed; it undergoes a 
phase transition by way of a disordered state 
(27). These observations provide support 
for a close structural relation between the 
quasi-crystalline f-phase and the pressure-
amorphized R-phase. 

Our results show that we can produce an 
amorphous metal, at ambient temperature, 
by compression. Because the change is 
largely isoconfigurational, the amorphous 
state arises from the disordering of the 
disclination lines of a Frank-Kasper phase. 
Thus, the order present in the amorphous 
state can be described in a curved or higher 
dimensional space. The pressure-amor-
phized material is not necessarily a glass in 
the traditional sense: A glass is formed by 
the continuous solidification from the melt 
and exhibits a glass transition (I0y 28). 
How is this pressure-amorphized material 
related to an amorphous metal produced by 
quenching from the melt? We speculate 
that it is an "ideal" glassy state and that 
melt-quenched metals are, owing to kinetic 
constraints, defective forms of amorphous 
materials formed by projections from curved 
space (29). 
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many continental margins. They are most 
often found in accretionary sediment prisms 
at convergent continental margins. BSRs 
have been widely interpreted as marking 
the base of the zone in which methane 
hydrate is stable (I); methane hydrate sta
bility is primarily temperature-controlled 
under these conditions and therefore the 
base of this zone follows local isotherms. As 
such, BSRs have been used to estimate 
thermal gradient and hence heat flow (2, 
3). However, BSRs have wider significance 

Velocity Structure of a Gas Hydrate Reflector 
Satish C. Singh, Timothy A. Minshull, George D. Spence 

Seismic reflection profiles across many continental margins have imaged bottom-simu
lating reflectors (BSRs) parallel to the seabed; these are often interpreted as the base of 
a zone in which methane hydrate "ice" is stable. Waveform inversion of seismic reflection 
data can be used to estimate from seismic data worldwide the velocity structure of a BSR 
and its thickness. A test of this method at a drill site of the Ocean Drilling Program predicts 
that sediment pores beneath the BSR contain free methane for approximately 30 meters. 
The hydrate and underlying gas represent a large global reservoir of methane, which may 
have economic importance and may influence global climate. 


