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Abstract

We estimate that over 200000 non-crystalline solids (NCS) have already been produced in the last 6000 years of glass history. We
then develop an equation to calculate how many NCS can (theoretically) be made from all the 80 useful elements of the periodic
table, and conclude that, as we expected, astronomically long times would be required to experimentally synthesize, or simulate
and test the properties of the vast number of NCS yet to be made. Nevertheless, because the properties of NCS depend mostly
on their chemical nature rather than on their method of fabrication, and in view of today’s rapid scientific developments in computer
technology and in ab-initio calculations and molecular dynamics simulations, we propose that ‘computer-made NCS’ may be a solu-
tion to probe the structure and properties of a significant fraction of the colossal number of possible compositions. Despite the fact
that it would be impossible to prepare all possible compositions, one can anticipate many surprises in the future, with a plethora of

new exotic NCS.
© 2004 Elsevier B.V. All rights reserved.

We begin by defining NCS — glasses and amorphous
solids — outlining a brief history of glass from the stand-
point of its chemical compositions, and estimating how
many glasses have already been made in the last six
thousand years. We then develop an equation and esti-
mate how many possible non-crystalline solids can still
be devised. We have chosen to study this class of mate-
rials because, contrary to their crystalline counterparts,
the structures and resulting properties of NCS are al-
most independent of the processing or synthesis tech-
nique employed in their fabrication, depending,
instead, mostly on their chemical composition. Thus,
we will focus on how many different glasses or amor-
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phous compositions can (theoretically) be made from
the useful elements of the periodic table.

We should begin by clarifying two related but often
misleading controversial concepts. Gupta [1] demon-
strated that non-crystalline solids could be divided into
two distinct classes: glasses and amorphous solids. He
argued that they behave differently upon heating and
proposed structure-based definitions for glasses and
amorphous solids. In short, a NCS is a glass if the
short-range order, SRO, of solid (below the glass transi-
tion temperature, 7,) and melt are the same, i.e., SRO
(glass) = SRO (melt). Glasses always exhibit a glass
transition upon cooling or heating. These two condi-
tions are always satisfied for NCS obtained by melt
cooling because the liquid must undergo a glass transi-
tion to vitrify. On the other hand, a NCS is an amor-
phous solid if the SRO (a-solid) # SRO (melt).
Amorphous-Si and a-Ge, for instance, are well-known
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examples of amorphous solids because their co-ordina-
tion number in the liquid state is greater than four.
Amorphous solids are produced by techniques such as
sol—gel, sputtering, mechanical alloying, crystal amorph-
ization by high pressure or bombardment with charged
particles, etc. However, some glasses can also be pro-
duced by these alternative techniques. In this article,
all types of NCS synthesized by any possible route are
considered.

It is a matter of dispute whether the first man-made
glass was (accidentally) discovered in 4000 B.C. or in
2500 B.C. somewhere in Mesopotamia — where Iraq is
today, or in Egypt [2]. In ancient times, glasses were
made by melting natural, impure, raw materials such
as sand (mostly SiO,), vegetable ash (that are rich in
K,0 and Si0»), sea shells (mostly CaO and P-,Os), Na-
tron (Na,COs3) and Limestone (CaCQOs). Their composi-
tions fluctuated around the soda—potash-lime-silica
family and contained five or six main components
and several impurities such as Fe,O3;, MgO, MnO, etc.
(Table 1). These traditional glasses constitute the basis
of the contemporary window and bottle glass industries,
and are a source of myths, such as the (alleged) slow
flow of medieval cathedral glasses [3], and sacred co-
lored images, which mysteriously appear on old win-
dows [4].

The chemical industry developed five or six millennia
after the discovery of glass, in the early 19th century
(thanks to the availability of laboratory glassware),
and a variety of purer chemicals such as carbonates, oxi-
des, nitrates and sulfates became available for chemists,
physicists and glass researchers. Several other com-
pounds, such as PbO, BaO, SrO, ZnO, Li,0, B,03, tran-
sition metal and rare earth oxides were then introduced
in a variety of optical and laboratory glasses. All these
glasses derived from mixtures of oxides that were melted
above their respective liquidus, which typically ranged
from 900 to 1200°C, and cooled to room temperature
at relatively slow rates (¢ < 1K/s). These traditional
compositions are thus classified as good glass formers.

Finally, since the late 1960s, there has been an explo-
sion of discoveries of new families of both oxygen and

Table 1
Typical compositions of window glasses (wt%o)

Modern Medieval
SiO, 73.2 45-75
Na,O 13.4 0.1-18
K,0 0.8 2.0-25
CaO 10.6 1.0-25
Al,O4 1.3 0.8-2.0
MgO 0.7 0.8-8.0
Fe,04 0.1 0.3-2.1
MnO - 0.3-2.3
P,0s - 2.5-10

oxygen-free glasses and of amorphous solids, such as
fluoride, metallic and chalcogenide systems, which con-
tain metallic, semi-metallic and non-metallic elements
of the periodic table. Many of these modern glasses
must be cooled from the liquid state at much higher
rates than their ancestors, typically at 10° < ¢ < 10°K/
s; otherwise, they crystallize on the cooling path and
cannot vitrify. Their uses include not only domestic
but also sophisticated applications in medical and dental
implants, electronic and electro-optical components,
electrochromic and self-cleaning windows, golf clubs,
etc.

