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Abstract
The structure of glasses that cover a large range of compositions in the (MgO)x-
(Al2O3)y-(SiO2)(1−x−y) system was investigated by neutron diffraction and 27Al magic-
angle spinning nuclear magnetic resonance (NMR) spectroscopy. Site-specific inform-
ation was thereby gained on the composition-dependent local structure of the Si, Al
and Mg atoms. The results were interpreted with the aid of a structural model de-
veloped for M -aluminosilicate glasses (M = alkali or alkaline Earth metal), which
assumes that Al atoms can take on more than one structural role. For compositions
with R = x/y > 1, the glass structure consists primarily of SiO4 and AlO4 tetrahedral
units, which are linked through bridging oxygen (BO) atoms to form an aluminosilicate
network. The Mg2+ ions either (i) associate with non-bridging oxygen (NBO) atoms,
that is, an oxygen atom that is connected to only one Si- or Al-centred tetrahedral
unit; or (ii) stabilise the formation of Al-centred tetrahedral units by balancing the
negative charge associated with an AlO4 unit. For compositions with R < 1, there are
an insufficient number of Mg2+ ions to stabilise all the Al3+ ions in tetrahedral units.
In the R < 1 regime, the formation of Al-centred tetrahedral units, therefore, requires
some fraction of the Al3+ ions to behave in a similar way to Mg2+ ions. These Al3+

ions are not part of the aluminosilicate network and reside in sites that have five or six
nearest-neighbour oxygen atoms.

In situ high-pressure neutron diffraction experiments were performed on calcium alu-
minosilicate (CAS) glasses at pressures up to 17.5(5)GPa. In their as-prepared form,
the CAS glasses primarily consist of a tetrahedral aluminosilicate network, with Al-
centred tetrahedral units stabilised by Ca2+ ions. A pair-distribution function (PDF)
analysis of the diffraction data revealed the complete or almost complete conversion of
Al-centred units from tetrahedral to octahedral, accompanied by a shift in the average
Al-O distance from rAl-O ≈ 1.760(10) Å at ambient conditions to rAl-O = 1.894(10) Å
at 14.4(5)GPa. The Al-O coordination environment shows little change upon fur-
ther compression to 17.5(5)GPa. In comparison, the average Si-O distance remains
1.611(10) ≤ rSi-O ≤ 1.634(10) Å for pressures P ≤ 14.4(5)GPa, reflecting the persist-
ence of SiO4 tetrahedra. For the highest pressure of 17.5(5)GPa, The average Si-O
distance increases to rSi-O = 1.643(10) Å, which could mark the onset of the conversion
of Si-centred units from tetrahedral to octahedral. An investigation of the CAS glasses
recovered from 8.2(5) and 17.5(5)GPa showed that their structure did not recover to its
as-prepared form and highlighted substantial differences between the structure of CAS
glasses before, during and after compression. A relationship between the average Al-O
coordination number and the densification of aluminosilicate glasses was established
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by comparing the results from this study with those available in the literature.

The structure of crystalline and amorphous materials from the Na1+aAlaGe2−a(PO4)3

(NAGP) system with a = 0, 0.4 and 0.8 was investigated by neutron diffraction PDF
analysis. The results for the crystalline materials conform to the expected crystal
structure, wherein corner-sharing PO4 and GeO6 or AlO6 polyhedral units are linked
to form a 3-dimensional network with Na+ ions residing in interstitial cavities. The
corresponding glasses contain a significant proportion of sub-octahedral Ge- and Al-
centred units, which are not present in the crystal structure. The differences between
the glass and crystal structure means that substantial structural reorganisation must
be undertaken during the crystallisation process. The measured Al-O and Ge-O co-
ordination numbers were used to assess the network connectivity in NAGP materials
and how this evolves during the early stages of crystallisation. A structural model for
the alumina-free glass was proposed, which centres on the formation of Na2P6GeO18

super-structural units within a tetrahedral GeO2 network.

New assemblies were developed for the Paris-Edinburgh press to access high pressure
- high temperature (high P -T ) conditions. These high P -T assemblies were designed
for either (i) in situ neutron diffraction on the PEARL diffractometer at ISIS; (ii) in
situ X-ray diffraction on the I15 beamline at the Diamond Light Source (DLS); or
(iii) laboratory-based experiments at the University of Bath. The materials used to
construct the high P -T assemblies were tailored to suit their application. Calibration
experiments were used to assess their performance. The high P -T assemblies developed
for PEARL were used to study the structure of crystalline GeO2 up to a temperature
of 2166(173)K at 9.9(5)GPa. The assemblies developed for X-ray diffraction experi-
ments were used to demonstrate the functionality of the high pressure apparatus for
I15. The high P -T assemblies developed for laboratory based experiments were used
to characterise the behaviour of different furnace materials. A high P -T processing
technique was established with a priority placed on the accurate determination of the
sample conditions. The technique was used to produce a set of permanently densified
GeO2 glasses.
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1 Introduction
The study of materials exposed to the extreme conditions of high pressure and high
temperature (high P -T ) is important in many scientific and technological fields. In
planetary science, for instance, high P -T conditions are found within the Earth and
celestial bodies. In this case, the ability to characterise the structure and properties of
materials under extreme conditions provides constraints on the models used to describe
the composition, mineralogy and rheological processes of these bodies [1–4]. In techno-
logy, extreme conditions are used for the synthesis of materials with novel properties:
high P -T processing can produce super-hard materials [5], wide-bandgap semiconduct-
ors [6] and multiferroic materials [7]. It is, therefore, desirable to characterise materials
that are, or have been, subject to extreme conditions. The techniques and information
originating from high P -T studies will also have implications for any research where
pressure and temperature are used as variables to alter the state of matter.

To understand the properties of a material it is necessary to understand the atomic-
scale structure. Neutron and X-ray diffraction experiments provide information on the
arrangement of atoms within a material and are, therefore, useful tools for the invest-
igation of its structure. Moreover, these techniques offer complementary information:
neutrons scatter directly from atomic nuclei via the strong force, whereas X-rays are
scattered by the electrons via the electromagnetic force [8]. Hence, there is ongoing
motivation to design apparatus to enable in situ high P -T diffraction experiments [9–
12]. However, the complications caused by the presence of a pressure-cell assembly
provides limitations that hinder the widespread application of these methods. It is,
therefore, common to perform experiments that provide information indirectly. Here,
the most important example is, perhaps, the use of densified glasses as a proxy for the
investigation of liquids under high P -T conditions [13–18]. This approach removes the
experimental challenge of performing measurements on a sample held under extreme
conditions and, therefore, opens the possibility of a more detailed characterisation than
would otherwise be possible.

Glasses are both scientifically and industrially important. Man-made glass dates back
to ∼ 1500BC [19], but it was not of great importance until the techniques of glassblow-
ing and compositional refinement were developed. This new ability to control the shape
and properties of glass made it useful for a host of valued objects, including eyeglasses
to correct farsightedness, and led to the revolutionary inventions of both the telescope
and microscope [20]. More recently, objects made from or containing glass have become
ubiquitous; they are used e.g. for windows, electronic devices, cookware, reinforced fab-
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rics, thermal insulation and nuclear waste storage [21–23]. It is, therefore, imperative
to discern the atomic-scale structure of glasses. The information gained from theoret-
ical and experimental investigations can then be used to construct structure-property
relationships, which will aid in the rational design of functional materials.

Glasses and other amorphous materials (e.g. liquids, gels) are classed as disordered
materials because their atomic arrangement lacks the long-range structural order that
is characteristic of crystalline solids. However, chemical bonding constraints give rise
to order on both short- and intermediate-range length scales [24, 25]. This order within
disorder has been a focal point of much research, but the nature of an amorphous ma-
terial prevents a simple description of its atomic-scale structure. Instead, structural
details are characterised in terms of statistical distributions that describe e.g. the aver-
age distance between atoms. The complexity associated with structural disorder makes
the study of amorphous materials in both theoretical and experimental settings a great
challenge. It is only over the last century, with the advent of advanced experimental
techniques and computer simulations, that the mysteries of amorphous materials have
started to unravel.

This thesis is devoted primarily to the investigation of materials under extreme condi-
tions. The projects undertaken make extensive use of both in situ and ex situ neutron
diffraction techniques, and were designed to provide unambiguous information on the
structure of each material studied. These materials include technologically and geolo-
gically relevant oxides, the importance of which will be introduced at the start of each
of the relevant chapters. The choice of neutron diffraction as a structural probe was
motivated by the unique interaction of neutrons with matter, which facilitates (i) a
pair-distribution function analysis of the diffraction pattern [26] and (ii) the inclusion
of a pressure-cell assembly for in situ diffraction experiments [27]. Where possible,
an emphasis was placed on using the results of these characterisations to produce a
description of the composition-structure-property relationships.
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1.1 Thesis Outline
This thesis is organised as follows:

• Chapter 2
An introduction to the neutron and its properties is given, followed by a summary
of the essential theory for a pair-distribution function (PDF) analysis of neutron
diffraction data.

• Chapter 3
In this chapter, details are given of the neutron diffraction data treatment and
subsequent analysis. The description includes details of the program RDFgenfit;
a user-friendly program designed to fit the PDFs measured by neutron diffraction.

• Chapter 4
An overview is given of the different instrumentation employed. An introduction
to neutron sources and diffractometers is followed by an introduction to the Paris-
Edinburgh press, which was used extensively in the high P -T investigations. An
overview is given of the pycnometery setup at the University of Bath used to
measure the density of as-prepared and densified samples. A simple overview is
given of nuclear magnetic resonance spectroscopy.

• Chapter 5
An introduction to the structure of M -aluminosilicate glasses (M = alkali or
alkaline Earth metal) is given. The results obtained from a series of neutron dif-
fraction experiments on Mg-aluminosilicate glasses are then presented, and com-
bined with information from 27Al magic-angle spinning nuclear magnetic reson-
ance spectroscopy to construct a model that delivers the composition-dependent
abundance of structural species.

• Chapter 6
In this chapter, the structure of Ca-aluminosilicate glasses is investigated by in
situ high-pressure neutron diffraction using the D4c and PEARL diffractometers
coupled with a Paris-Edinburgh press. The results obtained for pressures up
to 17.5(5)GPa are used to reveal the nature of the pressure-induced structural
transformations, and are compared to information available in the literature.
The structure of the glasses recovered to ambient from high pressure conditions
is compared with the structure before and during compression.

• Chapter 7
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The results from a neutron diffraction study of crystalline and amorphous Na-
Al-Ge-P-O materials are presented in this chapter. Information obtained from
a PDF analysis of neutron diffraction data measured using the GEM and D4c
diffractometers is used to construct a model that describes the glass structure,
and how this structure changes during crystallisation.

• Chapter 8
New high P -T assemblies designed for the Paris-Edinburgh press are described,
and details of their construction are presented. In each case, the materials and
geometry of an assembly are modified to suit its application to (i) in situ neutron
diffraction; (ii) in situ X-ray diffraction; or (iii) laboratory-based experiments.
The performance of the assemblies is assessed through calibration experiments.
The capabilities of the assemblies designed for neutron diffraction are demon-
strated through their application to an in situ study of the quartz-to-rutile trans-
formation of GeO2. An assembly designed for materials processing in a laboratory
environment is used to produce a set of permanently densified GeO2 glasses.

• Chapters 9 and 10
Overall conclusions are drawn in chapter 9 and potential future work is discussed
in chapter 10.
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2 Neutron Diffraction Theory
In the following, an introduction to the neutron and its properties is given, followed by
a summary of the essential theory for a pair-distribution function analysis of neutron
diffraction data. The formalism follows that presented by Fischer et al. [26]. A useful
introduction to neutron and x-ray scattering theory can be found in ref. [8] and a more
detailed theoretical framework for neutron scattering is given in ref. [28].

2.1 The Neutron
The neutron was discovered by J. Chadwick in the 1930’s [29, 30] and has become
a useful tool in studies of condensed matter. The unique information that can be
gained from neutron scattering experiments is a direct consequence of the neutron’s
properties, listed in table 1, which govern its interaction with matter. The following
discussion gives a very brief overview of why neutron scattering experiments can be so
informative.

Property Value
Mass, mn 1.675× 10−27 kg
Charge 0
Spin 1/2

Magnetic Dipole Moment, µn −9.663× 10−27 JT−1

Mean Free Lifetime 881.5 s

Table 1: Properties of the neutron [28, 31]

Neutrons have a charge of zero and are scattered by nuclear forces. The ability of an
atom to scatter or absorb neutrons depends on its scattering and absorption cross-
sections, which depend on the isotope [32]. For example, thermal neutrons scatter
relatively strongly from 11B nuclei, whereas 10B nuclei absorb a large fraction of neut-
rons that interact with them. The isotopic sensitivity means that enriched samples
can have different scattering properties, allowing e.g. isotopic substitution experiments
[33, 34]. The interaction of neutrons with matter is often weak, so they can penetrate
deep into a material. Being highly penetrative means that they probe the bulk proper-
ties of a material, and samples can be contained in complex sample environments such
as pressure cells.

The energy E of a thermal neutron is related to its velocity v and de Broglie wavelength
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Figure 2.1: Relation between the neutron energy E, velocity v and de Broglie
wavelength λ given by equation 1. The arrows point to the relevant ordinate axis.

λ by [28]

E = 1
2mnv

2 = h2

2mnλ2 , (1)

where mn = 1.675 × 10−27 kg is the neutron mass and h = 6.626 × 10−34 J s is the
Planck constant. Figure 2.1, shows the neutron velocity and wavelength as a function
of its energy for the range 3 ≤ E ≤ 990meV. Diffraction experiments investigating
atomic structure require λ to be similar to interatomic distances, that is, of the order
of Å, which corresponds to neutron energies in the meV range and velocities in the
km s−1 range. The conventional relation E[meV] = 0.08617T [K] [28], where T is the
temperature, shows that neutrons thermally equilibrated at room temperature will
have appropriate energies. Furthermore, their speed and mean free lifetime means
that neutrons can be produced, manipulated and used for experiments without any
significant decay.

Neutrons used for diffraction also have energies of similar magnitude to many excita-
tions in condensed matter [28]. Scattering experiments can, therefore, provide inform-
ation on both the structure and dynamics of a material.

Finally, the non-zero magnetic moment of a neutron means that it can interact with
unpaired electrons. Specialised neutron scattering experiments can provide information
on the magnetic structure of a material and the energies of magnetic excitations [35].

6



2.2 A Neutron Scattering Event
Consider the neutron scattering event shown in figure 2.2. A neutron with incident

Figure 2.2: Diagram of a neutron scattered by a nucleus.

wavevector ~ki and energy Ei scatters from a nucleus and emerges with final wavevector
~kf and energy Ef. The event can be characterised by the change of momentum ~P = ~~q,
where

~q = ~ki − ~kf (2)

is the scattering vector and ~ = h/2π. For a scattering angle 2θ, the scattering event
can be represented by the scattering triangle shown in figure 2.3. The magnitude of

Figure 2.3: The scattering triangle. A neutron with incident wavevector ~ki scattered
through an angle 2θ emerges with final wavevector ~kf. The scattering vector ~q is

defined by equation 2.

the scattering vector can be calculated by applying the cosine rule and is given by

q =
√
|~ki|2 + |~kf|2 − 2|~ki||~ki| cos(2θ). (3)

2.2.1 The Static Approximation

The static approximation assumes that the energy transfer ∆E in a neutron scattering
event is much smaller than the incident energy of the neutron, that is, ∆E/Ei << 1
such that |~ki| ≈ |~kf|. In this case, equation 3 reduces to

q = 2k sin(θ). (4)
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2.3 The Differential Scattering Cross Sec-
tion

The purpose of a neutron diffractometer is to measure the differential scattering cross-
section (DSCS), defined as

dσ
dΩ(~q ) = number of neutrons scattered per second into dΩ

number of incident neutrons per second per unit area of beam× dΩ , (5)

where dΩ is a small solid angle subtended by a detector. In general, the DSCS depends
on ~q. For isotropic systems (e.g. powder, glass, liquid), however, the conical symmetry
of the diffraction pattern means that only the magnitude is relevant.

The DSCS depends on the relative positions of the nuclei within a sample and, therefore,
contains information on the atomic structure. Under the conditions of the small sample
limit, which assumes no attenuation of the beam and no multiple scattering events, the
DSCS is related to the total structure factor F (q) through

1
N

[ dσ
dΩ(q)

]
= F (q) +

∑
α

cα(b2
α + b2

α,inc)[1 + Pα(q)], (6)

where N is the number of scattering centres (atoms), cα, bα and bα,inc are the atomic
concentration, coherent neutron scattering length and incoherent neutron scattering
length of atomic species α, respectively, and Pα(q) is the Placzek [36] factor for atom
α that accounts for the effects of inelastic scattering.

In equation 6, the DSCS has been split into two parts. The first term, F (q), depends
on the relative position of atoms within the sample. The second term depends on the
scattering properties and the Placzek factor of each atomic species and contains no
structural information. Rearranging equation 6 to obtain the structural information
contained in F (q) is trivial. However, in practice, the small sample limit does not hold
and the collected diffraction pattern is also contaminated by background scattering
from e.g. the sample container. It is, therefore, necessary to apply corrections to
enable the total structure factor to be extracted from a measured diffraction pattern.
The correction of diffraction data will be discussed in section 3.

2.4 The Total Structure Factor
The total structure factor F (q) of a sample originates from the interference of waves
from different atomic sites and, therefore, contains information on the relative positions
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of atoms within the sample. In the Faber-Ziman formalism [37], F (q) for a system
containing i different atomic species can be decomposed into i(i+1)/2 partial structure
factors Sαβ(q) according to

F (q) =
∑
α

∑
β

cαcβbαbβ[Sαβ(q)− 1]. (7)

Sαβ(q) depends only on the distribution of α atoms around β atoms, which can be
quantified by the partial pair-distribution function gαβ(r) given by the Fourier trans-
formation

gαβ(r)− 1 = 1
2π2rn

∫ ∞
0

q[Sαβ(q)− 1] sin(qr)dq, (8)

where r is a distance in real space and n is the atomic number density. Each gαβ(r)
function gives a measure of the probability of finding an atom of type β a distance r
from an atom of type α.

2.5 Total Pair-Distribution Functions
Real-space information can be obtained by Fourier transforming the total structure
factor to give the total pair-distribution function (PDF)

D(r) = 2
π〈b〉2

∫ ∞
0

qF (q) sin(qr) dq

= 4πnr
〈b〉2

∑
α

∑
β

cαcβbαbβ[gαβ(r)− 1],

(9)

where 〈b〉 = ∑
α cαbα. For distances smaller than the distance of closest approach

between two atoms gαβ(r −→ 0) = 0 and it follows that D(r −→ 0) = −4πnr.

PDFs are often presented in the form given by equation 9 or as

G(r) =
∑
α

∑
β

cαcβbαbβ[gαβ(r)− 1]

= 〈b〉2

4πnrD(r).

(10)
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2.5.1 Modification Functions

A diffractometer can only measure F (q) functions over the q-range accessible to the
instrument, which extends to qmax. This limitation means that the integration of
equation 9 cannot be performed up to infinity. Instead, equation 9 must be re-written
as

D′(r) = 2
π〈b〉2

∫ ∞
0

qF (q)M(q) sin(qr) dq

= D(r)⊗M(r),

(11)

where ⊗ denotes the one-dimensional convolution operator, M(q) is a modification
function and M(r) is its real-space manifestation. M(q) often takes the form of a step
modification function with M(q) = 1 for q ≤ qmax and M(q) = 0 for q > qmax. D′(r) is
the convolution of D(r) with M(r) and, therefore, contains Fourier transform artefacts
that are not related to the atomic structure of the material being studied.

Fourier transform artefacts can be suppressed by using the Lorch [38] modification
function M(q) = sinc(πq/qmax) for q ≤ qmax and M(q) = 0 for q > qmax, although
this comes at the expense of broadened peaks. To demonstrate this effect, figure 2.4
shows the D′(r) function obtained from an F (q) function Fourier transformed after the
application of a step or Lorch modification function with qmax = 39.15 Å−1.
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Figure 2.4: D′(r) functions obtained by Fourier transforming an F (q) function after
the application of a step or Lorch modification function with qmax = 39.15 Å−1. The
Lorch modification function reduces the extent of Fourier transform artefacts, but

comes at the expense of broadened peaks. This effect is most obvious in the vicinity
of the first peak in D′(r).
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2.6 Self-Consistency Checks
Theoretical relations can be used to infer a self-consistent analysis of neutron diffraction
data.