One can estimate the number of different glasses that
have been (published) produced so far by analyzing both
scientific and patent literature, and the two most com-
prehensive glass databases, Interglad [5] and SciGlass
[6]. Such analyses reveal that over 200000 inorganic
glass compositions have already been published! (The
number of amorphous solids produced so far represents
only a small fraction of the number of glasses). Many
other glasses have probably been synthesized, but their
compositions and properties have been lost or remain
hidden away in logbooks in universities and industrial
laboratories. Since these compositions are largely un-
known, some researchers may attempt to synthesize
them again! In this article we also consider compositions
of organic and polymer (high molecular weight) glasses
containing C, H, N, and O, but disregard the fact that,
for any given composition, the structures and properties
of this special class of NCS are also dependent on the
molecular weight. This amazing number of glasses has
led some glass researchers to speculate that this field
has been almost exhausted and that further innovation
in glass technology can only be achieved through new
processing methods and coatings rather than through
new compositions.

Hence it is of fundamental importance to investigate
how many different NCS can still be made. It is empiri-
cally known that some compositions, such as the ancient
soda—potash-lime-silica glasses, vitrify easily while oth-
ers, such as most (albeit not all) vitreous metallic alloys
so far discovered, are reluctant glass formers that re-
quire high cooling rates to vitrify from the liquid state.
However, it is now accepted that a glass of any desired
composition can be synthesized if the cooling rate is suf-
ficiently rapid to prevent crystallization on the cooling
path, e.g., Ref. [7]. High cooling rates can be achieved,
for instance, with laser melting, melt spinning and simi-
lar techniques. In addition, alternative processing meth-
ods are becoming increasingly available to produce
glasses or amorphous solids, such as: (i) sol-gel methods
[8] whereby a chemical solution of the desired elements
is heated slowly to a temperature below liquidus, evap-
orating the solvent but side-stepping crystallization; (ii)
containerless melting [9] in which an acoustic or electro-
static field keeps a certain quantity of melt floating in the
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atmosphere, free of contact with crucible walls or solid
impurities that might otherwise trigger crystallization;
(ii1) high energy methods, such as mechanical alloying
[10] whereby hard spheres are violently impacted against
a powder mixture that is ‘sintered” without crystallizing;
(iv) crystal amorphization by high energy particles or by
the slow application of high pressures at temperatures
below liquidus [11], etc.

Therefore, we anticipate that many of the possible
compositions, such as pure elements or combinations
that do not include the typical oxide glass formers
(S810,, B,03, GeO,, P,Os5 and a few others), will be dif-
ficult to vitrify and will require very high cooling rates,
in the range of 10°-10'°K/s (if produced by melt-
quenching). For instance, pure Ni has been vitrified at
a cooling rate of 10'°K/s [12]. These hyper-quenched
glasses will necessarily have small dimensions (thin
plates, films, fibers or powders). It should be stressed
that the so-called ‘principle of maximum confusion’ (it
has been empirically established that multi-component
compositions vitrify more easily than compositions con-
taining only a small number of chemical elements) helps
glass formation with combinations of many elements. In
addition, thanks to the advent of both new and some as
yet undiscovered processing techniques, one can predict
that any composition can, in principle, be transformed
into a NCS. Obviously, many of these NCS will be
unstable and useless, but it is reasonable to assume that
countless other, as yet unknown, NCS may have inter-
esting properties.

One can thus calculate the number of possible candi-
date compositions with any desired combination of
elements from the periodic table, varying each element
in certain increments (A). One can, for instance,
choose a very small increment to simulate NCS
with compositions as complex as those of the human
body: H200000077000C38 000N 1900Ca760P460S 120Na120K 100
ClgoMgyoSixgF4Fe,Zn; plus 40 trace elements [13], or to
exemplify the sensitivity of the material’s optical and
electronic properties to chemical compositions (A =
0.1mol%), or to its chemical and rheological properties
(A = 1mol%). Whatever one’s purposes, the formula de-
rived below can be used to calculate the number of NCS
for any desired incremental compositional change.