1. The sum-rule relation.
All F (q) functions should obey the sum-rule relation

− 2π2n〈b〉2 =
∫ ∞

0
q2F (q) dq, (12)

obtained by considering the limit as r −→ 0 in equation 9.

2. The low-r limit.
For r distances lower than the distance of closest approach between two atoms,
gαβ(r −→ 0) = 0 and D(r −→ 0) = −4πnr. Any un-physical features in D′(r)
due to noise or Fourier transform artefacts should, therefore, oscillate about this
limit. A neat way of testing for this is to set the low-r oscillations of a D′(r)
function equal to the D(r −→ 0) = −4πnr limit and then back Fourier transform
the result. The back Fourier transform should be in good overall agreement with
the measured F (q) function.
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3 Neutron Diffraction Data Treat-
ment and Analysis

3.1 Data Treatment
In a neutron diffraction experiment on an isotropic sample, a beam of neutrons with
incident flux Φ impinges on the sample S and a fraction of the incident neutrons are
scattered into a detector, which subtends the solid angle dΩ. The detector measures
the intensity of scattered neutrons as a function of q, which is then normalised to the
incident beam flux. Within the conditions of the small sample limit, the normalised
intensity measured by the diffractometer is equal to the single-scattered intensity IS(q),
which is related to the differential scattering cross-section (DSCS) according to

dσ
dΩ(q ) = IS(q)

a(q)NS
, (13)

where NS is the number of scattering centres (atoms) in the beam and a(q) is the dif-
fractometer calibration coefficient, which converts a measured intensity to a scattering
cross-section (see section 3.1.3). If the static approximation is valid, the sample’s DSCS
can then be used to calculate the total structure factor F (q) by rearranging equation
6.

In practice, the conditions of the small sample limit and static approximation are not
often met because: (i) the sample size tends to be large to maximise the scattered
intensity of neutrons and improve precision and (ii) inelastically scattered neutrons are
measured by the detector. In addition, background scattering from the sample cell and
the empty instrument contaminate the diffraction pattern. It is, therefore, necessary
to apply corrections to experimentally measured neutron diffraction data.

The following subsections provide an overview of neutron diffraction data treatment,
followed by a discussion of common analyses used to extract information from the
experimentally measured structure factors.

3.1.1 Attenuation, Multiple Scattering and Background Corrections

A typical neutron diffraction experiment will include measurements of the scattered
intensity of neutrons for:

• the sample S in its container C, I ′SC(q),
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• the empty container C, I ′C(q),

• the empty instrument B, I ′B(q), where no sample or container is present,

• a vanadium rod V , I ′V(q), for normalisation purposes.

The goal is to obtain the single-scattered intensity for the sample IS(q) so that its
DSCS can be calculated according to equation 13.

Neutron scattering or absorption events will lead to attenuation of a neutron beam as
it passes through a medium and the neutrons may undergo multiple scattering events.
For cylindrical geometries, the method designed by Paalman and Pings [39] can be
used to calculate the attenuation coefficient Ai,j(q), which describes the q-dependent
attenuation of neutrons that are scattered in medium i and attenuated in medium j.
Multiple scattering corrections can be made using the method of Soper and Egelstaff
[40], which amounts to the subtraction of a multiple scattering coefficient Υi(q) that
describes the q-dependent contribution to the measured intensity of multiple scattering
events that occur in medium i.

The background-corrected intensity for the sample in its container is given by

IcorSC (q) = I ′SC(q)− I ′B(q)

= AS,SC(q)IS(q) +AC,SC(q)IC(q) + a(q)ΥSC(q)
(14)

and the background-corrected intensity for the container is given by

IcorC (q) = I ′C(q)− I ′B(q)

= AC,C(q)IC(q) + a(q)ΥC(q).
(15)

Equations 14 and 15 can be combined to give the single-scattered intensity for the
sample

IS(q) = 1
AS,SC(q)

[(
IcorSC (q)− a(q)ΥSC(q)

)
− AC,SC(q)

AC,C(q)

(
IcorC (q)− a(q)ΥC(q)

)]
, (16)

which can be used to obtain the sample’s DSCS using equation 13.

3.1.2 Inelasticity Corrections

A neutron diffraction experiment usually operates under the assumptions of the static
approximation, i.e., assuming ∆E/Ei << 1. This condition is often not satisfied,
especially when the neutrons are scattered by light atoms, so inelastically scattered

14



neutrons make a contribution to the measured intensity I ′(q).

The effects of inelastic scattering can be corrected for by applying a Placzek correction
[36], which amounts to an additional factor in the equation relating a sample’s DSCS
and F (q), as given in equation 6.

3.1.3 Vanadium Normalisation

Scattered intensities can be put on an absolute scale by comparison with the measured
intensity of a calibrant. Vanadium serves as a suitable calibrant because it has a small
coherent scattering length bV = −0.3824(12) fm and a relatively large incoherent scat-
tering length bV,inc = 6.36(4) fm [32]. The almost complete lack of coherent scattering
means that the structure factor for vanadium is approximately zero and equation 6
gives

1
NV

[ dσ
dΩ(q)

]
= b2

V,inc[1 + PV(q)], (17)

where PV(q) is the Placzek (inelasticity) correction for vanadium. The single-scattered
intensity IV(q) can, therefore, be used to calculate the detector calibration coefficient
by combining equations 13 and 17 to give

a(q) = IV(q)
NV{b2

V,inc[1 + PV(q)]} . (18)

3.2 Data Analysis
3.2.1 Total Structure Factors

For a disordered system, the total structure factor F (q) measured using neutron dif-
fraction typically consists of a smoothly varying function with peaks in the range
0 < q < 8 Å−1, followed by oscillations that extend to higher q. As an example, fig-
ure 3.3 shows the F (q) function for SiO2 glass measured using the diffractometer D4c
[41]. The peaks in F (q) relate to ordering on different real-space length scales, so their
appearance and positions can provide structural information [25]. In this work, the
positions of peaks in F (q) functions were estimated by fitting a quadratic polynomial
over the region of a peak and extracting the q-value of its maximum.

3.2.2 Pair-Distribution Functions

Pair-distribution functions (PDFs) provide a measure of the probability of finding two
atoms separated by a distance r. For disordered systems, total PDFs typically consist
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Figure 3.1: Total structure factor F (q) for SiO2 glass measured using the
diffractometer D4c [41]. Errors are approximately the size of the line width.

of well defined peaks at low-r, where contributions from several partial PDFs gαβ(r) are
distinguishable, followed by a series of broad features that correspond to many overlap-
ping gαβ(r) functions. For this reason, the PDF is usually used to obtain information
on the local environment of atoms, namely, the average nearest-neighbour distance rαβ,
the spread in the average nearest-neighbour distance and the mean coordination num-
ber n̄βα, i.e., the number of atoms of type β in the first coordination sphere of atoms of
type α.

The first peak in gαβ(r) contains the nearest-neighbour information mentioned above.
Provided it does not overlap with other gαβ(r) functions then, in the absence of Fourier
transform artefacts, the structural information can be accessed directly from the total
PDF. This is often not the case, so it is necessary to account for the effects of overlapping
peaks and Fourier transform artefacts.

3.2.3 RDFgenfit: A program to fit the pair-distribution functions meas-
ured by neutron diffraction

A pair-distribution function D′exp(r) measured by neutron diffraction contains artefacts
associated with the modification function M(q) applied in the Fourier transform re-
lation (see section 2.5.1). M(q) often has the form of the step modification function
M(q) = 1 for q ≤ qmax and M(q) = 0 for q > qmax. Its representation in real-space has
the form [42]

M(r) = 1
πr

sin(qmaxr). (19)
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Figure 3.2 shows the reciprocal-space and real-space representation of the step modi-
fication function with two different qmax values.

Figure 3.2: Representations of the step modification in (a) reciprocal-space and (b)
real-space with two different qmax values. Note that both M(q) and M(r) are

symmetric functions, but M(q) is only shown for positive q values.

To model D′exp(r) so that features originating from the structure can be separated from
those that are Fourier transform artefacts, it is necessary to assume a peak shape and
account for the effects of the modification function. To achieve this, each peak i in
rgαβ(r) can be represented as a Gaussian, centred at rαβ(i) with standard deviation
σαβ(i) and an area that is proportional to the average coordination number n̄βα(i).
Information can be extracted from D′exp(r) by fitting a series of these peaks convoluted
with M(r) such that [42]

D′exp(r) ≈ D′fit(r)

=
∑
i

[
Wαβ(i)n̄βα(i)√

2πcβ(i)rαβ(i)σαβ(i)
× exp

(−(r − rαβ(i))2

2σ2
αβ(i)

)
⊗M(r)

]
− 4πnr,

(20)
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where the weighting factor

Wαβ =
{ c2

αb
2
β

〈b〉2 , if α = β

2cαcβbαbβ
〈b〉2 , if α 6= β

. (21)

Equation 20 includes all the variables necessary to model a PDF. Wαβ(i), cβ, n and
M(r) depend on the sample properties, experimental conditions and data analysis
procedure, and they take fixed values. The remaining variables, rαβ(i), σαβ(i) and
n̄βα(i), can be refined to optimise the agreement between D′exp(r) and D′fit(r).

A python program was written to calculate D′fit(r) and refine each peak’s parameters
using the SciPy curve fitting routine [43], which employs the method of least-squares.
The program, named RDFgenfit, was designed to:

1. Read in sample properties, experimental details and an initial guess of peak
parameters from an input file.

2. Read in D′exp(r).

3. Calculate D′fit(r) using the initial parameters.

4. Display D′exp(r), D′fit(r) and each peak’s contribution to D′fit(r).

5. Refine D′fit(r) over a user-defined r-range, with limits for each of the refined
parameters.

6. Display D′exp(r), the refined D′fit(r) and each peak’s contribution to D′fit(r).

7. Save the refined parameters in an output file.

8. Save D′exp(r), the refined D′fit(r) and each peak’s contribution to D′fit(r) in a
second output file.

As a demonstration, figure 3.3 shows plots from stage 4 and 6 of the RDFgenfit program
when used to fit D′exp(r) measured for SiO2 glass. Table 2 gives the initial and refined
parameters, and the corresponding goodness-of-fit parameters Rχ calculated according
to [44]

Rχ =
(∑

i[D′exp(ri)−D′fit(ri)]2∑
i[D′exp(ri)]2

)1/2
. (22)
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Figure 3.3: Fit to the total PDF D′exp(r) for a glassy SiO2 sample. (a) Comparison of
the measured and modelled D′(r) functions, corresponding to stage 4 of the

RDFgenfit program. (b) Comparison of the measured and modelled D′(r) functions,
corresponding to stage 6 of the RDFgenfit program, i.e., after refinement. In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the fitted range 1.40 ≤ r ≤ 2.80 Å.
The Rχ values are calculated over this range. Contributions to the total fit arising

from the Si-O (solid blue) and O-O (solid green) correlations are shown.
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Atom Pair
α− β Parameter Initial Value Refined Value

Si-O rαβ (Å) 1.58 1.606(10)
σαβ (Å) 0.07 0.051(3)
n̄βα 4 3.91(5)

O-O rαβ (Å) 2.60 2.626(20)
σαβ (Å) 0.10 0.089(3)
n̄βα 6 5.93(5)

Rχ (%) 30.97 4.72

Table 2: Initial and refined peak parameters obtained from a fit to the D′exp(r)
function for glassy SiO2 (see figure 3.3). The Rχ values are calculated over the range

1.40 ≤ r ≤ 2.80 Å.
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4 Instrumentation
4.1 Neutron Facilities
The process of producing, manipulating and measuring neutrons for scientific research
comes with significant expense. Nevertheless, a continuous stream of funding finds its
way to these facilities. This effort to enable neutron scattering experiments is justified
by the value of the information gained, which is a result of the properties of the neutron
and its interaction with matter (see section 2). The following subsections will introduce
the two neutron facilities used in this work: the spallation-based neutron source at the
Rutherford-Appleton Laboratory and the reactor-based neutron source at the Institut
Laue-Langevin.

4.1.1 Neutrons from Spallation: ISIS

The ISIS Neutron and Muon Source at the Rutherford-Appleton Laboratory, Didcot,
UK, provides high intensity neutron beams for research. An overview of how ISIS
produces neutrons is given below. Up-to-date information about ISIS and related
science can be found on the ISIS web-page [45].

ISIS produces a pulsed neutron source by bombarding a tungsten target with high
energy protons. The process begins with the formation of H− ions, which are extracted
from the ion source in bunches and pass through a linear accelerator before being
stripped of their electrons. The emerging protons enter the synchrotron, a 26m radius
ring of magnets, which accelerates and focuses the protons. Once the protons reach
≈ 84% of the speed of light, they are extracted from the synchrotron and guided
towards target stations. Proton pulses are extracted at a rate of 50Hz, with 4/5 of
the pulses guided to target station 1 and 1/5 guided to target station 2. Each pulse
of protons that strikes a target induces nuclear spallation, a process in which atoms
break apart releasing energy and particles, as shown in figure 4.1. Many of the released
particles are neutrons, so the process can be used to create a short, intense pulse of
high energy neutrons.

For most research experiments, the high-energy neutrons produced during spallation
must have their energies reduced from the ∼MeV regime to the ∼meV regime. This
reduction is achieved by passing the neutrons through a moderator that contains light
elements, such as hydrogen. Neutrons inelastically scatter with the moderator material
and, after several collisions, emerge with a spectrum of energy that is determined by
the type of moderator and its temperature.
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Figure 4.1: Schematic diagram of the spallation process used at pulsed neutron
sources. A high-energy proton strikes a target nucleus causing it to break apart. The
event results in the production of daughter nuclei, unbound particles and energy.

In target station 1 at ISIS, there are four moderators surrounding the target: two filled
with water at room temperature (≈ 293K), one filled with liquid methane at 110K
and one filled with liquid hydrogen at 20K. Neutrons emerging from the moderators
are guided toward neutron scattering instruments for research experiments. Figure
4.2 shows the incident beam monitor spectrum measured on the diffractometer SLS at
ISIS (see section 4.2.2), which receives neutrons from target station 1’s liquid methane
moderator. The neutron beam contains epithermal neutrons, giving the spectrum a
large intensity at short wavelengths. Neutrons that have reached thermal equilibrium
with the moderator have a Maxwellian distribution of energies with a peak that is
characteristic of the moderator temperature.

In any neutron scattering experiment it is important to have an accurate measure of the
neutron wavelength. Whilst at reactor sources it is common to use a monochromator to
reduce the neutron beam to a narrow range of wavelengths, diffractometers at spallation
neutron sources employ the time-of-flight (tof) technique. This has the significant
advantage of allowing the use of almost all neutrons emerging from the moderator,
thereby maximising intensity.

In the tof technique, a clock is triggered by an electrical signal produced when protons
strike the spallation target. After being moderated and guided to a neutron scattering
instrument, neutrons scattered from the sample are detected and the tof t is recorded.
For elastic scattering, the wavelength of the neutron can then be calculated as

λ = ht

mn(L1 + L2) , (23)
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Figure 4.2: Incident beam monitor spectrum measured on SLS. The distribution of
neutron wavelengths features a large peak at low wavelengths, due to epithermal

neutrons, imposed on a Maxwellian distribution that is characteristic of the
moderator temperature.

where h is the Planck constant, mn is the mass of a neutron and L1 and L2 are the
lengths of the incident and scattered flight paths, respectively, which must be known
for each detector. Figure 4.3 shows a schematic diagram of the tof technique. Since the

Figure 4.3: Schematic diagram of an experiment using a time-of-flight diffractometer.
The time-of-flight t is measured for each detected neutron so that its wavelength can

be determined according to equation 23. The red arrows indicate the neutron
pathway.
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clock is triggered when the protons strike the target rather than when the neutrons leave
the moderator, a correction must be applied. This correction cannot be avoided because
there is no reliable way of measuring the time that a neutron leaves the moderator.
However, the size of the correction can be reduced by minimising the time between the
spallation event and the neutrons leaving the moderator.

4.1.2 Neutrons from Fission: The Institut Laue-Langevin

The Institut Laue-Langevin (ILL) at the European Photon and Neutron Science Cam-
pus, Grenoble, France, provides an intense flux of neutrons for research purposes. An
overview of how the ILL produces neutrons is given below. Up-to-date information can
be found on the ILL web-page [46].

The ILL produces a continuous source of neutrons using a nuclear reactor that sustains
a nuclear chain reaction. In this reaction, fissile uranium nuclei absorb neutrons, then
split into daughter nuclei and release high energy neutrons, as shown in figure 4.4.

Figure 4.4: Schematic diagram of the fission process used at reactor neutron sources.
A uranium nucleus absorbs a neutron and becomes unstable causing it to break apart.
The event results in the production of daughter nuclei, unbound neutrons and energy.

For most neutron scattering experiments, the energy of the neutrons released from the
fission process in the reactor core must be reduced from the ∼MeV regime down to the
∼meV regime. This reduction is achieved by passing the neutrons through a moderator
that contains light elements, such as carbon. Neutrons inelastically scatter with the
moderator material and, after several collisions, emerge with a spectrum of energy that
is determined by the type of moderator and its temperature. In the reactor source at
the ILL, there are three moderators: one filled with liquid deuterium at 20K, one filled
with liquid D2O at 300K and one filled with graphite at 2000K.
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It is imperative to know the wavelength of the neutrons used for diffraction exper-
iments. As the neutrons emerging from the moderator have a spectrum of energies
(and therefore wavelengths), it is common to use a crystal monochromator to select a
narrow range of wavelengths. A monochromator placed in the path of the moderated
neutron beam can be oriented such that diffracted neutrons, which have a narrow range
of wavelengths, are guided towards the sample position. This selective technique gives
neutrons with a narrow range of wavelengths at the expense of a huge reduction in
intensity. Figure 4.5 shows a schematic diagram of this fixed-wavelength diffraction
technique.

Figure 4.5: Schematic diagram of an experiment using a fixed-wavelength
diffractometer, where the neutron wavelength is determined by the type of

monochromator and its orientation. The red arrows indicate the neutron pathway.

4.2 Diffractometers
The following gives an overview of each of the diffractometers used in this work, in-
cluding a description of their key features and information relevant to the data analysis
procedures.

4.2.1 GEM

The GEneral Materials (GEM) tof diffractometer [47–49] is located at target station 1
at ISIS. A schematic view of the instrument is shown in figure 4.6 and a photograph of
the instrument is shown in figure 4.7.

Polychromatic neutrons from target station 1’s liquid methane moderator are guided
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Figure 4.6: Schematic diagram of the GEM diffractometer at ISIS. Reproduced from
[48].
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Figure 4.7: Photograph of the GEM diffractometer at ISIS during scheduled
maintenance. This image shows the vast array of detector banks that cover > 30% of

all scattering directions from the sample, designed to maximise the measured
intensity [48].
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Detector Bank Scattering Angle 2θ (◦)
1 2.2
2 9.0
3 17.5
4 35.1
5 62.4
6 92.8
7 110.1
8 146.1
9 160.7

Table 3: Average scattering angle for each of the 9 detector banks of the GEM
diffractometer.

towards GEM’s sample position through a beam tube, giving an incident flight path
L1 = 17.0m. During this time, a series of neutron-absorbing 10B4C slits are used
to define the beam shape and a series of choppers are used to (i) reduce background
scattering by removing some epithermal neutrons from the beam and (ii) define an
energy range of neutrons that prevents consecutive pulses of neutrons from overlapping
(typically ∼ 1meV to ∼ 10000meV). The incident beam passes through a total of four
beam monitors to measure the incident flux.

Neutrons scattered by the sample are measured by nine banks of detectors arranged
around the sample position with scattering angles and secondary flight paths ranging
from 1.21◦ to 171◦ and from 1.0m to 2.8m, respectively. Table 3 gives the average
scattering angle for each detector bank. The detectors used on GEM are Li-based ZnS
scintillators, where the reaction of a neutron and lithium proceeds as

neutron + 6
3Li −→ 3

1H2− + 4
2He2+. (24)

The resulting particles can interact with the ZnS matrix and begin the scintillation
process [50].

To minimise background scattering, the sample is contained within an evacuated steel
tank with aluminium windows between the sample and detectors. Access to high energy
neutrons from the spallation source gives GEM the ability to reach q values in excess
of 50Å−1. The huge amount of individual detection cells (> 7000) maximises the
measured intensity and improves the precision of measurements.

The GEM diffractometer allows diffraction patterns to be measured with high resol-
ution in reciprocal-space over a large q-range (typically 0.05 < q < 50.00Å−1). The
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large maximum q-value benefits a pair-distribution function analysis of the diffraction
pattern by minimizing Fourier transform artefacts and improving real-space resolution.
These features make the GEM diffractometer useful for studying the structure of both
crystalline and disordered materials.