Let us now describe how one can calculate the num-
ber of glasses, N, which can be made with N elements of
the periodic table. To begin with, let us assume one
wants all the glasses with p elements, say X;,X>, ... X,
in such a way that the percentage of each element in
the glass is a multiple of a percentage A. Let n;A be
the percentage of the element X; in the glass, n,A the
percentage of the element X, in the glass, and so on.
Therefore, one must have

or

The number of possible compositions is, therefore, gi-
ven by (p — 1) combinations of (100/A) — 1 distinct
numbers, that is 1,2,. ... (100/A) — 1

((100/A) — 1)!
(p— DI((100/A) — 1 — (p— D)I
(3)

This equation makes sense only if (100/A) is an inte-
ger. Let us give an example to clarify Eq. (3). Suppose
one takes A =1 and p = 5. Then, one possible combina-
tion in the set of C (99,4) combinations is, for example,
3, 15, 29, 37. Hence, the NCS will have the following
composition: (3-0)% of the element X, (15-3)% of the
element X5, (29-15)% of the element X3, (37-29)% of
the element X4 and (100-37)% of the element Xs.

It is now clear that the total number of glasses that
can be formed by mixing p elements from the total of
N is
C(N,p)C((100/A) = 1,p—1) (4)

Therefore, the total number of glasses, NV, is given by

C((100/A) - 1,p—1) =

Ng= C(N,p)- C((100/A) = 1,p— 1) (5)

Finally, one must add N to Eq. (5) to allow for NCS
that are constituted of single elements.

Fig. 1 shows the results obtained with Eq. (5). Tak-
ing, for instance, combinations of 10 or 60 elements,
in 1.0mol% increments, which are typical for contempo-
rary chalcogenide and metallic glasses, one has
4.2 x 10" and 2.3 x 10* different compositions, respec-
tively. Now taking the 80 most useful elements of the
periodic table (which are not inert gases, artificial or
strongly radioactive, and neglecting the fact that several
elements have different valence states) and combining
them in  1.0mol% results in Ny=13x107

0 50 100
Number of elements

Fig. 1. Logarithm of the number of possible glass compositions, N, as
a function of the number of chemical elements used in their
formulation, in such way that the amount of each element is a
multiple of 1mol%.
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compositions. For combinations of these 80 elements in
0.1% increments N, > 10°°°! These astronomical num-
bers are vastly higher than the number of compositions
published so far in the 6000 years of glass history.

Similar calculations can be made for any class of
materials, e.g., semiconductors, crystalline alloys, fully
or partially crystallized ceramics and glass—ceramics,
single crystals, etc. However, it should be stressed that
the molecular/nano/micro or macro structures and
resulting properties of crystalline materials strongly de-
pend on the processing technique used in their fabrica-
tion. Hence, the calculations presented here, which
take only the chemical composition as a variable, are
valid for NCS, but give a lower bound for crystalline
materials.

We would like to emphasize that although it is not a
particularly unexpected fact that the number of NCS
that could be synthesized from all the useful elements
is exceptionally large, some authors believe that the
development of new NCS compositions is an almost ex-
hausted field. We are therefore convinced that the pre-
sent calculations are important to catalyze further
thinking on the subject.

It should be stressed, however, that it would be
impossible to experimentally synthesize all the NCS. A
reasonable estimate for the number of atoms in the uni-
verse is 107, e.g., Ref. [14]. Thus, in principle, if we were
to make cumulatively, say, a mole of each possible NCS
(=10** atoms x 10°* compositions) we would have to use
107¢ atoms to prepare and store each sample. So the uni-
verse would become a glass! This only means that, if the
limited number of atoms were the only circumstance
preventing us from preparing all the possible NCS, we
would not be able to make them all at the same time.
If, however, one plans to prepare these specimens by
recycling all the elements of each NCS made before
making another one, then one would need only a rela-
tively small, limited amount of each of the 80 elements
(but this strategy would also be prohibitively expensive
and time consuming!). Of course, one way or the other,
we would have no time to prepare all the NCS, so the
lack of atoms is not the sole objection. The example
below, given by an anonymous reviewer, illustrates the
problem: “...assuming that each of one billion people could
prepare (say computationally) one billion glasses per sec-
ond, this would make less than 10*® glasses per year. The
time required would be fantastically longer than the age of
the universe and our sun would have collapsed well before
the task was completed.” However, this practical impossi-
bility does not mean that the present calculations are
incorrect.

It is clear, therefore, that an infinite amount of time
(and an incalculable amount of money) would be

required to experimentally synthesize and test the prop-
erties resulting from some astronomical number of NCS
yet to be made. It is thus obvious that appropriate sta-
tistical planning (linked to a solid knowledge about glass
science) must be devised to efficiently probe a significant
fraction of the most promising compositions. The fact
that the properties of NCS depend mostly on their
chemical nature, and due to scientific developments
regarding ab initio and molecular dynamics calcula-
tions, as well as the increasing availability of powerful
software and hardware, indicates that computer simula-
tions may offer the only viable solution to probe the
structure and properties of a myriad candidate composi-
tions. However, even in this case, the time needed to
simulate all these compositions would be impracticably
long. Nevertheless, it is clear that the field is far from
being exhausted, and one can thus anticipate many sur-
prises in the future, with a plethora of new exotic non-
crystalline solids!
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