4.2.2 SLS

The Small Angle Neutron Diffractometer for Amorphous and Liquid Samples (SLS)
[51, 52], also known as SANDALS, is located at target station 1 at ISIS. A schematic
of the instrument is shown in figure 4.8.

Figure 4.8: Diagram of the SLS diffractometer at ISIS with red arrows showing the
trajectory of incident and scattered neutrons. Adapted from from [51].

During a diffraction experiment, polychromatic neutrons from the liquid methane mod-
erator are guided towards SLS through a beam tube, giving an incident flight path of
L1 = 11.0m. A series of neutron-absorbing 10B4C slits are used to define the beam
shape. The incident beam passes through a series of beam monitors to measure the
incident flux.

Neutrons scattered by the sample are measured by eighteen banks of detectors arranged
around the sample position with average scattering angles ranging from 3.8◦ to 36.5◦,
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as detailed in table 4, and secondary flight paths ranging from 0.75m to 4.00m. The
detectors used on SLS are Li-based ZnS scintillators (see section 4.2.1).

Detector
Bank

Scattering Angle
2θ (◦)

Detector
Bank

Scattering Angle
2θ (◦)

1 3.8 10 20.1
2 5.0 11 21.7
3 7.0 12 24.4
4 9.5 13 27.8
5 11.8 14 29.5
6 13.1 15 31.2
7 14.6 16 31.2
8 16.2 17 33.6
9 18.1 18 36.5

Table 4: Average scattering angle for each of the 18 detector banks of the SLS
instrument [51].

To minimise background scattering, the sample is contained within an evacuated tank.
The forward scattering geometry employed by the SLS instrument minimises the size of
the inelasticity corrections that are often required for diffraction data analysis, which
can be large for materials containing light elements. Access to high energy neutrons
from the spallation source combined with the moderate maximum scattering angle gives
SLS the ability to reach q values in excess of 50Å−1. However, counting statistics are
relatively poor for q & 30Å−1.

The SLS diffractometer allows diffraction patterns to be measured over a large q-range
(typically 0.10 ≤ q ≤ 30.00Å−1) with a q-space resolution satisfactory for resolving
broad features. The large maximum q-value benefits a pair-distribution function ana-
lysis of the diffraction pattern by minimizing Fourier transform artefacts and improving
real-space resolution. These features make SLS useful for investigating the structure of
disordered materials.

4.2.3 PEARL

The PEARL diffractometer [53, 54] is dedicated to structural investigations of materials
under extreme conditions. It is located at target station 1 at ISIS. A schematic of the
instrument is shown in figure 4.9.

Polychromatic neutrons from target station 1’s liquid methane moderator are guided
towards PEARL’s sample position through a beam tube, giving an incident flight path
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Figure 4.9: Schematic diagram of the PEARL diffractometer at ISIS with red arrows
showing the trajectory of incident and scattered neutrons. The main detector bank,

located at a scattering angle of ≈ 90◦, is optimised for experiments using the
Paris-Edinburgh press. Adapted from from [54].

of L1 = 12.8m. A series of neutron-absorbing 10B4C slits are used to define the beam
shape. The incident beam passes through a total of three beam monitors to measure
the incident flux.

Neutrons scattered by the sample are measured by two banks of detectors arranged
around the sample position. The main detector bank consists of nine modules and
operates in transverse geometry, covering scattering angles of 81.2◦ to 98.8◦ with a
secondary flight path of L2 = 0.8m. The secondary detector bank consists of three
modules and covers scattering angles of 20.0◦ to 60.0◦ and 100.0◦ to 160.0◦ with a
secondary flight path of L2 = 1.2m. The detectors used on PEARL are Li-containing
ZnS scintillators (see section 4.2.1).

To minimise background scattering, the sample is contained within an evacuated tank.
PEARL is optimised for in situ high-pressure neutron diffraction using the Paris-
Edinburgh press (see section 4.3). For these experiments, incident neutrons pass along
the axis of compression and through the anvils of the press to the sample. Neutrons
scattered through angles ≈ 90◦ can exit the Paris-Edinburgh press without obstruction
and travel into the transverse detector bank. Access to neutrons from the spallation
source gives PEARL the ability to access q values of 1.4 ≤ Q ≤ 23.8Å−1 using the trans-
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verse detector bank. The ability to perform in situ high-pressure neutron diffraction
experiments using the Paris-Edinburgh press makes PEARL useful for investigating
the structure of crystalline and disordered materials under high pressure conditions.

4.2.4 D4c

The disordered materials diffractometer D4c [55, 56] is located in the reactor hall of
the ILL. A schematic of the instrument is shown in figure 4.10 and a photograph of the
instrument is shown in figure 4.11.

Figure 4.10: Schematic diagram of the diffractometer D4c at the ILL. Reproduced
from [55].

A polychromatic beam originating from the ILL reactor’s graphite moderator is directed
through a primary shutter onto a monochromator crystal (e.g. copper). The mono-
chromator is oriented such that diffracted neutrons with a narrow range of wavelengths
are guided through a secondary shutter towards the sample position. A filter (e.g.
rhodium) is used to remove harmonic (λ/2) contamination and produce a monochro-
matic beam of neutrons with a wavelength λ of 0.70 Å, 0.50 Å or 0.35 Å, depending on
the monochromator orientation and type. After the monochromator, the beam passes
through a low efficiency detector to monitor the incident flux, which enables proper
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Figure 4.11: Photograph of the diffractometer D4c at the ILL. The red text highlights
the detector array, which is held within the white polymer shielding, and the

aluminium bell jar that contains the sample holder. The red arrow indicates the
trajectory of the incident beam.

normalisation. A series of neutron-absorbing 10B4C slits are used to collimate the beam
and define its shape (typically rectangular) at the sample position.

Neutrons scattered by the sample are measured by an array of nine microstrip detectors
that operate with 3He detection gas. The 3He acts as a detection gas by reacting with
the incoming neutron to form charged particles according to [50]

neutron + 3
2He −→ 3

1H− + proton, (25)

which can interact with the microstrip detectors to produce an electrical signal. Each
detector covers an angular range of 8◦ with a 7◦ gap between detectors. A rotational
displacement of the entire array gives a total scattering angle coverage that ranges from
1.5◦ to 137.0◦. The accessible q-range depends on the incident wavelength as shown in
table 5.

To minimise background scattering, the sample is contained within an evacuated alu-
minium bell jar and each detector has its own evacuated collimation tube. Background
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Neutron Wavelength
λ (Å)

q-range
(Å−1)

0.35 0.5 - 33.4
0.5 0.3 - 23.4
0.7 0.2 - 16.7

Table 5: The q-ranges accessible using the diffractometer D4c with different incident
neutron wavelengths.

scattering originating from the direct beam is reduced by the beamstops, which are
positioned to prevent any direct pathway between the straight-through beam and de-
tector. The large sample space can accommodate various sample environments, giving
the possibility of performing diffraction experiments on samples held at low/high tem-
perature and/or high pressure.

D4c gives access to a large flux of neutrons with low background scattering, which
enables high precision measurements over the entire accessible q-range. This feature
makes D4c a powerful instrument for the structural investigations of disordered mater-
ials at both ambient and non-ambient conditions.

4.3 The Paris-Edinburgh Press
The Paris-Edinburgh (PE) press, shown in figure 4.12, is a compact hydraulic press
designed for in situ neutron scattering experiments [9]. The compact design, referring
to its low mass and small volume, facilitates sample loading and alignment of the
apparatus during experiments. Despite its compactness, the PE press can accommodate
anvils that maintain the relatively large sample volumes (10 - 100mm3) necessary for
most neutron scattering experiments.

The main components of the PE press are highlighted in figure 4.13. The largest
component is the load frame, which consists of two stages separated by columns. One
stage houses the piston, which sits above the pressure fluid reservoir and supports an
anvil, and the other houses the breech, a threaded steel cylinder used to support the
opposing anvil. Most load frames are made from 819AW high tensile steel, produced
commercially for aeronautic applications by Aubert and Duval [57]. This grade of steel
has been quenched in air from 1168K and cooled to 193K before being heated to 573K
twice. The thermal treatment produces a steel load frame that can operate up to 573K
and has good dimensional stability under stress.

The development and application of the PE press has led to two styles of load frame
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Figure 4.12: Photograph of (left) a VX4 PE press in the Liquid and Amorphous
Materials laboratory at the University of Bath and (right) a V3 PE press at the

PEARL high pressure facility, ISIS.

Figure 4.13: Cross section of a VX-type PE press. (1) Hydraulic fluid inlet. (2)
Cylinder. (3) O-ring seal. (4) Piston. (5) Load frame. (6) Steel spacers. (7) WC

backing plates. (8) Anvils with steel binding ring. (9) Breech. (10) Front Collimator.
Adapted from ref. [10]
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Figure 4.14: Cross sectional view (not to scale) of (a) transverse and (b) in-plane
scattering geometries used for in situ high-pressure diffraction experiments. The

opposing anvils [1], sample [2] and gasket [3] are labelled in (a). The green and red
arrows indicate the direction of the incident and scattered beams, respectively.

with many variations. The choice of load frame is dictated by experimental require-
ments. The four columned V-type press (right side of figure 4.12) is typically used
for neutron scattering experiments at pulsed neutron sources. Operating in transverse
geometry allows neutrons to access the sample space via a cylindrical pathway along
the compression axis, and neutrons scattered through angles of 2θ ≈ 90◦ can exit the
PE press assembly, as shown in figure 4.14 (a). The VX-type press (left side of figure
4.12) offers a more accessible sample space. The two columned design gives a hori-
zontal opening of 140◦ on each side of the press, making it the favoured choice for
angle-dispersive scattering experiments [58]. The in-plane scattering geometry used for
these experiments is shown in figure 4.14 (b).

The PE press uses a hydraulic piston to force opposing anvils together and generate
pressure at the sample position. Here, the hydraulic pressure p exerts a force F on the
piston given by

F = pA = Lg, (26)

where A is the cross-sectional area of the piston, L is the load applied to the piston
and g = 9.80665ms−2 is the acceleration due to gravity. The applied force is used to
drive together the opposing anvils of the PE press and, therefore, compress the material
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placed between them.

4.3.1 Anvils

The anvils used with a PE press are designed to compress the sample, whilst maintain-
ing a space with a large sample volume. The anvils often feature a profile that allows
the sample to be contained within a gasket that provides radial support. In common
use are single-toroid anvils, which have a semi-spherical sample cup surrounded by a
circular recess that supports a series of gaskets. Different anvil profiles are also used,
which lend themselves to different experiments. For example, double-toroid sintered-
diamond anvils can achieve pressures exceeding 25 GPa [59], but the increased pressure
range comes at the expense of a reduced sample space.

The choice of anvil material is limited, owing to the deformation and extreme internal
stresses to which they are subjected under load. Tungsten carbide is commonly used
for experiments up to 10GPa. However, extended pressure ranges are made accessible
by using sintered diamond anvils [53]. In some cases, zirconia-toughened alumina or
cubic boron-nitride anvils are used. These anvils can reduce the amount of background
scattering during diffraction experiments, but provide access to a limited maximum
sample pressure of ≈ 8GPa [27, 53].

4.4 Quantachrome Pycnometer
The mass density of a material is defined by

ρ = M/V, (27)

where M is the mass and V is the volume. It depends on the sample structure, which
depends in turn on the composition, temperature and pressure. The density is, there-
fore, an important parameter in the analysis of diffraction data and is crucial for con-
structing realistic models. The discussion below will outline one of the most accurate
methods used to measure density: gas pycnometry.

4.4.1 Introduction to Gas Pycnometry

The ideal gas law is given by
PV = nRT, (28)

where P is the pressure, T is the absolute temperature, n is the number of moles, and
R = 8.314 J.K−1 is the molar gas constant. Gas pycnometry uses this law to find the

37



volume of a sample.

A photograph of the pycnometry station in the Liquid and Amorphous Materials labor-
atory at the University of Bath is shown in figure 4.15 (a). It consists of a He gas oper-
ated pycnometer (Quantachrome Micro-Ultrapyc 1200e) combined with a temperature
control system and PC. Figure 4.15 (b) shows a schematic of the pycnometer’s main
components. The use of a water bath ensures stable temperatures over the course of
the measurement. Although other gases can be used, He is favourable because it is
unreactive, highly penetrative and is well characterised by the ideal gas law.

Figure 4.15: (a) Photograph of the bench-top pycnometry station in the Liquid and
Amorphous Materials laboratory at the University of Bath. (b) Schematic of the

pycnometer’s components. During operation the valves (S1, S2, S3) open and close to
allow gas in to the system. The pressure is measured at different stages by the
pressure transducer. Vc and VR denote the volume of the sample and reference

chambers, respectively.
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During an experiment, the pycnometer is used to measure the pressure of a fixed
amount of gas occupying chambers that have different volumes. From the pressure
measurements, it is possible to calculate the sample volume. Then, once the sample
mass is measured, its density can be calculated according to equation 27. The method
is described below where, for simplicity, it will be assumed that the system is initially
under vacuum with all valves closed. More details on the theory can be found in the
pycnometer’s user manual, available on request from Quantachrome Instruments [60].

Opening the valve S1 (see figure 4.15 (b)) allows gas to flow into the sample chamber
until this chamber is pressurised to a user-determined value P1, when the valve S1 is
automatically closed. At this stage, for a sample of volume Vs, the state of the system
is given by

P1(Vc − Vs) = n1RT, (29)

where Vc is the volume of the sample chamber. Next, the valve S2 opens allowing the
gas to flow into the reference chamber. The state of the system is now given by

P2(Vc − Vs + VR) = n1RT, (30)

where VR is the volume of the reference chamber. Combining equations 29 and 30 gives

P1(Vc − Vs) = P2(Vc − Vs + VR), (31)

which can be re-arranged to give the sample volume as

Vs = Vc −
VR

P1
P2
− 1

. (32)

Using equation 32 with the measured pressures P1 and P2 and the values of Vc and
VR, which are determined during calibration experiments, allows the value of Vs to be
calculated. The sample density follows from equation 27 and the user-specified sample
mass and the result is stored by the pycnometer. The system then returns to its
original state, ready for another measurement. The combination of values from many
measurements provides a high-precision result.

4.4.2 Optimising Density Measurements

In normal use, a density measurement will consist of:

1. Calibration of the reference chamber volume VR using a calibrant with a known
volume Vstd1,
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2. Calibration of the sample chamber volume VC using a calibrant with a known
volume Vstd2,

3. Measurement of the sample volume VS, which is repeated multiple times.

It is necessary to calibrate VC using a calibrant with a known volume Vstd2 that is
similar to the unknown value of VS, which can be estimated from e.g. the composition
and phase. The calibrants supplied with the Quantachrome Micro-Ultrapyc 1200e can
be combined to give Vstd2 = 0, 0.0898, 1.0725, 1.1623 or 2.1450 cm3.

To optimise the calibration routine, a series of measurements was performed using
different combinations of sample and calibration volumes. A focus was placed on finding
an accurate method for measuring a sample volume typical of that found for samples
recovered from high pressure experiments that employ a PE press. The sample volume
for high-pressure experiments using the PE press with single-toroid and double-toroid
anvils is ≈ 0.09 cm3 and ≈ 0.03 cm3, respectively.

A 3 g batch of SiO2 glass was prepared and its density was measured using the entire
sample after a calibration was performed using Vstd2 = 2.1450 cm3. The measured
sample density ρ = 2.2016(4) g cm−3 was taken as the true density. Measurements
were then performed for different sample masses MS after calibrating with various
Vstd2 values. The results are reported in table 6 and shown in figure 4.16, where the
measured densities are given as a percentage of the true density and the sample volumes
were calculated from their mass and the true density.

The results suggest that accurate densities can be measured for sample volumes &

0.2 cm3 using any value of Vstd2. For smaller sample sizes with 0.025 ≤ VS ≤ 0.200 cm3,
however, the accuracy drops to ≈ 5% and no obvious advantage can be seen for the
measurements made with different Vstd2 values. For VS ≤ 0.025 cm3 there is an abrupt
decrease in the measured density to ≈ 70 − 90% of the expected value. Significant
improvement is seen for measurements with Vstd2 = 0 cm3 vs. those made with Vstd2 =
2.1450 cm3. However, the result remains unsatisfactory.

A new measurement method was tested for small samples, where the sample is con-
tained in a cell that almost fills the sample chamber. Here, the calibration is performed
with Vstd2 = 2.1450 cm3 in the usual way. Ten volume measurements are then per-
formed for (i) the empty sample cell, (ii) the sample in its cell, and (iii) the empty
cell again. The average volume measured for the cell is then used to calculate the
sample volume by taking the difference. This difference method aims to reduce the ef-
fects seen previously for small samples by exploiting the pycnometer’s ability to deliver
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highly accurate volume measurements for larger sample sizes. The two measurements
performed using the difference method show promising results, although more tests
should be made to confirm their accuracy and explore the dependence on sample size.
The difference method uses only ten measurements per run in order to avoid the inac-
curacies associated with longer run times, which are thought to originate from changes
to the room temperature. The limited number of measurements results in a reduction
of the precision, which is reflected by the larger errors on these values.
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Vstd2 (cm3) MS (g) VS (cm3) ρ (g cm−3) % of true value
2.1450 3.00390 1.364417 2.2016(4) 100
2.1450 2.96759 1.347924 2.2017(4) 100.00(3)
2.1450 2.19356 0.996348 2.1992(3) 99.89(2)
2.1450 2.16826 0.984856 2.2006(3) 99.95(2)
2.1450 1.89921 0.86265 2.1975(4) 99.81(3)
2.1450 1.49283 0.678066 2.189(2) 99.4(1)
2.1450 1.20782 0.54861 2.1954(6) 99.72(4)
2.1450 1.20129 0.545644 2.1971(6) 99.80(4)
2.1450 0.67697 0.30749 2.188(1) 99.38(6)
2.1450 0.28830 0.13095 2.187(3) 99.3(2)
2.1450 0.20626 0.093686 2.07(1) 94.0(6)
2.1450 0.19199 0.087205 2.143(5) 97.3(3)
2.1450 0.15700 0.071312 2.211(4) 100.4(3)
2.1450 0.12083 0.054883 2.202(7) 100.0(4)
2.1450 0.09966 0.045267 2.139(8) 97.2(5)
2.1450 0.06075 0.027594 2.11(1) 95.8(6)
2.1450 0.04471 0.020308 1.61(3) 73(2)
0.0898 0.48168 0.218786 2.204(1) 100.11(6)
0.0898 0.25067 0.113858 2.180(3) 99.0(2)
0.0898 0.19189 0.087159 2.123(6) 96.4(4)

0 3.00372 1.364335 2.203(1) 100.06(6)
0 1.49436 0.678761 2.200(2) 99.9(1)
0 0.48533 0.220444 2.216(2) 100.7(1)
0 0.25052 0.11379 2.175(2) 98.8(1)
0 0.21224 0.096403 2.173(8) 98.7(5)
0 0.06020 0.027344 2.24(1) 101.7(6)
0 0.04610 0.020939 2.00(2) 91(1)
0 0.02510 0.011401 1.83(2) 83(1)
0 0.01919 0.008717 2.16(1) 98.1(6)

2.1450* 0.05010 0.022756 2.18(5) 99(3)
2.1450* 0.05011 0.022761 2.2(4) 100(3)

Table 6: Density of an SiO2 sample measured using different combinations of sample
size and Vstd2. The sample volume VS was calculated using the sample mass MS and
the true density ρ = 2.2016(4) g cm−3. The last two measurements, marked with an

asterisk, were performed using the difference method described in the text.
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Figure 4.16: Density of a SiO2 glass sample measured by He gas pycnometry,
displayed as a percentage of the true density ρ = 2.2016(4) g cm−3 vs. the sample
volume used for the measurement. The inset zooms into the data points for the

smallest sample sizes. In both plots, the dashed black line is at 100%.
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4.5 Nuclear Magnetic Resonance Spec-
troscopy

Investigations of complex materials often rely on information from multiple experi-
mental techniques [42, 61, 62]. Most of the projects undertaken in this work made
use of information obtained from nuclear magnetic resonance (NMR) spectroscopy ex-
periments, which was used to aid the interpretation of neutron diffraction data. The
following discussion presents the basic theory and practical aspects of NMR spectro-
scopy. It should be noted, however, that the NMR spectroscopy results used in this
work were from experiments and analyses carried out by R. Youngman or H. Eckert
and I. Silva.

4.5.1 Basic Theory of NMR Spectroscopy

The basic theory of NMR spectroscopy given below follows the descriptions outlined
in refs. [63] and [64].

Any nucleus containing an odd number of protons or neutrons or both possesses a spin
I and a magnetic moment

µ = γI, (33)

where γ is the gyromagnetic ratio and is a nuclide-specific value. The quantization
of angular momentum implies the presence of 2I + 1 degenerate spin-states. The
degeneracy of these states can be lifted through the application of an external magnetic
field B0, which results in discrete energy levels

Em = −mγhBloc
2π , (34)

wherem takes discrete values from −I to I, with the difference between adjacent energy
levels being characterised by ∆m = ±1, and h = 6.626×10−34 J s is the Planck constant.
Bloc is the local magnetic field experienced by the nucleus and is the sum of the external
field and internal field Bint << B0, which arises from the interaction of the nucleus with
its environment. The value of Bint is structure-dependent and is dominated by three
components: (i) magnetic shielding, (ii) the magnetic dipolar interaction between a
nucleus and its neighbouring nuclei, and (iii) the electric quadrupolar interaction. The
last of these components only affects quadrupolar nuclides (I > 1/2). The ability to
measure the energy difference ∆E between magnetic spin-states, which is related to
the value of Bint, can therefore provide information on the structure of the material.

An NMR spectrometer exploits the fact that electromagnetic radiation will be reson-
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antly absorbed when its energy E = hf , where f is the frequency, is equal to ∆Em,
i.e., when

f = γBloc
2π . (35)

The differences between the resonance frequencies of the same nuclide in different ma-
terials are typically very small and are reported relative to a standard material with
a known structure. The relative frequency, or chemical shift δ, is often expressed in
parts per million (ppm) as

δ = fsample − fstandard
fstandard

× 106. (36)

The chemical shift is related to the shielding constant σ according to

δ = (σstandard − σsample)× 106, (37)

which describes the shielding from the external magnetic field that the nuclide receives
such that it experiences an effective field Beff = B0(1 − σ). This shielding affects the
local field Bloc and, therefore, the resonance frequency. It is a result of the magnetic
interaction of the nuclide with its surrounding electrons, so depends on the bonding
environment.

Magnetic dipolar interactions also affect the local magnetic field experienced by a nuc-
leus. These interactions arise from the magnetic moments of surrounding nuclei and
depend on the separation in space. Experiments designed to measure the strength of
this interaction can be used to measure the internuclear distances.

The electric quadrupolar interaction only affects nuclei with I > 1/2 that are in non-
cubic coordination environments. This is because the quadropole moment of the nuclide
can interact with the electric field gradient caused by the asymmetric charge distribu-
tion. These interactions can produce severe broadening of the measured NMR signal
and extracting useful information is complicated by the difficulty of separating effects
that originate from the quadrupole moment versus the electric field gradient.

A final note will be made on the orientational dependence of the chemical shift and
dipolar interactions. In polycrystalline, amorphous or powdered solids, the random
orientation of atomic-scale structural units with respect to the external magnetic field
results in a broadening of spectral features. The broadening can be reduced by physic-
ally spinning the sample about an axis at an angle of 54.73◦ with respect to the external
field B0, which is known as the magic angle. The magic-angle spinning technique has
become an important tool in NMR spectroscopy due to the significant increase in res-
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olution.

4.5.2 Experimental Overview of NMR Spectroscopy

A very simplified overview of a typical NMR experiment is given below, which follows
the description outlined in ref. [65].

During a typical NMR experiment, a sample is placed within a ceramic container
surrounded by a probe coil and exposed to an external magnetic field, as shown in figure
4.17. The external magnetic field is produced by a superconducting electromagnetic
coil. The probe coil acts as both the emitter and receiver of a circuit designed to
measure the NMR signal, which typically requires radio frequency (RF) electromagnetic
radiation. Initially, the probe coil is used to emit an RF pulse that excites the NMR-
active nuclei in the sample into spin-states of higher energy with a component that
is perpendicular to the external field. As these nuclei relax back to equilibrium, they
precess about the direction of the external magnetic field and induce an electromotive
force in the probe coil, which is measured as a function of time. This time-dependent
signal is then processed and Fourier transformed to obtain an absorption spectrum with
peaks at frequencies corresponding to transitions between different nuclear magnetic
spin states.

Figure 4.17: A simplified diagram of an NMR spectrometer. The sample is located in
the probe coil, which is usually spun about an axis that is inclined at the magic angle
of 54.73◦ with respect to the external field. The probe coil and sample are subject to
an external field created by a magnet coil, which is enclosed in a cryogenic tank (not

shown) to maintain the temperature necessary for the magnet coil to be in its
superconducting phase. The RF source is used to send a RF pulse sequence to the
probe, exciting the NMR-active nuclei in the sample. The probe is then used to

measure the NMR signal.
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5 Aluminosilicate Glasses: Rela-
tionships Between Composition,
Structure and Properties

5.1 Introduction
The (metal oxide)-(Al2O3)-(SiO2) (aluminosilicate) family of materials represent a huge
fraction of industrially and scientifically important materials. In their liquid form they
constitute natural magmatic fluids [66, 67], whilst as crystalline solids they constitute
crustal and mantle minerals [68]. Aluminosilicate glasses occur naturally and can be
formed during events such as meteorite impacts, lightning strikes and volcanic eruptions
[69]. In their glassy state, aluminosilicate materials also have widespread technological
use, with applications including: glass fibres [22]; substrates for liquid-crystal displays
[70]; sealants for solid oxide fuel cells [71]; chemically strengthened display glass [72, 73];
nuclear waste storage [23, 74]; and cookware [75, 76]. The abundance of natural alu-
minosilicate liquids combined with existing and potential applications of aluminosilicate
glasses warrants a detailed study of their physical and chemical properties. In doing so,
insight should be gained into the relationships between the composition, structure and
properties, which aim to deliver (i) a more complete understanding of natural processes
such as volcanic activity and (ii) a guide for the rational design of functional glassy
materials.

Pivotal to developing any deep understanding of the nature of aluminosilicate glasses
and liquids is information on their atomic-scale structure. For example, what coordin-
ation polyhedra exist? how are these polyhedra arranged relative to each other? what
level of connectivity is present? All these features influence the properties of alumino-
silicates, so performing experiments that provide information on the structure and/or
physicochemical properties of these materials gives momentum toward building a com-
plete description. Unsurprisingly, there have been many investigations of this type.
Experts in the fields of Raman spectroscopy [77–79], calorimetry [80], nuclear mag-
netic resonance (NMR) spectroscopy [81–85] and neutron and X-ray scattering [86–92]
have all turned their attention toward describing the nature of aluminosilicate glasses
and liquids. The following subsection aims to summarise the main features of what
will henceforth be referred to as the "standard model" of aluminosilicate glasses, whilst
providing some context to the field of research and highlighting areas of ambiguity.
It will be directed toward a description of aluminosilicate glasses, although in many
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situations the details translate directly to the high-temperature liquid phases. A quant-
itative description of structural particulars will be reserved for later.

5.1.1 The Standard Model of Aluminosilicate Glasses

Pure SiO2 glass, free of defects, consists of a 3-dimensional network of SiO4 tetrahed-
ral units, linked to each other through bridging oxygen (BO) atoms [93, 94]. When a
modifying oxide is added (e.g. Na2O or MgO), additional oxygen atoms join the tet-
rahedral network by transforming BO atoms into non-bridging oxygen (NBO) atoms
[95], that is, O atoms that no longer form Si-O-Si bridges. The formation of an NBO
atom within a Si-centred tetrahedron introduces a local excess negative charge of -e,
where e = 1.602 × 10−19 C is the elementary charge, to which the positively charged
modifying ion (e.g. Na+ or Mg2+) associates. Knowledge of the concentration of a
modifying oxide can, therefore, be used to calculate the average number of NBO atoms
per Si-centred tetrahedral unit, delivering a quantitative description of the relationship
between composition and the connectivity of the network. This speciation is often
quantified in terms of the fraction of Q(n) species, where 0 ≤ n ≤ 4 gives the average
number of BO atoms on a tetrahedral unit. Here, we will adapt this notation to include
information on the cation at the centre of a tetrahedron: X(n) will represent a cation X
with n BO atoms. In silicates, the average Si(n) speciation describes the connectivity
of the network, which can be related to the physical properties of the glassy material
and often provides insight into the liquid from which the glass is formed. For example,
K2O-SiO2 glasses show a decrease in microhardness as the concentration of K2O in-
creases whilst the corresponding liquids show a decrease in viscosity [96]. Other factors
such as the type of modifying oxide will also influence properties. Modifying oxides
usually contain monovalent alkali metals or divalent alkaline-Earth metals and, corres-
pondingly, require one or two NBO atoms in their vicinity to create a charge-neutral
unit. Trivalent modifiers such as Y3+ and La3+ can also be incorporated into silicate
networks but will not be discussed here.

When a small amount of Al2O3 is added to the system, the Al atoms can enter tetra-
hedral sites and join the network of corner-sharing units [93]. Each Al atom brings 1.5
O atoms to the system, so an additional O atom is required for all Al atoms from an
Al2O3 unit to be successfully incorporated as Al(4) units. Furthermore, each Al(4) unit
carries an overall charge of −e, so its formation requires a nearby charge-compensator
to ensure charge neutrality. It follows that Al can meet both of these conditions in
the presence of a modifying oxide MO or M2O. The M ions donate their oxygen to
Al and are located in the immediate vicinity of the Al(4) unit to balance charge [75].
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M ions that stabilise Al(4) in the network are taking a charge-compensating role and
no longer create NBO atoms. For the composition (MO)x(Al2O3)y(SiO2)(1−x−y) or
(M2O)x(Al2O3)y(SiO2)(1−x−y), where R = x/y ≥ 1, the addition of Al2O3 proceeds
via the inclusion of Al in tetrahedral sites and a reduction in the fraction of NBO atoms.
These conditions cannot be met for compositions with R < 1 and this simple model can
no longer be applied. Discontinuities in the physical properties of M -aluminosilicate
glasses are observed at compositions with R ≈ 1, which must originate from the struc-
tural changes that occur when Al can no longer meet the conditions necessary for the
formation of Al(4) units. To demonstrate, figure 5.1 shows the R-dependence of a range
of physical properties for Na-aluminosilicate glasses. Changes in the physical properties
at R ≈ 1 are also reported for Ca- and Mg-aluminosilicate glasses [96, 97] and melts
[79, 98, 99].

5.1.2 Beyond The Standard Model of Aluminosilicate Glasses

There exists two main theories that address the structural role of Al forM -aluminosilicate
glasses with compositions (MO)x(Al2O3)y(SiO2)(1−x−y) or (M2O)x(Al2O3)y(SiO2)(1−x−y)

with R < 1. The first assumes that excess Al, that is, Al that cannot form charge-
compensated Al(4) units, is incorporated as AlO6 octahedra, similar to what is seen
in crystalline compounds containing Al [101]. From a charge-balance perspective, this
could be realized by treating excess Al2O3 as a modifying oxide such that each Al
creates three NBO atoms and resides in sites coordinated to three NBO and three BO
atoms [75]. An alternative explanation was proposed by Lacy [102] and invokes the
formation of oxygen triclusters. In this theory, excess Al atoms remain in tetrahedral
coordination with one of its O atoms connected to two other tetrahedral units. If the
tricluster consists of one Al- and two Si-centred tetrahedra, it is charge neutral. A
tricluster consisting of two Al- and one Si-centred tetrahedra would carry an overall
charge of −e and will, therefore, require a nearby M ion to ensure charge neutrality.

These models have stimulated many experimental investigations of aluminosilicate
glasses. In 1984, McKeown et al. [78] presented a comparison of Raman spectra
collected for Na-aluminosilicate glasses and crystalline references. The crystalline alu-
minosilicate references included mullite, which contains an oxygen tricluster and silli-
manite, which does not. Bands at 418 and 1200 cm−1 in the spectrum of mullite were
not observed in sillimanite. If the assumption is made that these bands are due to
triclusters, they can be used to test for the existence of triclusters in other materi-
als. For the Na-aluminosilicate glasses studied, the bands were not observed. In 1997,
Schmücker et al. [103] investigated a series of aluminosilicate and Na-aluminosilicate
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Figure 5.1: Composition dependent properties of Na-aluminosilicate glasses. (a) The
density ρ with ≈ 66mol% SiO2 [100]. The errors are smaller than the symbol sizes.
(b) The microhardness H with 66mol% SiO2 [96]. The errors are not reported. (c)
The ionic conductivity σ, adapted from [75]. (d) The glass transition temperature Tg

with ≈ 66mol% SiO2 [100]. The errors are not reported.

glasses using 27Al and 29Si NMR spectroscopy. Peaks observed at 0 and 60 ppm in the
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27Al NMR spectra were assigned to tetrahedral and octahedral sites by comparison
with crystalline references. A third peak at 30 ppm was assigned to triclustered tetra-
hedra. This assignment was supported by the fact that the peak intensity diminished
across a compositional series in which the Na2O concentration increased, caused by
the stabilisation of Al in tetrahedral sites with charge compensating Na+ ions nearby.
However, an equally valid interpretation could be made with the peak assigned to AlO5

polyhedra.

More recently, a combination of 27Al NMR spectroscopy and neutron and X-ray dif-
fraction measurements was used to study Al2O3-SiO2 glasses [89]. This revealed the
existence of Al in a combination of four-, five- and sixfold coordination with the ap-
proximate ratio of 4:5:1. The authors suggested that if the five- and sixfold coordinated
Al atoms carry a positive charge, they can stabilise other Al atoms in tetrahedral sites
without the formation of triclusters, i.e., they adopt a charge-compensating role. Evid-
ence of highly coordinated Al in Ca-aluminosilicates was presented in the form of 27Al
NMR spectra by Neuville et al. [82]. This showed a significant rise in the fraction of
AlO5 polyedra for compositions with R < 1 as R −→ 0. A similar trend was measured
for Mg-aluminosilicates [84], suggesting that five- and sixfold coordinated Al atoms are
a general feature of aluminosilicate glasses with R < 1. The evidence does not rule out
the possibility of triclusters. However, any model devised to explain the role of Al in
aluminosillicate glasses must acknowledge the presence of AlO5 and AlO6 polyhedra.

Alongside these investigations emerged another complication: the presence of NBO
atoms for compositions where none are expected from the stoichiometry. Stebbins and
Xu [14] performed 17O NMR measurements on Ca-aluminosilicate glasses with R = 1,
for which there are sufficient Ca2+ ions for the stabilisation of all Al in tetrahedral
sites, and found that 5(1)% of oxygen atoms are in NBO sites. Possible mechanisms
for the excess NBO atoms were suggested and included (i) high coordinated Al atoms
or (ii) oxygen triclusters. Evidence of AlO5 in Ca-aluminosilicates with R > 1 [82]
suggests that the former is more likely.

Despite the availability of data, there have been few attempts [99, 104] to explain
and quantify the role of Al in aluminosilicate glasses and the effect of different types
of modifying oxide. To address this, a collection of Mg-aluminosilicate glasses were
assembled that cover a large range of glass-forming compositions made accessible by
conventional and laser-heating quench techniques. A series of neutron diffraction ex-
periments was performed to assess the structure of the glasses using a pair-distribution
function (PDF) analysis. The Al speciation was measured by 27Al magic-angle spin-
ning NMR spectroscopy and the results were used to constrain the interpretation of
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the PDF data.

This chapter is organised as follows. The theory for neutron diffraction PDF analysis
is presented in section 5.2. Section 5.3 provides details of the experimental methods
including sample preparation and characterisation. Results are presented in section 5.4
and discussed in section 5.5 by reference to a model that delivers the relative abundance
of structural species as a function of composition. Conclusions are drawn in section
5.6.

5.2 Theory
In a neutron diffraction experiment the total structure factor [26]

F (q) =
∑
α

∑
β

cαcβbαbβ[Sαβ(q)− 1] (38)

is measured, where q is the magnitude of the scattering vector; cα and bα denote the
atomic fraction and bound coherent neutron scattering length of chemical species α,
respectively; and Sαβ(q) is a Faber-Ziman [37] partial structure factor.

The corresponding real-space information can be obtained by Fourier transforming the
total structure factor to give the total pair-distribution function (PDF)

D′(r) = 2
π〈b〉2

∫ ∞
0

qF (q)M(q) sin(qr) dq

= D(r)⊗M(r),
(39)

where r is a distance in real space, 〈b〉 = ∑
α cαbα and ⊗ denotes the one-dimensional

convolution operator. M(q) is a modification function and M(r) is its real-space mani-
festation. The function D(r) is given by

D(r) = 4πnr
〈b〉2

∑
α

∑
β

cαcβbαbβ[gαβ(r)− 1], (40)

where n is the atomic number density and gαβ(r) is a partial PDF. For distances smaller
than the distance of closest approach between two atoms, gαβ(r −→ 0) = 0. It follows
that, in the absence of Fourier transform artefacts, D′(r −→ 0) = −4πnr.

The preferred method of extracting information from neutron diffraction measurements
is to Fourier transform the measured F (q) function according to equation 39. M(q)
often takes the form of a step modification function that is defined by the accessible
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q-range of the diffractometer, which extends to qmax. M(q) therefore takes the value
M(q) = 1 for q ≤ qmax and M(q) = 0 for q > qmax. D′(r) can then be modelled by
fitting a series of Gaussian peaks convoluted with M(r) so that structural features and
Fourier transform artefacts can be separated (see section 3.2.3). An approximation of
gαβ(r) over the fitted range ri ≤ r ≤ rj is given by summing each peak m contributing
to the same pair-correlation, according to the equation

gαβ(r) =
∑
m

1
r

nβα(m)
4πncβrmαβ

1
σmαβ
√

2π
exp

[
−(r − rmαβ)2

2(σmαβ)2

]
(41)

where nβα(m), rmαβ and σmαβ are the coordination number, position and width of the mth

Gaussian peak used in the fitting procedure. The weighted mean α − β distance for
the distance range ri ≤ r ≤ rj can then be calculated as [105]

r̄α−β =
∫ rj
ri
rgαβ(r)dr∫ rj

ri
gαβ(r)dr . (42)

The use of a step modification function in equation 39 preserves the sharpness of peaks
in D′(r), but can also lead to Fourier transform artefacts that include large excursions
below the density line D′(r) = −4πnr on each side of a peak in D′(r). These excursions
can be suppressed by using the Lorch [38] modification function M(q) = sinc(πq/qmax)
for q ≤ qmax and M(q) = 0 for q > qmax, although this comes at the expense of
broadened peaks. This method facilitates the extraction of coordination numbers by
direct integration. An estimate of the average number of atoms of type β, contained
in a volume defined by two concentric spheres of radii ri and rj centred on an atom of
type α, can be calculated as

n̄βα = 〈b〉2

2cαbαbβ

∫ rj

ri

r[D′(r) + 4πnr] dr, (43)

provided only one gαβ(r) function contributes in the range ri ≤ r ≤ rj or contributions
from other gαβ(r) functions can be subtracted.
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5.3 Experimental Methods
For this chapter the nomenclature MAS.x.y will be used, wherein MAS indicates a
sample from the Mg-aluminosilicate (MAS) family, x gives the SiO2 content in mole%,
y gives the Al2O3 content in mole% and 100−x− y gives the MgO content in mole%.

5.3.1 Sample Preparation

The MAS glasses investigated in this study were prepared in four separate batches as
detailed below. The compositions are summarised in table 7.

Batch one was prepared by L. Lamberson [106] at Corning Inc., USA. High purity SiO2

(99.99%), Al2O3 (99.98%) and MgO (99.992%) powders, mixed in appropriate ratios,
were melted at 1923K and then quenched to room temperature by being poured onto
a steel table and rolled with a steel roller. To ensure thorough mixing, the resulting
glasses were then crushed, re-melted and quenched again by being poured onto a steel
table. Residual stress was removed by annealing the glasses at 973K for 2 hours.

Batches two and three were prepared by B. G. Aitken, P. S. Salmon and A. Zeidler at
Corning Inc., USA. High purity SiO2 (99.99%), Al2O3 (99.98%) and MgO (99.992%)
powders, mixed in appropriate ratios, were melted at 1923K (batch two) or 2023K
(batch three) and then quenched to room temperature by being poured onto a steel
table and rolled with a steel roller. To ensure thorough mixing, the resulting glasses
were then crushed, re-melted and quenched again by being poured onto a steel table.
Residual stress was removed by annealing the glasses at 1023K.

Batch four was prepared by L. Hennet and D. Neuville using the techniques reported
in ref. [84].

Figure 5.2 shows the region of the MAS ternary system covered by the glasses invest-
igated here. Three compositional series are highlighted, which cover (i) the 50 mol%
SiO2 tie-line, (ii) the 60 mol% SiO2 tie-line and (iii) the MgAl2O4-SiO2 (tectosilicate)
join.

5.3.2 Sample Characterisation

Density measurements were performed using a He-gas pycnometer (see section 4.4) and
the results are listed in table 7.

The Al speciation in the investigated MAS glasses was measured by 27Al magic-angle
spinning NMR spectroscopy [84, 106, 107] and the results are summarised in table 8.
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Sample Batch Composition (mol%) Mass
Density
(g cm−3)

Number
Density
(Å−3)SiO2 Al2O3 MgO

MAS.46.27 1 45.69 26.89 27.42 2.7165(4) 0.08099(1)
MAS.50.00 - 50.00* 0.00* 50.00* 2.7318(6) 0.08194(2)
MAS.50.06 2 49.65 5.92 44.43 2.7308(3) 0.081777(9)
MAS.50.12 2 49.87 11.77 38.37 2.7075(4) 0.08097(1)
MAS.51.21 2 51.13 20.62 28.25 2.6510(4) 0.07915(1)
MAS.50.25 1 50.34 24.76 24.90 2.6716(2) 0.079702(6)
MAS.50.28 3 49.90 27.94 22.16 2.6813(2) 0.079947(6)
MAS.50.30 4 50.00 30.00 20.00 2.678(4) 0.0798(1)
MAS.50.35 4 50.00 35.00 15.00 2.698(3) 0.08036(9)

MAS.50.37p5 4 50.00 37.50 12.50 2.68(3) 0.0798(9)
MAS.50.40 4 50.00 40.00 10.00 2.717(3) 0.08087(9)
MAS.61.09 2 60.67 9.18 30.15 2.5812(2) 0.077288(6)
MAS.62.16 2 61.54 16.19 22.27 2.5642(2) 0.076669(6)
MAS.60.20 1 60.11 19.73 20.16 2.5795(2) 0.077068(6)

MAS.60.20_DN 4 60.00 20.00 20.00 2.5798(3) 0.077072(9)
MAS.60.22 3 60.15 22.22 17.63 2.5851(3) 0.077200(9)
MAS.60.25 4 60.00 25.00 15.00 2.5710(9) 0.07674(3)
MAS.60.30 4 60.00 30.00 10.00 2.53(4) 0.075(1)
MAS.70.12 2 70.28 12.44 17.28 2.4632(3) 0.073742(9)
MAS.70.15 1 69.97 14.81 15.22 2.4637(2) 0.073719(6)
MAS.70.17 3 70.10 16.54 13.36 2.4765(2) 0.074077(6)
MAS.76.17 4 76.00 17.00 7.00 2.458(1) 0.07354(3)
MAS.81.10 1 80.56 9.62 9.82 2.3635(3) 0.070838(9)
MAS.85.07 1 85.53 7.38 7.09 2.3356(8) 0.07005(2)
MAS.90.05 1 90.12 4.87 5.01 2.3243(7) 0.06977(2)
MAS.100.00 - 100.00* 0.00* 0.00* 2.196(1) 0.06603(3)

Table 7: Composition and density of the MAS glasses. The MAS.50.00 and
MAS.100.00 glasses were made using standard melt-quenching techniques. Nominal

compositions are marked by an asterisk.
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Figure 5.2: MgO-Al2O3-SiO2 ternary system showing the compositions investigated
in this study. Three compositional series are highlighted. Series I covers the 50 mol%

SiO2 tie-line, series II covers the 60 mol% SiO2 tie-line and series III covers the
tectosilicate join.

The results show the existence of Al in fivefold coordination, Al(V), in all MAS glasses
studied. Al in sixfold coordinated sites, Al(VI), are either rare (≤ 2 %) or not present
in the glasses of composition (MgO)x(Al2O3)y(SiO2)(1−x−y) with R = x/y ≥ 1. As
R decreases from R = 1, the abundance of Al(V) and Al(VI) species increases and a
preference for Al(V) is observed. MAS glasses with similar R values have similar Al
speciation, indicating a relationship between the MgO:Al2O3 ratio and the abundance
of highly coordinated Al atoms.
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Sample Speciation (%)
n̄OAlAl(IV) Al(V) Al(VI)

MAS.46.27 86 13.1 0.9 4.149(50)
MAS.50.06 91 9 0 4.090(50)
MAS.50.12 91 9 0 4.090(50)
MAS.51.21 88 12 0 4.120(50)
MAS.50.25 87.3 12.1 0.6 4.133(50)
MAS.50.28 80 19 1 4.210(50)
MAS.50.30 69.6 25.1 5.3 4.357(50)
MAS.50.35 62.7 32.3 5 4.423(50)

MAS.50.37p5 4.543*
MAS.50.40 45.6 42.6 11.8 4.662(50)
MAS.61.09 94 6 0 4.060(50)
MAS.62.16 86 13 1 4.150(50)
MAS.60.20 89.9 9.7 0.4 4.105(50)

MAS.60.20_DN 4.105*
MAS.60.22 78 19 3 4.250(50)
MAS.60.25 4.4*
MAS.60.30 4.543*
MAS.70.12 82 16 2 4.200(50)
MAS.70.15 90.3 8.9 0.8 4.105(50)
MAS.70.17 74 22 4 4.300(50)
MAS.76.17 94.2 5.8 0 4.058(50)
MAS.81.10 89.8 9 1.2 4.114(50)
MAS.85.07 87.5 10.7 1.8 4.143(50)
MAS.90.05 87.5 10.6 1.8 4.138(50)

Table 8: Al speciation in MAS glasses measured by 27Al magic-angle spinning NMR
[84, 106, 107]. For each composition, the calculated average Al-O coordination

number is given with a typical measurement error. Values marked with an asterisk
were estimated either by linear interpolation or by assuming that glasses with the

same MgO:Al2O3 ratio will have the same Al speciation.
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5.3.3 The SLS Neutron Diffraction Experiment: Part 1

Neutron diffraction experiments were carried out at ISIS using the SLS diffractometer
(see chapter 4) in December 2017. The team present for this experiment consisted
of L. Gammond, M. Buscemi, A. Zeidler and A. Hannon (local contact). Table 9
lists the samples measured during this experiment and the maximum q-value for each
measurement.

MAS glasses made by the laser-heating quench technique were loaded directly into cyl-
indrical vanadium containers with an inner/outer diameter of 5.00/5.08mm (0.04mm
wall thickness). All other MAS glasses were crushed between steel plates and then
coarsely ground in an agate mortar and pestle until they would pass through a funnel
with a 2mm spout. These glasses were then loaded into cylindrical vanadium contain-
ers with an inner/outer diameter of 10.30/10.38mm (0.04mm wall thickness). The
sample-in-container was placed in an ultrasonic bath for 2-3 minutes to improve the
packing fraction achieved when loading samples and, therefore, the amount of material
in the neutron beam during diffraction experiments.

The samples in their containers were loaded onto the GEM automatic sample changer
for the diffraction measurements, which can be used with the SLS diffractometer. For
these measurements, collimators were used to define a rectangular beam-shape at the
sample position with a height of 30mm and a width of 11mm. Scattered neutrons
were collected by the eighteen detector groups of the SLS diffractometer that cover
scattering angles ranging from 3.8 − 36.5 ◦. Diffraction patterns were measured at
ambient temperature (≈ 298K) for:

• each sample in its container;

• an empty container of each size;

• the empty instrument for background corrections;

• a vanadium-niobium rod (94.86 mole % V, 7.95mm diameter) for normalisation.

Measurements were recorded in scans lasting approximately 1.5 hours, which allowed
the stability of the instrument to be monitored periodically by taking the ratio of two
scans recorded for the same sample. A ratio equal to unity, within the experimental
error, implies stability. Figure 5.3 shows the spectra measured by bank 18 (2θ =
36.5 ◦) for the empty instrument, vanadium container, vanadium-niobium rod and, for
demonstration, the MAS.50.25 sample-in-container.

For each measurement, eighteen individual spectra were recorded corresponding to
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Sample qmax (Å−1)
D4c SLS Part 1 SLS Part 2 GEM

MAS.46.27 - - 38.55 -
MAS.50.00 - - - 40.85
MAS.50.06 23.55 34.50 - -
MAS.50.12 23.55 33.30 - -
MAS.51.21 23.50 33.70 - -
MAS.50.25 23.55 34.15 - -
MAS.50.28 20.70 33.45 - -
MAS.50.30 - 27.75 - -
MAS.50.35 22.25 25.30 - -

MAS.50.37p5 - - 29.85 -
MAS.50.40 22.25 26.30 - -
MAS.61.09 23.55 33.70 - -
MAS.62.16 - - 38.90 -
MAS.60.20 - 33.80 - -

MAS.60.20_DN - - 41.15 -
MAS.60.22 20.90 - - -
MAS.60.25 - - 39.00 -
MAS.60.30 - - 29.55 -
MAS.70.12 21.35 - - -
MAS.70.15 - 33.65 - -
MAS.70.17 21.30 - - -
MAS.76.17 23.50 - - -
MAS.81.10 - 34.90 - -
MAS.85.07 - - 41.25 -
MAS.90.05 - - 42.60 -
MAS.100.00 23.60 - - -

Table 9: The maximum q value of the measured F (q) functions for the samples
investigated using the D4c, SLS or GEM diffractometer. The MAS.100.00 sample was

measured by P. Salmon.
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Figure 5.3: Intensity I vs. scattering vector q measured on bank 18 (2θ = 36.5 ◦) of
the SLS diffractometer for the empty instrument (red points with error bars),

vanadium container (blue points with error bars), vanadium-niobium rod (green
points with error bars) and the MAS.50.25 sample-in-container (black points with

error bars). The inset zooms into the data sets measured for the vanadium container
and empty instrument.
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the eighteen detector groups of the SLS diffractometer. GUDRUN [108] was used to
normalise each spectrum to the incident beam monitor, subtract the background, norm-
alise the data to the vanadium-niobium standard, apply multiple scattering corrections
and subtract the empty container from the sample-in-container data using attenuation
factors. IntMer [109] was used to determine the useful q-range for each spectrum,
then ATLAS [110] was used to apply Placzek (inelasticity) corrections, subtract the
self-scattering and finally merge the eighteen spectra into a single data set to produce
the total structure factor F (q). PDFs were obtained by Fourier transforming the total
structure factors according to equation 39.

5.3.4 The D4c Neutron Diffraction Experiment

Neutron diffraction measurements were carried out on the D4c diffractometer at the
ILL (see chapter 4) in April 2018. The team present for this experiment consisted of L.
Gammond, M. Buscemi, A. Zeidler, P. Salmon and H. Fischer (local contact). Table
9 lists the glasses measured during this experiment and the maximum q-value for each
measurement.

MAS glasses made by the laser-heating quench technique were loaded directly into
cylindrical vanadium containers with an inner/outer diameter of 4.8/5.0mm (0.1mm
wall thickness). All other samples were ground in an agate pestle and mortar until they
would pass through a funnel with a 2mm diameter spout, which was used to load the
samples into cylindrical vanadium containers with inner/outer diameter of 6.8/7.0mm
(0.1mm wall thickness). The sample-in-container was placed in an ultrasonic bath
for 2-3 minutes to improve the packing fraction achieved when loading samples and,
therefore, the amount of material in the neutron beam during diffraction experiments.

For the neutron diffraction measurements, a copper monochromator oriented for Cu(220)
reflections and a rhodium filter were used to select single-wavelength neutrons from the
ILL reactor’s hot source (graphite at 2000 K), where the filter removes λ/2 contamina-
tion. Collimators were used to define a rectangular beam-shape at the sample position
with a height of 40mm and a width of 12mm. Neutrons scattered by the sample
were measured using the D4c diffractometer, which has 9 detector groups that cover
scattering angles ranging from 1.5 − 137 ◦. An initial calibration measurement for a
nickel standard was used to determine the detector zero-angle offset and the incident
neutron wavelength of 0.49795(1) Å. Diffraction patterns were measured at ambient
temperature (≈ 298K) for:

• each sample in its container;
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• an empty container of each size;

• the empty instrument for background corrections;

• a vanadium rod (6.37(2)mm diameter) for normalisation.

Measurements were recorded in scans lasting approximately 1 hour, which allowed the
stability of the instrument to be monitored periodically by taking the ratio of two scans.
A ratio equal to unity, within experimental error, implies stability. The raw data for
each measurement was produced by averaging all suitable scans.

Figure 5.4 shows the raw data measured for the empty instrument, vanadium container,
the vanadium rod and, for demonstration, the MAS.50.25 sample-in-container. The raw
data were processed using in-house software that subtracts the background, normalises
to the vanadium standard, applies multiple scattering corrections and subtracts the
empty container from the sample-in-container data using attenuation factors. Finally,
a Placzek (inelasticity) correction was made and the self-scattering was subtracted to
produce total structure factors. PDFs were obtained by Fourier transforming the total
structure factors according to equation 39.

5.3.5 The SLS Neutron Diffraction Experiment: Part 2

Neutron diffraction experiments were carried out at ISIS using the SLS diffractometer
(see chapter 4) in February 2019. The team present for this experiment consisted of L.
Gammond, R. Silva, A. Zeidler and A. Hannon (local contact). Table 9 lists the samples
measured during this experiment and the maximum q-value for each measurement.

The experimental details are equivalent to those described in section 5.3.3 with the
following exceptions: (i) samples were loaded into cylindrical vanadium containers with
an inner/outer diameter of 10.30/10.38mm or 5.00/5.08mm (0.04mm wall thickness);
(ii) collimators were used to define a rectangular neutron beam at the sample position
with a height of 30mm and a width of 30mm.

5.3.6 The GEM Neutron Diffraction Experiment

Neutron diffraction experiments were carried out at ISIS using the GEM diffractometer
(see section 4) in December 2020 using the post-in sample scheme. The experiments
were carried out by A. Hannon (local contact). Table 9 lists the samples measured
during this experiment and the maximum q-value for each measurement.

The ground sample was loaded into a cylindrical vanadium container with an in-
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Figure 5.4: Intensity I vs. scattering angle 2θ measured on the D4c diffractometer for
the empty instrument (red points with error bars), vanadium container (blue points
with error bars), vanadium rod (green points with error bars) and the MAS.50.25
sample-in-container (black points with error bars). The inset highlights stepping at

low angles due to scattering of the direct beam by the detector shielding.
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ner/outer diameter of 5.00/5.08mm (0.04mm wall thickness). The sample in its con-
tainers was loaded onto the GEM automatic sample changer for the diffraction meas-
urements.

For the neutron diffraction measurements, collimators were used to define a rectangu-
lar beam-shape at the sample position with a height of 40mm and a width of 15mm.
Scattered neutrons were collected by the eight detector groups of the GEM diffracto-
meter that cover scattering angles ranging from 1 − 171 ◦. Diffraction patterns were
measured at ambient temperature (≈ 298K) for:

• the sample in its container;

• an empty container of the same size;

• the empty instrument for background corrections;

• a vanadium-niobium rod (94.86 mole % V, 7.95mm diameter) for normalisation.

For each measurement, eight individual spectra were recorded corresponding to the
eight detector groups of the GEM diffractometer. GUDRUN [108] was used to normal-
ise each spectrum to the incident beam monitor, subtract the background, normalise the
data to the vanadium-niobium standard, apply multiple scattering corrections and sub-
tract the empty container from the sample-in-container data using attenuation factors.
IntMer [109] was used to determine the useful q-range for each spectrum, then ATLAS
[110] was used to apply Placzek (inelasticity) corrections, subtract the self-scattering
and finally merge the eight spectra into a single data set to produce the total structure
factor F (q). The PDF was obtained by Fourier transforming the total structure factor
according to equation 39.
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5.4 Results
5.4.1 Total Structure Factors

The F (q) functions for the MAS glasses measured on D4c, SLS or GEM are shown in
figures 5.5, 5.6, 5.7 and 5.8. For each F (q) function, oscillations are visible over the
entire q-range. The data and back Fourier transforms are in good overall agreement,
which indicates a self-consistent analysis procedure (see section 2.6). The agreement
between data sets for the same sample measured on D4c or SLS reinforces the quality
of the correction and analysis procedures.

All F (q) functions adopt the usual three peak structure at small q values [25]. These
peaks are related to ordering on different real-space length scales. However, their
interpretation is complicated due to the presence of overlapping partial structure factors
with composition-dependent weighting factors.
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Figure 5.5: Total structure factors F (q) for the MAS glasses from series I (50mol%
SiO2 tie-line), as measured on the D4c, SLS or GEM diffractometer. For the D4c

data, the blue points with error bars give the measured data sets and the solid green
curves give the back Fourier transforms of the corresponding real-space functions
after the low-r oscillations are set to the D′(r −→ 0) limit. For the SLS and GEM

data, the red points with error bars give the measured data sets and the solid black
curves give the back Fourier transforms of the corresponding real-space functions

after the low-r oscillations are set to the D′(r −→ 0) limit. The only sample measured
on GEM was MAS.50.00. Plots are offset vertically for clarity of presentation.
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Figure 5.6: Total structure factors F (q) for the MAS glasses from series II (60mol%
SiO2 tie-line), as measured on the D4c or SLS diffractometer. For the D4c data, the
blue points with error bars give the measured data sets and the solid green curves
give the back Fourier transforms of the corresponding real-space functions after the
low-r oscillations are set to the D′(r −→ 0) limit. For the SLS data, the red or cyan
points with error bars give the measured data sets and the solid black or magenta
curves give the back Fourier transforms of the corresponding real-space functions
after the low-r oscillations are set to the D′(r −→ 0) limit. Plots are offset vertically

for clarity of presentation.
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Figure 5.7: Total structure factors F (q) for the MAS glasses with 70mol% SiO2 and
the MAS.76.17 sample, as measured on the D4c or SLS diffractometer. For the D4c
data, the blue points with error bars give the measured data sets and the solid green
curves give the back Fourier transforms of the corresponding real-space functions

after the low-r oscillations are set to the D′(r −→ 0) limit. For the SLS data, the red
points with error bars give the measured data sets and the solid black curves give the

back Fourier transforms of the corresponding real-space functions after the low-r
oscillations are set to the D′(r −→ 0) limit. Plots are offset vertically for clarity of

presentation.
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Figure 5.8: Total structure factors F (q) for the MAS glasses in series III, as measured
on the D4c or SLS diffractometer. For the D4c data, the blue points with error bars

give the measured data sets and the solid green curves give the back Fourier
transforms of the corresponding real-space functions after the low-r oscillations are set
to the D′(r −→ 0) limit. For the SLS data, the red or cyan points with error bars give
the measured data sets and the solid black or magenta curves give the back Fourier
transforms of the corresponding real-space functions after the low-r oscillations are
set to the D′(r −→ 0) limit. Plots are offset vertically for clarity of presentation.
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5.4.2 Pair-Distribution Functions

The D′(r) functions for the MAS glasses are shown in figures 5.9, 5.10, 5.11 and 5.12,
and were obtained by Fourier transforming the corresponding F (q) functions with
qmax ≈ 21 Å−1. This value was chosen so that the effects of the modification function
are approximately the same for all D′(r) functions, which facilitates the observation of
trends along a compositional series.

Peaks in the D′(r) functions are expected to occur at positions related to the average
element-oxygen distances. These can be assigned by comparison with known crystal
and glass structures from materials with similar compositions, which give the element-
oxygen distances listed in table 10. In the range 2.5 ≤ r ≤ 3.5 Å, many overlapping
partial PDFs contribute to D′(r), although the O-O correlations dominate due to their
large weighting factor. This means that some information can be gained on the O-
O correlations from features in this r-range. Table 10 also gives the O-O distances
expected for regular polyhedral units.

Figure 5.9 shows the D′(r) functions for the MAS glasses from series I (50mol% SiO2

tie-line), which offers the most comprehensive range of compositions. The Al2O3-free
end-member of this series, MAS.50.00, shows well-defined peaks at r ≈ 1.6 Å and
r ≈ 2.0 Å, which can be assigned to Si-O and Mg-O correlations, respectively, by
comparison with the distances given in table 10. The Mg-O peak includes a shoulder
on the high-r side at r ≈ 2.2 Å, which is typical of MAS glasses [92, 105, 117]. Given the
distributions of Mg-O distances expected for different coordination environments (see
table 10), all of which cover approximately the same r-range, it is not possible to assign
this shoulder to a particular Mg coordination environment. The peak at r ≈ 2.6 Å is
largely due to O-O correlations originating from within SiO4 tetrahedral units. After
this, a broad peak is visible in the range 3.0 ≤ r ≤ 3.4 Å which coincides with the
expected O-O distances originating within Mg-centred tetrahedral and octahedral units,
but could also originate from the O-O distances within MgO5 units.

With increasing Al2O3 content, the first peak in D′(r) shifts to higher r. This shift
can be expected for a system in which the majority of Al is included in the glass
network as tetrahedral units with Al-O distances of r ≈ 1.76 Å. For compositions with
> 25mol% Al2O3, higher coordinated Al environments appear, as quantified by 27Al
NMR spectroscopy (see table 8), which is evident in the asymmetric broadening of
the first peak in the D′(r) functions. The Mg-O peak maintains roughly the same
shape for glasses with 0 − 25 mol% Al2O3. Beyond this range, overlap of the Al-O
and Mg-O peaks hinders a simple interpretation of the observations, so discussion of
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System Atom Pair Unit Distance
(Å)

O-O
Distance (Å) Ref.

MAS.00.00 Crystal Mg-O MgO6 2.109(1) 2.983(2) [111]
MAS.50.00 Crystal Si-O SiO4 1.63(3) 2.66(5) [112]

Mg-O MgO6 2.07(6) 2.93(9) [112]
Mg-O MgO5 2.1(1) - [112]

MAS.50.00 Glass Si-O SiO4 1.61(1) 2.63(2) [105]
Mg-O - 1.99(1) - [105]

MAS.33.00 Crystal Si-O SiO4 1.64(9) 2.7(1) [113]
Mg-O MgO6 2.0(1) 2.8((1) [113]

MAS.43.14 Crystal Si-O SiO4 1.635(6) 2.67(1) [114]
Al-O AlO6 1.887(6) 2.669(9) [114]
Mg-O MgO8 2.27(8) - [114]

MAS.50.25 Crystal Si-O SiO4 1.64(2) 2.68(3) [115]
Al-O AlO4 1.64(2) 2.68(3) [115]
Mg-O MgO4 2.1(3) - [115]

MAS.50.25 Glass Si-O SiO4 1.62 2.65 [92]
Al-O AlO4 1.77 2.89 [92]
Mg-O - 2.00 - [92]

MAS.00.50 Crystal Al-O AlO6 1.9259(9) 2.723(1) [116]
Mg-O MgO4 1.9217(9) 3.138(2) [116]

Table 10: Average element-oxygen distances in MAS crystals and glasses. For the
crystals, the values were obtained by taking the mean distance within a structural
unit. Values in brackets give the standard deviation. O-O distances are calculated

assuming regular polyhedra according to the relations given in [31]. Entries without a
designated unit represent averages over a mixture of polyhedral sites.

this r-space region will be reserved until later. The O-O peak remains at r ≈ 2.6 Å
for all compositions, reflecting the persistence of SiO4 tetrahedra. The broad feature
at 3.0 ≤ r ≤ 3.4 Å is no longer visible for compositions with > 12mol% Al2O3, after
which a small peak at r ≈ 3.0 Å appears. Based on the O-O distances given in table
10, this could originate from distorted AlO4 tetrahedra or MgO5/MgO6 polyhedra.

The D′(r) functions for the MAS glasses from series II (figure 5.10) show a similar
trend to that seen for series I.

MAS glasses in series III lie along the tectosilicate join, where the MgO:Al2O3 ratio
remains 1:1 and the SiO2 content varies. The D′(r) function for the MAS.46.27 sample
consists of a broad first peak at r = 1.67(2) Å related to Si-O and Al-O correlations.
This feature is followed by a peak and shoulder at r ≈ 2.0 Å attributed to Mg-O cor-
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relations, similar to the D′(r) function for MAS.50.00 and many of the other MAS
glasses. With increasing SiO2 content no obvious changes are seen, aside from the rel-
ative decrease in intensity of the Mg-O peak due to the decreasing weighting factor. For
compositions with > 70mol% SiO2, the presence of large Fourier transform artefacts
precludes a discussion of the Mg-O peak shape. For these compositions, the first peak
becomes sharper as the contribution from Al-O correlations decreases.
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Figure 5.9: Total PDFs D′(r) for the MAS glasses from series I (50mol% SiO2
tie-line). The D′(r) functions were obtained by Fourier transforming the total

structure factors shown in figure 5.5, truncated at qmax ≈ 21 Å−1 to maintain the
same degree of peak broadening. The green curves show the data sets measured using
D4c and the black curves show the data sets measured using SLS or GEM. The only

sample measured on GEM was MAS.50.00.
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Figure 5.10: Total PDFs D′(r) for the MAS glasses from series II (60mol% SiO2
tie-line). The D′(r) functions were obtained by Fourier transforming the total

structure factors shown in figure 5.6, truncated at qmax ≈ 21 Å−1 to maintain the
same degree of peak broadening. The green curves show the data sets measured using

D4c and the black or magenta curves show the data sets measured using SLS.
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Figure 5.11: Total PDFs D′(r) for the MAS glasses with 70mol% SiO2 tie-line and
the MAS.76.17 sample. The D′(r) functions were obtained by Fourier transforming

the total structure factors shown in figure 5.7, truncated at qmax ≈ 21 Å−1 to
maintain the same degree of peak broadening. The green curves show the data sets
measured using D4c and the black curves show the data sets measured using SLS.
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Figure 5.12: Total PDFs D′(r) for the MAS glasses in series III. The D′(r) functions
were obtained by Fourier transforming the total structure factors shown in figure 5.8,
truncated at qmax ≈ 21 Å−1 to maintain the same degree of peak broadening. The

green curves show the data sets measured using D4c and the black or magenta curves
show the data sets measured using SLS.
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The RDFgenfit program (see section 3.2.3) was used to obtain structural parameters
from the measured PDFs, obtained by Fourier transforming the corresponding F (q)
functions with the qmax values given in table 9. The following procedure was used to
constrain the fits in a way that allowed the maximum number of fitted parameters,
that is, peak positions r and widths σ and the average coordination numbers, to be
obtained.

Firstly, a single peak was fitted in the range 2.45 ≤ r ≤ 2.75 Å (see figure 5.13 (a)).
Although assigned to O-O correlations, this peak may contain contributions from other
pair correlations. Its primary role is to constrain the peaks situated at lower r. The
parameters obtained from the first step were then fixed and peaks representing Si-
O, Al-O and Mg-O were refined over the range 1.30 ≤ r ≤ 2.75 Å (see figure 5.13
(b)). Here, one peak was assigned to Si-O correlations, one peak was assigned to
Al-O correlations and two peaks were assigned to Mg-O correlations. The average
coordination numbers for Si-O and Al-O were fixed to 4 and to the value measured
by 27Al magic-angle spinning NMR spectroscopy (see table 8), respectively. The Mg-
O peaks were constrained to have a minimum width of σ = 0.05 Å or 0.07 Å for fits
to the D′(r) functions measured using SLS/GEM or D4c, respectively, to ensure a
reasonable assignment of peak area. This decision was guided by results from a study
of MAS glasses using neutron diffraction coupled with isotopic substitution [118]. If the
resulting fit did not capture the structural features relating to the Mg-O correlations
in the range 1.8 ≤ r ≤ 2.4 Å, a third Mg-O peak was added and the refinement was
repeated. The use of a single peak to represent all Al environments is supported
by the results obtained from isotopic substitution experiments [118]. The notion of
using multiple peaks to represent Al-O correlations was reserved for unsatisfactory fits
resulting from the procedure outlined above, but was not necessary for any of the
glasses studied. The goodness-of-fit parameter Rχ, defined in equation 22, was used to
assess the quality of the fits.

Fits to the D′(r) functions for the MAS glasses are shown in figures 5.14 to 5.28.
The composition dependent Si-O and Al-O parameters are given in tables 11, 12, 13,
15, 16 and 17. The weighted mean Mg-O distances and average Mg-O coordination
numbers are given in tables 14 and 18, which also include the coordination numbers
obtained by direct integration over the peaks in D′(r) after the application of a Lorch
[38] modification function and subtracting the contributions from the Si-O and Al-O
coordination numbers. Overall, these values support the results obtained from the
fitting procedure. However, large deviations are observed for glasses where the Mg-
O and O-O correlations overlap significantly or where the Mg-O weighting factor is
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Figure 5.13: Stages in the fitting procedure used to obtain structural information
from the measured D′(r) functions. (a) An O-O peak is fitted to constrain peaks at
lower r. (b) Si-O, Al-O and Mg-O peaks are refined with the O-O peak parameters

fixed. In each plot the open red circles show the data, the solid black curve shows the
fit and the displaced solid black curve shows the residual over the range (a)

2.45 ≤ r ≤ 2.75 Å or (b) 1.40 ≤ r ≤ 2.65 Å. The Rχ value is calculated over the range
1.40 ≤ r ≤ 2.65 Å. The contributions to the fit arising from Si-O (solid blue curve),

Al-O (solid green curve), Mg-O (solid red and dashed red curves) and O-O (solid cyan
curve) correlations are shown.
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relatively small. The results obtained from the fitting procedure account for both
Fourier transform artefacts and overlapping correlations, so they are considered to be
more accurate. A final note to make is that the n̄OMg values obtained from D4c data
are, in general, ≈ 5% smaller than those obtained from SLS data. This is most likely
due to the lower qmax values for D4c data which produce an ill-defined minimum in
the overlap region between the Mg-O and O-O peaks, and, therefore, hinders the peak
fitting procedure.
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Figure 5.14: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on GEM or SLS (figure 5.5). In
each plot the open red circles show the data, the solid black curve shows the fit and
the displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å.
The Rχ values given are calculated over this range. Contributions to the total fit
arising from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red,

dashed red and dotted red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.15: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on SLS (figure 5.5). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red and dashed

red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.16: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on SLS (figure 5.5). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red and dashed

red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.17: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on SLS (figure 5.5). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red and dashed

red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.18: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on D4c (figure 5.5). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red and dashed

red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.19: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on D4c (figure 5.5). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red and dashed

red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.20: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on D4c (figure 5.5). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red and dashed

red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.21: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on SLS (figure 5.6). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red, dashed red

and dotted red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.22: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on SLS (figure 5.6). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red and dashed

red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.23: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on D4c (figure 5.6). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red and dashed

red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.24: Fits to the total PDF for the MAS.70.15 sample obtained by Fourier
transforming the total structure factors measured on SLS (figure 5.7). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red, dashed red

and dotted red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.25: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on D4c (figure 5.7). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red and dashed

red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.26: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on SLS (figure 5.8). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red, dashed red

and dotted red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.27: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on SLS (figure 5.8). In each plot

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å. The
Rχ values given are calculated over this range. Contributions to the total fit arising
from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red and dashed

red curves) and O-O (solid cyan curve) correlations are shown.
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Figure 5.28: Fits to the total PDFs for the MAS glasses obtained by Fourier
transforming the total structure factors measured on D4c (figures 5.7 and 5.8). In
each plot the open red circles show the data, the solid black curve shows the fit and
the displaced solid black curve shows the residual over the range 1.40 ≤ r ≤ 2.65 Å.
The Rχ values given are calculated over this range. Contributions to the total fit
arising from Si-O (solid blue curve), Al-O (solid green curve), Mg-O (solid red and

dashed red curves) and O-O (solid cyan curve) correlations are shown.
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Sample Si-O Peak Parameters
rSi-O (Å) σSi-O (Å) n̄OSi

MAS.46.27 1.625(10) 0.061(2) 4.00*
MAS.50.00 1.621(10) 0.048(2) 4.00
MAS.50.06 1.623(10) 0.055(2) 4.00*
MAS.50.12 1.625(10) 0.054(2) 4.00*
MAS.51.21 1.625(10) 0.060(2) 4.00*
MAS.50.25 1.626(10) 0.063(2) 4.00*
MAS.50.28 1.624(10) 0.061(2) 4.00*
MAS.50.30 1.629(10) 0.065(2) 4.00*
MAS.50.35 1.631(10) 0.069(2) 4.00*

MAS.50.37p5 1.622(10) 0.060(2) 4.00*
MAS.50.40 1.629(10) 0.064(2) 4.00*
MAS.61.09 1.618(10) 0.055(2) 4.00*
MAS.62.16 1.622(10) 0.057(2) 4.00*
MAS.60.20 1.622(10) 0.059(2) 4.00*

MAS.60.20_DN 1.620(10) 0.059(2) 4.00*
MAS.60.22 - - -
MAS.60.25 1.618(10) 0.057(2) 4.00*
MAS.60.30 1.620(10) 0.062(2) 4.00*
MAS.70.12 - - -
MAS.70.15 1.617(10) 0.054(2) 4.00*
MAS.70.17 - - -
MAS.76.17 - - -
MAS.81.10 1.614(10) 0.052(2) 4.00*
MAS.85.07 1.614(10) 0.053(2) 4.00*
MAS.90.05 1.613(10) 0.054(2) 4.00*
MAS.100.00 - - -

Table 11: Si-O peak parameters obtained from fits to the D′(r) functions for the
MAS glasses measured using the SLS or GEM diffractometer. Fixed parameters are

marked with an asterisk.
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Sample Al-O Peak Parameters
rAl-O (Å) σAl-O (Å) n̄OAl

MAS.46.27 1.772(10) 0.077(2) 4.149*
MAS.50.00 - - -
MAS.50.06 1.755(10) 0.062(2) 4.090*
MAS.50.12 1.761(10) 0.075(2) 4.090*
MAS.51.21 1.763(10) 0.080(2) 4.120*
MAS.50.25 1.763(10) 0.089(2) 4.133*
MAS.50.28 1.772(10) 0.084(2) 4.210*
MAS.50.30 1.789(10) 0.102(2) 4.357*
MAS.50.35 1.795(10) 0.114(2) 4.423*

MAS.50.37p5 1.773(10) 0.094(2) 4.543*
MAS.50.40 1.790(10) 0.112(2) 4.662*
MAS.61.09 1.757(10) 0.051(2) 4.060*
MAS.62.16 1.774(10) 0.071(2) 4.150*
MAS.60.20 1.773(10) 0.088(2) 4.105*

MAS.60.20_DN 1.767(10) 0.077(2) 4.105*
MAS.60.22 - - -
MAS.60.25 1.772(10) 0.087(2) 4.400*
MAS.60.30 1.780(10) 0.101(2) 4.543*
MAS.70.12 - - 4.200*
MAS.70.15 1.771(10) 0.065(2) 4.105*
MAS.70.17 - - -
MAS.76.17 - - -
MAS.81.10 1.780(10) 0.063(2) 4.114*
MAS.85.07 1.784(10) 0.06(2) 4.143*
MAS.90.05 1.784(10) 0.053(2) 4.138*
MAS.100.00 - - -

Table 12: Al-O peak parameters obtained from fits to the D′(r) functions for the
MAS glasses measured using the SLS or GEM diffractometer. Fixed parameters are
marked with an asterisk and were obtained from 27Al magic-angle spinning NMR

spectroscopy or estimated from the sample composition (see table 8).
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Sample Mg-O Peak Parameters
rMg-O (Å) σMg-O (Å) n̄OMg rMg-O (Å) σMg-O (Å) n̄OMg rMg-O (Å) σMg-O (Å) n̄OMg

MAS.46.27_CK 1.984(10) 0.050- 2.03(5) 2.099(10) 0.050- 1.13(5) 2.207(10) 0.121(2) 1.90(5)
MAS.50.00_HM 1.992(10) 0.084(2) 3.61(5) 2.189(10) 0.084(2) 1.16(5) - - -
MAS.50.06_GV 1.920(10) 0.050- 1.17(5) 2.053(10) 0.078(2) 2.84(5) 2.275(10) 0.070(2) 0.73(5)
MAS.50.12_GU 2.000(10) 0.079(2) 2.09(5) 2.100(10) 0.162(2) 2.69(5) - - -
MAS.51.21_GT 2.009(10) 0.089(2) 2.86(5) 2.174(10) 0.134(2) 1.98(5) - - -
MAS.50.25_CL 2.016(10) 0.093(2) 2.79(5) 2.170(10) 0.141(2) 2.34(5) - - -
MAS.50.28_HE 2.035(10) 0.074(2) 3.53(5) 2.250(10) 0.094(2) 1.69(5) - - -
MAS.50.30_DN 2.067(10) 0.077(2) 3.24(5) 2.300(10) 0.081(2) 1.62(5) - - -
MAS.50.35_DN 2.054(10) 0.050- 3.00(5) 2.277(10) 0.070(2) 2.40(5) - - -

MAS.50.37p5_DN 2.011(10) 0.050- 2.91(5) 2.203(10) 0.135(2) 2.36(5) - - -
MAS.50.40_DN 2.093(10) 0.050- 2.29(5) 2.369(10) 0.060(2) 2.27(5) - - -
MAS.61.09_GX 1.949(10) 0.050- 2.08(5) 2.089(10) 0.050- 1.83(5) 2.265(10) 0.050- 0.80(5)
MAS.62.16_GW 1.978(10) 0.050- 1.99(5) 2.107(10) 0.050- 1.85(5) 2.270(10) 0.057(2) 0.86(5)
MAS.60.20_CM 2.057(10) 0.113(2) 4.53(5) 2.358(10) 0.05392) 0.84(5) - - -
MAS.60.20_DN 2.026(10) 0.094(2) 3.90(5) 2.264(10) 0.108(2) 1.40(5) - - -
MAS.60.22_HF - - - - - - - - -
MAS.60.25_DN 2.025(10) 0.058(2) 2.71(5) 2.206(10) 0.124(2) 2.76(5) - - -
MAS.60.30_DN 2.023(10) 0.050- 3.13(5) 2.212(10) 0.050- 2.03(5) - - -
MAS.70.12_HA - - - - - - - - -
MAS.70.15_CN 1.984(10) 0.050- 2.56(5) 2.131(10) 0.050- 1.92(5) 2.336(10) 0.050- 1.09(5)
MAS.70.17_HG - - - - - - - - -
MAS.76.17_DN - - - - - - - - -
MAS.81.10_CO 1.969(10) 0.050- 1.90(5) 2.151(10) 0.131(2) 4.15(5) - - -
MAS.85.07_CP 1.995(10) 0.076(2) 3.80(5) 2.228(10) 0.138(2) 3.93(5) - - -
MAS.90.05_CQ 1.993(10) 0.099(2) 4.83(5) 2.313(10) 0.050- 2.99(5) - - -
MAS.100.00_PS - - - - - - - - -

Table 13: Mg-O peak parameters obtained from the D′(r) functions for the MAS glasses measured using the SLS or GEM
diffractometer. Peak widths followed by a hyphen indicate values that reached the lower bound of the fitting range for that

parameter.



Sample
Average Mg-O Environment

r̄Mg-O (Å) n̄OMg
Fit Integration

MAS.46.27 2.081(20) 5.06(9) 4.85(10)
MAS.50.00 2.034(20) 4.77(7) 4.80(10)
MAS.50.06 2.041(20) 4.74(9) 4.67(10)
MAS.50.12 2.046(20) 4.78(7) 4.64(10)
MAS.51.21 2.065(20) 4.84(7) 4.60(10)
MAS.50.25 2.075(20) 5.13(7) 4.86(10)
MAS.50.28 2.093(20) 5.22(7) 4.88(10)
MAS.50.30 2.132(20) 4.86(7) 4.39(10)
MAS.50.35 2.141(20) 5.40(7) 4.38(10)

MAS.50.37p5 2.085(20) 5.27(7) 3.95(10)
MAS.50.40 2.213(20) 4.56(7) 2.67(10)
MAS.61.09 2.044(20) 4.71(9) 4.66(10)
MAS.62.16 2.071(20) 4.70(9) 4.73(10)
MAS.60.20 2.088(20) 5.37(7) 4.68(10)

MAS.60.20_DN 2.075(20) 5.30(7) 4.81(10)
MAS.60.22 - - -
MAS.60.25 2.105(20) 5.47(7) 4.3(10)
MAS.60.30 2.088(20) 5.16(7) 3.57(10)
MAS.70.12 - - -
MAS.70.15 2.086(20) 5.57(7) 4.56(20)
MAS.70.17 - - -
MAS.76.17 - - -
MAS.81.10 2.081(20) 6.05(7) 4.7(20)
MAS.85.07 2.095(20) 7.73(7) 5.31(20)
MAS.90.05 2.090(20) 7.82(7) 3.56(20)
MAS.100.00 - - -

Table 14: Weighted mean Mg-O distance r̄Mg-O and average Mg-O coordination
number n̄OMg measured using SLS or GEM. Individual peak parameters are given in

table 13. r̄Mg-O was calculated using equation 42. Coordination numbers were
obtained by a fit to the D′(r) function or by integration after the application of a

Lorch [38] modification function.
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Sample Si-O Peak Parameters
rSi-O (Å) σSi-O (Å) n̄OSi

MAS.46.27 - - -
MAS.50.00 - - -
MAS.50.06 1.617(10) 0.047(2) 4.00*
MAS.50.12 1.615(10) 0.042(2) 4.00*
MAS.51.21 1.616(10) 0.047(2) 4.00*
MAS.50.25 1.615(10) 0.046(2) 4.00*
MAS.50.28 1.620(10) 0.053(2) 4.00*
MAS.50.30 - - -
MAS.50.35 1.625(10) 0.059(2) 4.00*

MAS.50.37p5 - - -
MAS.50.40 1.623(10) 0.059(2) 4.00*
MAS.61.09 1.614(10) 0.047(2) 4.00*
MAS.62.16 - - -
MAS.60.20 - - -

MAS.60.20_DN - - -
MAS.60.22 1.616(10) 0.047(2) 4.00*
MAS.60.25 - - -
MAS.60.30 - - -
MAS.70.12 1.614(10) 0.050(2) 4.00*
MAS.70.15 - - -
MAS.70.17 1.615(10) 0.051(2) 4.00*
MAS.76.17 1.621(10) 0.060(2) 4.00*
MAS.81.10 - - -
MAS.85.07 - - -
MAS.90.05 - - -
MAS.100.00 1.605(10) 0.051(2) 3.91(5)

Table 15: Si-O peak parameters obtained from fits to the D′(r) functions for the
MAS glasses measured using the D4c diffractometer. Fixed parameters are marked

with an asterisk.
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Sample Al-O Peak Parameters
rAl-O (Å) σAl-O (Å) n̄OAl

MAS.46.27 - - -
MAS.50.00 - - -
MAS.50.06 1.776(10) 0.03- 4.090*
MAS.50.12 1.766(10) 0.03- 4.090*
MAS.51.21 1.768(10) 0.057(2) 4.120*
MAS.50.25 1.767(10) 0.061(2) 4.133*
MAS.50.28 1.774(10) 0.081(2) 4.210*
MAS.50.30 - - -
MAS.50.35 1.788(10) 0.099(2) 4.423*

MAS.50.37p5 - - -
MAS.50.40 1.785(10) 0.105(2) 4.662*
MAS.61.09 1.771(10) 0.03- 4.060*
MAS.62.16 - - -
MAS.60.20 - - -

MAS.60.20_DN - - -
MAS.60.22 1.780(10) 0.068(2) 4.250*
MAS.60.25 - - -
MAS.60.30 - - -
MAS.70.12 1.791(10) 0.065(2) 4.200*
MAS.70.15 - - -
MAS.70.17 1.784(10) 0.079(2) 4.300*
MAS.76.17 1.811(10) 0.108(2) 4.058*
MAS.81.10 - - -
MAS.85.07 - - -
MAS.90.05 - - -
MAS.100.00 - - -

Table 16: Al-O peak parameters obtained from fits to the D′(r) functions for the
MAS glasses measured using the D4c diffractometer. Fixed parameters are marked

with an asterisk and were obtained from 27Al magic-angle spinning NMR
spectroscopy or estimated from the sample composition (see table 8). Peak widths

followed by a hyphen indicate values that reached the lower bound of the fitting range
for that parameter.
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Sample Mg-O Peak Parameters
rMg-O (Å) σMg-O (Å) n̄OMg rMg-O (Å) σMg-O (Å) n̄OMg rMg-O (Å) σMg-O (Å) n̄OMg

MAS.46.27_CK - - - - - - - - -
MAS.50.00_HM - - - - - - - - -
MAS.50.06_GV 2.007(10) 0.090(2) 3.77(5) 2.230(10) 0.070- 0.82(5) 2.035(20) 4.59(7) 4.54(10)
MAS.50.12_GU 2.004(10) 0.081(2) 3.51(5) 2.214(10) 0.070- 1.09(5) 2.043(20) 4.60(7) 4.60(10)
MAS.51.21_GT 2.013(10) 0.070- 3.26(5) 2.208(10) 0.070- 1.42(5) 2.061(20) 4.68(7) 4.63(10)
MAS.50.25_CL 2.016(10) 0.070- 3.39(5) 2.212(10) 0.070- 1.44(5) 2.063(20) 4.83(7) 4.71(10)
MAS.50.28_HE 2.059(10) 0.096(2) 4.32(5) 2.284(10) 0.070- 0.73(5) 2.080(20) 5.05(7) 4.67(10)
MAS.50.30_DN - - - - - - - - -
MAS.50.35_DN 2.061(10) 0.070- 3.62(5) 2.253(10) 0.070- 1.32(5) 2.100(20) 4.94(7) 4.48(10)

MAS.50.37p5_DN - - - - - - - - -
MAS.50.40_DN 2.078(10) 0.070- 2.55(5) 2.251(10) 0.070- 1.49(5) 2.129(20) 4.04(7) 3.17(20)
MAS.61.09_GX 2.000(10) 0.076(2) 3.38(5) 2.205(10) 0.070- 1.27(5) 2.044(20) 4.65(7) 4.58(20)
MAS.62.16_GW - - - - - - - - -
MAS.60.20_CM - - - - - - - - -
MAS.60.20_DN - - - - - - - - -
MAS.60.22_HF 2.051(10) 0.070- 3.70(5) 2.245(10) 0.070- 1.37(5) 2.092(20) 5.07(7) 4.75(10)
MAS.60.25_DN - - - - - - - - -
MAS.60.30_DN - - - - - - - - -
MAS.70.12_HA 2.041(10) 0.070- 3.24(5) 2.231(10) 0.070- 1.52(5) 2.090(20) 4.76(7) 4.69(20)
MAS.70.15_CN - - - - - - - - -
MAS.70.17_HG 2.057(10) 0.070- 3.37(5) 2.236(10) 0.070- 1.41(5) 2.098(20) 4.78(7) 4.61(20)
MAS.76.17_DN 2.080(10) 0.070- 6.31(5) 2.242(10) 0.070- 2.31(5) 2.117(20) 8.62(7) 7.46(20)
MAS.81.10_CO - - - - - - - - -
MAS.85.07_CP - - - - - - - - -
MAS.90.05_CQ - - - - - - - - -
MAS.100.00_PS - - - - - - - - -

Table 17: Mg-O peak parameters obtained from the D′(r) functions for the MAS glasses measured using the D4c diffractometer.
Peak widths followed by a hyphen indicate values that reached the lower bound of the fitting range for that parameter.



Sample
Average Mg-O Environment

r̄Mg-O (Å) n̄OMg
Fit Integration

MAS.46.27 - - -
MAS.50.00 - - -
MAS.50.06 2.035(20) 4.59(7) 4.54(10)
MAS.50.12 2.043(20) 4.60(7) 4.60(10)
MAS.51.21 2.061(20) 4.68(7) 4.63(10)
MAS.50.25 2.063(20) 4.83(7) 4.71(10)
MAS.50.28 2.080(20) 5.05(7) 4.67(10)
MAS.50.30 - - -
MAS.50.35 2.100(20) 4.94(7) 4.48(10)

MAS.50.37p5 - - -
MAS.50.40 2.129(20) 4.04(7) 3.17(20)
MAS.61.09 2.044(20) 4.65(7) 4.58(20)
MAS.62.16 - - -
MAS.60.20 - - -

MAS.60.20_DN - - -
MAS.60.22 2.092(20) 5.07(7) 4.75(10)
MAS.60.25 - - -
MAS.60.30 - - -
MAS.70.12 2.090(20) 4.76(7) 4.69(20)
MAS.70.15 - - -
MAS.70.17 2.098(20) 4.78(7) 4.61(20)
MAS.76.17 2.117(20) 8.62(7) 7.46(20)
MAS.81.10 - - -
MAS.85.07 - - -
MAS.90.05 - - -
MAS.100.00 - - -

Table 18: Weighted mean Mg-O distance r̄Mg-O and average Mg-O coordination
number measured using D4c. Individual peak parameters are given in table 17. r̄Mg-O
was calculated using equation 42. Coordination numbers were obtained by a fit to the
D′(r) function or by integration after the application of a Lorch [38] modification

function.
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5.5 Discussion
The results presented in section 5.4 characterise the structure of MAS glasses and how
it changes with composition. It is important, however, to have an overview of the glass
structure in order to relate it to the physical properties of the material. Of particular
importance is the role of Al atoms in the glass structure, which are often considered
to be network forming when in tetrahedral coordination (see section 5.1). Higher
coordinated Al atoms have five or six oxygen nearest neighbours and are abundant
in compositions (MO)x(Al2O3)y(SiO2)(1−x−y) or (M2O)x(Al2O3)y(SiO2)(1−x−y) with
R = x/y < 1, but are also present in small amounts for R ≥ 1 for systems with
M = Ca, Mg [82, 84]. The role of these highly coordinated Al atoms is not clear.

To enable a categorisation of Al3+ ions within aluminosilicate glasses, let’s assume that
it acts as a network forming ion when in tetrahedral coordination. This is supported
by X-ray PDF analysis and spectroscopic measurements of M -aluminosilicate glasses,
which show that Al3+ can substitute for Si4+ in tetrahedral units with the addition of
a nearby charge compensating ion [82, 84, 119–121].

Al3+ ions that are not in tetrahedral coordination may be incorporated as (i) part of
the network or (ii) in network modifying/charge compensating sites, where the latter is
similar to the behaviour ofM2+ orM+ ions. Here, the hypothesis will be made that the
latter is true such that Al3+ ions can take the role of a network forming (NF), network
modifying (NM) or charge compensating (CC) ion. Al3+ ions could simultaneously be
NM and CC, so the primary distinction is between NF and NM/CC Al3+ ions. An
analysis of the atomic number density can be used to test this hypothesis. If true,
the number density should change quite dramatically over a compositional range that
covers glasses where Al3+ ions act primarily as a network former to glasses where some
are incorporated as NM/CC ions. This can be understood by the nature of NM/CC
ions, which tend to create a more compact network structure and occupy interstitial
cavities that would otherwise be empty [75].

Figure 5.29 shows the number density of the MAS glasses from series I. This includes
compositions with R ≥ 1, where ≈ 90 % of Al3+ ions occupy tetrahedral NF sites,
and compositions with R < 1, where this decreases down to 45.6 % for the MAS.50.40
sample (R = 0.25). As R decreases from 7.5 to 1, the vast majority of Al3+ ions are
incorporated into the network in tetrahedral sites and the number density decreases.
The sharp rise seen for R −→ 0 suggests that Al3+ ions that cannot join the tetrahedral
network act in a similar way to Mg2+ and should, therefore, be treated as NM/CC
ions. Further evidence to support this conjecture can be obtained from viscosity meas-

103



Figure 5.29: Number density of the MAS glasses from series I. Error bars are
approximately the size of the symbols for most data points. In some cases, larger

errors are seen, which reflect the difficulties associated with measuring the density of
small sample volumes. The red line at R = 1 indicates the tectosilicate composition,
where the number of Mg2+ ions is sufficient to accommodate 100% of Al3+ ions in

tetrahedral sites without the creation of NBO atoms.

urements of high-temperature liquids. If high coordinated Al3+ ions form part of the
network, then a significant increase in viscosity can be expected as R decreases from
R = 1 to R = 0 because the degree of network polymerisation must increase [79].
This behaviour is, however, not observed [79, 98, 99] and this finding supports the
assignment of high coordinated Al3+ ions as NM/CC ions.

On the basis that highly coordinated Al3+ ions are in NM/CC sites, an extension to
the standard model presented in section 5.1.1 is proposed.

5.5.1 A Structural Model for Aluminosilicate Glasses

For this model, it is necessary to categorise certain elements according to their role in
the glass using the following definitions, which stem from the standard model discussed
in section 5.1.1.

• Network Forming (NF) Ions, e.g., Si4+, Ge4+, B3+

Ions that can form part of the glass network, connected to other network forming
ions through bridging oxygen atoms.

• Bridging Oxygen (BO) Atoms
Oxygen atoms that are shared between two network forming ions.

• Non Bridging Oxygen (NBO) Atoms
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Oxygen atoms that are connected to one network forming ion.

• Network Modifying (NM) Ions, e.g., Na+, K+, Mg2+, Ca2+

Ions that disrupt the glass network through the formation of NBO atoms.

• Conditional Network Forming (CNF) Ions, e.g., Al3+, Ga3+

Ions that form part of the glass network if they can meet stoichiometric and
charge-balancing requirements.

• Charge Compensating (CC) Ions, e.g., Na+, K+, Mg2+, Ca2+

Ions that stabilise the formation of a network containing CNF ions.

To begin, consider the alumina-free glasses with composition (M2O)x(SiO2)1−x or
(MO)x(SiO2)1−x. The glass structure consists of a network of Si-centred tetrahed-
ral units linked through BO atoms. M behaves as a NM ion and creates NBO atoms.
An example of the modification process is given by the relation

MO︸︷︷︸
modifying oxide

+ 2SiØ4/2︸ ︷︷ ︸
Si(4) units

−→ M2+︸ ︷︷ ︸
NM ion

+ 2 [SiOØ3/2]1−︸ ︷︷ ︸
Si(3) units

, (44)

where Ø denotes a BO atom and Si(n) denotes a tetrahedral silicate unit with n BO
atoms. An illustration of a section of a modified silicate network is shown in figure
5.30. Note that the structural diagrams shown in this section have been drawn using

Figure 5.30: Ball and stick model of a section of a modified silicate network. The NM
M2+ ion creates NBO atoms on Si-centred tetrahedra, to which it then associates.
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3-dimensional chemical structure visualisation software [122]. However, they do not
relate to any real structures and are for illustrative purposes only.

When a small amount of Al2O3 is added to the M -silicate system, some of the M
atoms take on the role of stabilising Al-centred tetrahedral units and, therefore, act as
CC ions. This results in an aluminosilicate network formed from Al- and Si-centred
tetrahedra linked through BO atoms. An example of this process is given by the relation

MO︸︷︷︸
modifying oxide

+Al2O3 + SiØ4/2︸ ︷︷ ︸
Si(4) unit

−→ M2+︸ ︷︷ ︸
CC ion

+ 2 [AlØ4/2]1−︸ ︷︷ ︸
Al(4) units

+ SiØ4/2︸ ︷︷ ︸
Si(4) unit

.

(45)

Figure 5.31 shows an illustration of a section of an aluminosilicate network stabilised
by CC M2+ ions. For compositions of (MO)x(Al2O3)y(SiO2)(1−x−y) with R = x/y ≥

Figure 5.31: Ball and stick model of a section of an aluminosilicate network stabilised
by CC M2+ ions. The negative charge on the Al-centred tetrahedra will produce
charged bridging oxygen (CBO) atoms with a charge of −e/2 if distributed evenly
over a polyhedron. It is important to note that the M2+ ion has been drawn in an
octahedral environment, but the geometry and/or coordination number could be

different.

1, there are enough CC M2+ ions to stabilise 100% of the Al in tetrahedral units.
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Any excess MO is treated as a modifying oxide and creates NBO atoms through the
conversion process described for the alumina-free compositions such as that given in
equation 44.

For compositions with R < 1, there are not enough M2+ ions to charge compensate
100% of Al atoms in tetrahedral units. A portion of the Al atoms must, therefore,
take on a different role in the glass structure. In this model, it is assumed that Al
atoms that cannot meet the conditions for forming tetrahedral units must take on a
role similar to M2+ ions, that is, they give up oxygen atoms for the creation of NBO
atoms to which they associate and/or they donate their oxygen to CNF Al3+ ions and
compensate charge on Al-centred tetrahedral units. An example of this process is given
by the relation

Al2O3 + 2SiØ4/2︸ ︷︷ ︸
Si(4) units

−→ Al3+︸ ︷︷ ︸
CC and NM ion

+ [AlØ4/2]1−︸ ︷︷ ︸
Al(4) unit

+ 2 [SiOØ3/2]1−︸ ︷︷ ︸
Si(3) units

.

(46)

Figure 5.32 shows a ball and stick model of part of an aluminosilicate network where
Al takes the role of: (i) a CNF ion in tetrahedral coordination; (ii) a CC ion stabilising
the formation of Al-centred tetrahedral units; and (iii) a NM ion that creates NBO
atoms.

Now that the various structural motifs present in the model have been discussed, it is
time to derive equations that quantify the relative fractions of each species as a function
of composition. For this, the ternary phase diagram for (MO)x(Al2O3)y(SiO2)(1−x−y)

or (M2O)x(Al2O3)y(SiO2)(1−x−y) must be split into two domains.

In domain I, R = x/y ≥ 1 and the composition for MO-bearing aluminosilicates may
be re-written as

(MO)x + (Al2O3)y + (SiO2)(1−x−y)

−→ (MO)y(Al2O3)y︸ ︷︷ ︸
CC M2+ ions + Al(4) units

+ (MO)(x−y)(SiO2)(1−x−y)︸ ︷︷ ︸
NM M2+ ions + Si(n) units

.
(47)

All Al atoms can form charge compensated tetrahedral units and any excess MO
modifies the silicate network. The coordination environments of both Si and Al are
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Figure 5.32: Ball and stick model of a section of an aluminosilicate network stabilised
by NM/CC Al3+ ions. It is important to note that the geometry and/or coordination

environment of the NM/CC Al3+ ion could be different to the illustration.
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tetrahedral so n̄OSi = n̄OAl = 4. The number of M atoms per formula unit is x and the
number of charge compensating M atoms per formula unit is y. The fraction of M
ions in a charge compensating role is, therefore, given by

f(MCC) = y

x
= 1
R
. (48)

In domain II, R = x/y < 1 and 100% of the M2+ ions are in a charge compensating
role so f(MCC) = 1. Any excess Al2O3 will be incorporated into the glass network
according to a process such as that given in equation 46, and the composition may be
re-written as

(MO)x + (Al2O3)y + (SiO2)(1−x−y)

−→ (MO)x(Al2O3)x︸ ︷︷ ︸
CC M2+ ions + Al(4) units

+ (Al2O3)(y−x)(SiO2)(1−x−y)︸ ︷︷ ︸
CC/NM Al3+ ions + Si(n) + Al(4) units

.
(49)

The total number of Al atoms per formula unit is 2y and the number of Al atoms in
tetrahedral units is 2x+y−x. Thus, the fraction of Al atoms that remain in tetrahedral
units, charge compensated by M2+ or Al3+ ions, is given by

f [Al(IV)] = 2x+ y − x
2y = R+ 1

2 . (50)

The relations presented above also hold for M2O-bearing aluminosilicates.

If the assumption is made that oxygen can exist only in the form of BO or NBO atoms,
coordinated to one or two NF ions, respectively, then the fraction of NBO atoms is
given by [62, 123]

fNBO = 2−
∑
X

n̄XO = 2− 1
cO

∑
X

cX n̄
O
X , (51)

where the sum is over all NF species X, n̄βα is the average number of β atoms around α
atoms, cO is the atomic concentration of oxygen and cX is the atomic concentration of
speciesX. For CNF species, such as Al, the concentration cX is given by f [Al(IV)]×cAl.
To demonstrate, consider case A: a fully polymerised network in which ∑X n̄

X
O = 2

and case B: a fully depolymerised network in which∑X n̄
X
O = 1. Equation 51 correctly

gives the fraction of NBO atoms as fNBO = 0 for case A and fNBO = 1 for case B.
In equation 51, the relation cOn̄XO = cX n̄

O
X has been used, which follows from the fact

that the number of O-X bonds is equal to the number of X-O bonds. Once the value
of fNBO has been determined, it is simple to calculate the ratio of NBO atoms to i
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atoms, where i is any atom type (or sum of atom types, e.g. Si+Al) in the material,
using the relation

NNBO
Ni

= NO
Ni

NNBO
NO

= NO
Ni

fNBO = cO
ci
fNBO. (52)

Equations 48, 50, 51 and 52 parameterise the fractions of structural species in M -
aluminosilicate glasses. Figure 5.33 shows the compositional dependence of these as a
function of R for the MAS glasses.

Figure 5.33: The fraction of various species found in MAS glasses predicted by the
model described in the text and calculated according to equations 48, 50, 51 and 52.
fNBO and NBO:Si depend on the SiO2 content and the curves shown here are for the

50 mol% SiO2 tie-line.

To validate this model, the fraction of Al in tetrahedral coordination can be compared
with data available from 27Al NMR spectroscopy. According to the model, this fraction
depends only on R so a comparison can be made with any M -aluminosilicate sample.
Figure 5.34 shows the experimentally measured values of f [Al(IV)] and those predicted
from the model.
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Figure 5.34: The fraction of Al-centred tetrahedral units found in M -aluminosilicate
glasses predicted by the model described in the text and calculated according to

equation 50 for R < 1. 27Al NMR data are shown for M -aluminosilicate glasses with
M = Mg (this study, Eckert [124] and Neuville et al. [84]), M = Ca (Lamberson

[106], Neuville et al. [82], Stebbins et al. [125] and Thompson et al. [126]),
M = Mg+Ca (Neuville et al. [84]), M = K (Thompson et al. [126] and Mundus et al.
[127]), M = Ba (Thompson et al. [128]), M = Zn (Youngman [107] and Cormier et al.

[129]), M = Na (Bechgaard et al. [130], Ishii et al. [131], Lee et al. [132] and
Deshpande et al. [133]), and for aluminosilicate glasses (Weber et al. [89] and Ren et

al. [134]) and crystalline sillimanite (Al2SiO5) [135].

111



The model captures the general trend of the data. However, the presence of higher
coordinated Al atoms for compositions with R > 1 is apparent. This observation
shows that even when sufficient CC ions are available some Al atoms do not enter the
glass network in tetrahedral units. One possible explanation for this is the ability of
M2+ orM+ ions to compete for sites in which it is associated with NBO atoms in a NM
role, rather than being associated with BO atoms in a CC role. This mechanism can
be understood by considering the two different processes that lead to the incorporation
of M2+ or M+ ions into the glass. In (MO)x(Al2O3)y(SiO2)(1−x−y) glasses, M2+ ions
can act as NM ions by creating NBO atoms according to, for example,

MO︸︷︷︸
modifying oxide

+ SiØ4/2︸ ︷︷ ︸
Si(4) unit

−→ M2+︸ ︷︷ ︸
NM ion

+ [SiO2Ø2/2]2−︸ ︷︷ ︸
Si(2) unit

, (53)

or they can act as CC ions according to

MO︸︷︷︸
modifying oxide

+Al2O3 −→ M2+︸ ︷︷ ︸
CC ion

+ 2 [AlØ4/2]1−︸ ︷︷ ︸
Al(4) units

. (54)

The data presented in figure 5.34 suggest that some fraction of Al2O3 does not enter
the network as charge compensated tetrahedral units, despite the availability of CC
M2+ ions. As a consequence, it must join the aluminosilicate network according to a
process such as that given by equation 46.

To incorporate this feature into the model, let 0 ≤ p ≤ 1 control the fraction of Al2O3

that does not enter charge compensated tetrahedral sites, despite the presence of CC
ions. In this adapted framework, the composition (MO)x(Al2O3)y(SiO2)(1−x−y) for
domain I can be re-written as

(MO)x + (Al2O3)y + (SiO2)(1−x−y)

−→ (MO)(1−p)y(Al2O3)(1−p)y︸ ︷︷ ︸
CC M2+ ions + Al(4) units

+ (MO)x−(1−p)y + (Al2O3)py + (SiO2)(1−x−y)

−→ (MO)(1−p)y(Al2O3)(1−p)y︸ ︷︷ ︸
CC M2+ ions + Al(4) units

+ (Al2O3)py(SiO2)py︸ ︷︷ ︸
CC/NM Al3+ ions + Si(n) + Al(4) units

+ (MO)x−(1−p)y(SiO2)(1−x−y−py)︸ ︷︷ ︸
NM M2+ ions + Si(n) units

.

(55)
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The number ofM atoms, per formula unit, in CC roles is (1−p)y and the total number
of M atoms is x. The fraction of M2+ ions in CC sites is given by

f(MCC) = (1− p)y
x

= 1− p
R

. (56)

The number of Al atoms, per formula unit, in tetrahedral sites is 2(1 − p)y + py and
the total number of Al atoms is 2y. The fraction of Al in tetrahedral units is given by

f [Al(IV)] = 2(1− p)y + py

2y = 1− p

2 . (57)

In domain II, the composition can be re-written as

(MO)x + (Al2O3)y + (SiO2)(1−x−y)

−→ (MO)(1−p)x(Al2O3)(1−p)x︸ ︷︷ ︸
CC M2+ ions + Al(4) units

+ (MO)px + (Al2O3)y−(1−p)x + (SiO2)(1−x−y)

−→ (MO)(1−p)x(Al2O3)(1−p)x︸ ︷︷ ︸
CC M2+ ions + Al(4) units

+ (MO)px(SiO2)px︸ ︷︷ ︸
NM M2+ ions + Si(n) units

+ (Al2O3)y−(1−p)x(SiO2)(1−x−y−px)︸ ︷︷ ︸
CC/NM Al3+ ions + Si(n) + Al(4) units

.

(58)

The number ofM atoms, per formula unit, in charge compensating roles is (1−p)x and
the total number of M atoms is x. The fraction of M2+ ions in charge compensating
sites is given by

f(MCC) = (1− p)x
x

= 1− p. (59)

The number of Al atoms, per formula unit, in tetrahedral sites is [2(1−p)x]+[y−(1−p)x]
and the total number of Al atoms is 2y. The fraction of Al in tetrahedral units is given
by

f [Al(IV)] = [2(1− p)x] + [y − (1− p)x]
2y = R− pR+ 1

2 . (60)

Equations 56, 57, 59 and 60 hold for M2O-bearing aluminosilicates and describe the
relative abundance of various species in M -aluminosilicate glasses, assuming that some
fraction p of Al2O3 does not partake in the formation of charge balanced tetrahedral
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units despite the availability of CC ions. In the limit that p = 0, these equations
recover the description laid out for a system in which the formation of charge balanced
Al-centred tetrahedra always takes place provided CC M2+ or M+ ions are available,
as shown in figure 5.33. Figure 5.35 shows the predictions of this adapted model with
p = 0.24 for the MAS glasses. Figure 5.36 shows a comparison with 27Al NMR data for
K-, Na-, Ca-, Zn- and Mg-aluminosilicate glasses where the value of p for each system
was determined by a least-squares fit to the data for R ≥ 1.

Figure 5.35: The abundance of various species found in MAS glasses predicted by the
model described in the text and calculated according to equations 56, 57, 59 60, 51
and 52 with p = 0.24. fNBO and NBO:Si depend on the SiO2 content and the curves

shown here are for the 50 mol% SiO2 tie-line.

The model provides a good account of the fraction of Al(IV) species present in alumin-
osilicate glasses with M = Na, K, Ca, Zn or Mg over the R-ranges for which experi-
mental data are available. The value of p has been chosen to best reflect these data,
and a trend with cation field strength CFS has emerged. Here, CFS = Z/d2, where
Z is the formal charge and d is the ion radius such that the value for Mg2+ > Zn2+ >

Ca2+ > Na+ > K+, assuming coordination numbers of six with ionic radii taken from
ref. [136]. A study of CMAS glasses has shown that the substitution of Mg2+ for
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Figure 5.36: The fraction of Al(IV) species found for aluminosilicate glasses with
M = Na, K, Ca, Zn or Mg predicted by the model described in the text and

calculated according to equations 57 and 60. The predictions are compared to the
relevant 27Al NMR data that was introduced in figure 5.34. The value of p was
obtained by a least-squares fit to the data for R ≥ 1. Systems with M = Na or K

have been grouped together because both are best described by the model with p = 0.
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Figure 5.37: p versus CFS for the M -aluminosilicate systems presented in figure 5.36.
The curve shows a linear fit to the data points with CFS > 1 and has the form

p = 0.078(3).CFS − 0.078(4).

Ca2+ leads to an increase in the number of higher coordinated Al atoms [84], which
relates to an increased value of p in the model. This suggests that ions with higher
field strengths are more likely to create and associate with NBO atoms and, therefore,
prevent Al from finding charge-compensated tetrahedral sites. Figure 5.37 shows the
value of p as a function of cation field strength.

To compare the model with the experimental data reported in section 5.4, it is necessary
to make some assumptions about the geometry and coordination environments of the
structural units. The average coordination number is calculated using

n̄OX =
∑
S

fSn
O
S (61)

and the average element-oxygen distance is calculated using

r̄X−O =

∑
S
fSn

O
S r̄S−O∑

S
fSnOS

, (62)

where the sums are over each species S of a given atom typeX and fS , nOS and r̄S−O give
the relative abundance, coordination number and average X-O distance for species S,
respectively. The parameters are either determined by the model or are used as fitting
parameters. Al atoms can be categorised into three species NF Al(IV), NM/CC Al(V)
and NM/CC Al(VI). Mg2+ ions are classified as NM or CC.
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5.5.2 Composition Dependent Structure of MAS Glasses

The model presented in section 5.5.1 delivers the relative abundance of structural spe-
cies inM -aluminosilicate glasses, related to the composition (MO)x(Al2O3)y(SiO2)(1−x−y)

or (M2O)x(Al2O3)y(SiO2)(1−x−y) through the parameter R = x/y. This framework as-
sumes no dependence on SiO2 content so a comparison with all structural data is
possible, provided all parameters are plotted as a function of R. To make this com-
parison, average coordination numbers and element-oxygen distances were calculated
according to equations 61 and 62. Here, the abundance of each species was calculated
using equations 56, 57, 59 and 60 with p = 0.24. The average distances for Al(IV),
NM Mg2+, CC Mg2+ species, and the coordination numbers for NM Mg2+ and CC
Mg2+ species were used as fitting parameters with the condition that r̄Mg-O = 2.11 Å
and n̄OMg = 5.12 for R < 1, which are the averages of all measured values for this re-
gion. The average Al-O distances for Al(V) and Al(VI) species were set equal to values
typical for these species in glassy materials [42]. Table 19 summarises the parameters
used in the calculations.

Atom X Species S r̄S−O(Å) nOS
Si NF Si(IV) 1.62(1) 4*
Al CNF Al(IV) 1.76(1) 4*
Al NM/CC Al(V) 1.84* 5*
Al NM/CC Al(VI) 1.86* 6*
Mg NM Mg2+ 2.01(1) 4.5(2)
Mg CC Mg2+ 2.14(1) 5.35(7)

Table 19: Parameters used to calculate the average element-oxygen distances and
coordination numbers from the model, obtained by a least-squares fit to the data
from the PDF analysis with the conditions described in the text. Fixed parameters

are marked with an asterisk.

This approach was designed to provide an overall description of the Mg-aluminosilicate
system. The results are compared with experimental data below, followed by a com-
parison with each compositional series.

Average Element-Oxygen Distances.
Figure 5.38 shows the measured and predicted average element-oxygen distances in
MAS glasses. The measured distance r̄Si-O remains at 1.605(10) ≤ r ≤ 1.631(10) Å
across the entire compositional range, indicating the persistence of SiO4 tetrahedral
units with little or no change to the average Si-O bond length. This feature is included
in the model’s predictions by assuming that only one Si species exists with an average
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Si-O distance of 1.62(1) Å, which is the average of all measured Si-O distances for
the MAS glasses investigated here. The average Al-O distances show little change for
compositions with R > 1 and reflect the ability of most Al atoms to associate with
CC Mg2+ ions and form tetrahedral units. For R < 1 there is a clear increase in
r̄Al-O caused by the increasing fraction of NM/CC Al3+ species in fivefold or sixfold
coordinated sites, which posses larger Al-O distances. The average Mg-O distance is
r̄Mg-O = 2.03(2) − 2.21(2) Å over the entire range of compositions. These changes are
characterised by the transformation of Mg from primarily NM sites in glasses with
R & 2 to primarily CC sites for R . 2. This suggests that the environments of NM
and CC Mg2+ ions are not significantly different. The model predicts no changes to
r̄Mg-O in the range 0 ≤ R ≤ 1, however, the measured values hint towards an increase
as R decreases from unity to zero. This observation could indicate the requirement of
a composition dependent p value in the model, or a CC Mg2+ site that changes with
R.

Average Coordination Numbers.
Figure 5.39 shows the the measured and predicted average Al-O and Mg-O coordination
numbers in MAS glasses. n̄OAl = 4.09(5) − 4.20(5) was measured for all glasses with
R ≥ 1, and can be explained by the presence of enough CC Mg2+ ions to stabilise the
formation of Al-centred tetrahedral units. As discussed in section 5.5.1, the presence
of NM/CC Al3+ ions in Al(V) and/or Al(VI) sites in this compositional domain is due
to some fraction of Mg2+ ions acting as NM ions instead of stabilising the formation
of Al-centred tetrahedra. As R decreases from unity to zero there is a sharp rise in
the average Al-O coordination number due to the necessary formation of NM/CC Al3+

ions, which take on a role similar to Mg2+ ions. The model does not provide information
on the coordination number of NM/CC Al3+. However, the results from 27Al NMR
suggest that 70-100% of NM/CC Al3+ is in Al(V) sites, and the rest is Al(VI). Two
curves are show in figure 5.39 (a), which bracket this range. The two scenarios give a
good account of the measured n̄OAl values over the R-range investigated. A single point
lies outside the predictions at R = 0.41, which corresponds to the MAS.76.17 sample.
The low n̄OAl = 4.06(5) value suggests that almost 100% of Al atoms are in tetrahedral
coordination. This could be due to (i) the possibility of NM/CC Al3+ ions residing in
tetrahedral sites or (ii) the formation of oxygen atoms bound to three NF ions. The
latter case represents the triply bonded oxygens suggested by Lacy [102], which have not
been included in the model presented here due to the complexity that they introduce.
Their formation in aluminosilicates with < 0.6mol% Al2O3 has been suggested by
Sen and Youngman [137], and the evidence here suggests there may be a significant
amount in SiO2 rich MAS glasses. The n̄OMg = 4.58(7) − 4.84(7) values measured for
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Figure 5.38: Average (a) Si-O, (b) Al-O and (c) Mg-O distances for all MAS glasses.
Table 19 gives the parameters used in the calculations for the model shown by the red

curve. The dashed red curve shows the predictions for a scenario where 30% of
NM/CC Al3+ ions are promoted from fivefold to sixfold coordination.
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glasses with R > 1 reinforce the speculation of similarity between NM and CC Mg2+

sites suggested by the average Mg-O distances. At R = 1, the measured values vary
from n̄OMg = 4.83(5) for the MAS.50.25 (measured using D4c) to n̄OMg = 7.82(7) for
MAS.90.05 (measured using SLS). This spread suggests that there is a dependence on
SiO2 content for (i) the value of p or (ii) the coordination environment of NM and/or
CC Mg2+ ions. Either scenario is not easily incorporated into the model. A large spread
in the measured n̄OMg values is also apparent for glasses with R < 1, which could arise
from the mechanisms suggested above, or could be due to the inaccurate assignment of
peak area that is unavoidable with overlapping Mg-O and O-O correlations. Inspection
of the fits presented in section 5.4.2 identifies several glasses where this may be the case,
and, as such, caution is advised in the interpretation of data for the following glasses:
MAS.50.30, MAS.50.35, MAS.50.37p5, MAS.50.40, MAS.60.20, MAS.70.15. A least-
squares refinement of equation 61 to the available data using the fraction of NM and
CC Mg2+ ions predicted by the model delivers Mg-O coordination numbers of 4.5(2)
and 5.35(7), respectively. The former compares with n̄OMg = 4.5(1) - 5.1(1) measured
for NM Mg2+ sites in binary silicates [92, 105, 117, 138].
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Figure 5.39: Average (a) Al-O and (b) Mg-O coordination numbers for all MAS
glasses. The n̄OMg data for MAS.76.17 and glasses with > 81mol% SiO2 have been
omitted for clarity. Table 19 gives the parameters used in the calculations for the
model shown by the red curve. The dashed red curve shows the predictions for a
scenario where 30% of NM/CC Al3+ ions are promoted from fivefold to sixfold

coordination.
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Series I: Average Element-Oxygen Distances.
Figure 5.40 shows the average element-oxygen distances obtained from the data and
model for series I. The Si-O peak positions are 1.615(10) ≤ r ≤ 1.631(10) Å across the
entire composition range, indicating the persistence of SiO4 tetrahedral units with little
or no change to the average Si-O bond length. The Al-O peak positions show a trend of
moving to slightly higher r as the Al2O3 content increases to > 25mol%. The increase
is in keeping with the Al speciations measured by 27Al magic-angle spinning NMR,
which show an increasing amount of AlO5 and AlO6 polyhedra for these compositions.
r̄Al-O values calculated using the model follow the trend seen in the data. The mean
Mg-O distance increases with Al2O3 content. This characterises the evolution of Mg
from NM to CC sites and the model gives a reasonable account of this transformation.

Series I: Average Coordination Numbers.
The average Al-O and Mg-O coordination numbers for series I are shown in figure
5.41. Values for n̄OAl calculated by the model encompass most of the data for this series
and characterize the abrupt increase in n̄OAl for compositions with > 25mol% Al2O3

caused by the lack of CC Mg2+ ions. n̄OMg ≈ 4.7 for glasses with < 25mol% Al2O3

and increases to n̄OMg ≈ 5.1 for the tectosilicate composition. No obvious trend is seen
for glasses with > 25mol% Al2O3 and at the highest Al2O3 content, n̄OMg drops to the
surprisingly low value of ≈ 4.0 − 4.5. The latter is likely due to overlapping Mg-O
and O-O correlations, which prevents a reliable assignment of peak area in the fitting
procedure.

Series II: Average Element-Oxygen Distances and Coordination Numbers.
Figures 5.42 and 5.43 show the average element-oxygen distances and coordination
numbers obtained from the data and model for glasses in series II. The trends seen
here are close to those observed for series I. The reliable data for compositions with
Al2O3 content > 20mol% suggest little or no change to the r̄Mg-O and n̄OMg values,
which supports a model where the fraction of CC and NM Mg2+ ions does not change
for these compositions, i.e., they do not suggest a composition dependent p value or
CC Mg2+ environment.
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Figure 5.40: Average (a) Si-O, (b) Al-O and (c) Mg-O distances for the MAS glasses
from series I (50mol% SiO2 tie-line). Table 19 gives the parameters used in the

calculations for the model shown by the red curve. The dashed red curve shows the
predictions for a scenario where 30% of NM/CC Al3+ ions are promoted from fivefold

to sixfold coordination.
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Figure 5.41: Average (a) Al-O and (b) Mg-O coordination numbers for the MAS
glasses from series I (50mol% SiO2 tie-line). Table 19 gives the parameters used in
the calculations for the model shown by the red curve. The dashed red curve shows
the predictions for a scenario where 30% of NM/CC Al3+ ions are promoted from

fivefold to sixfold coordination.
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Figure 5.42: Average (a) Si-O, (b) Al-O and (c) Mg-O distances for the MAS glasses
from series II (60mol% SiO2 tie-line). Table 19 gives the parameters used in the

calculations for the model shown by the red curve. The dashed red curve shows the
predictions for a scenario where 30% of NM/CC Al3+ ions are promoted from fivefold

to sixfold coordination.
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Figure 5.43: Average (a) Al-O and (b) Mg-O coordination numbers for the MAS
glasses from series II (60mol% SiO2 tie-line). Table 19 gives the parameters used in
the calculations for the model shown by the red curve. The dashed red curve shows
the predictions for a scenario where 30% of NM/CC Al3+ ions are promoted from

fivefold to sixfold coordination.
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Series III: Average Element-Oxygen Distances.
Figure 5.44 shows the average element-oxygen distances measured for the glasses in
series III. The average Si-O distance in MAS.100.00 (SiO2) is 1.605(10)Å. A gradual
and small increase is observed for glasses with decreasing SiO2 content. On the basis of
the Al-O coordination numbers, the network in these glasses is mainly formed from Al-
and Si-centred tetrahedral units. The increase in the average Si-O distance can there-
fore be attributed to an increase in the number of Si-O-Al linkages. Al-O peak positions
show a small decrease with SiO2 content, however, there is not enough information to
speculate on the cause. The average Mg-O distance remains at r̄Mg-O ≈ 2.08 Å for all
glasses and, therefore, supports a structural model for their distance that includes no
dependence on the SiO2 content.

Series III: Average Coordination Numbers.
Figure 5.45 shows the average coordination numbers for the glasses in series III. n̄OAl ≈
4.13 along the series, providing support for a model in which the Al-O coordination
number does not depend on the SiO2 content. There are differences, however, between
the measured n̄OMg values. Here, an approximately linear increase from n̄OMg = 5.06(9)
for MAS.46.27 to n̄OMg = 6.05(7) for MAS.81.10 is seen, followed by a large jump
to n̄OMg ≈ 7.8 for glasses with > 81mol% SiO2. The latter could signify a different
mechanism by which Mg is incorporated in SiO2 rich MAS glasses. Interestingly, a
crossover in hardness resulting from the transformation from shear to densification
deformation mechanisms has been found to occur at 70 and 86mol% SiO2 for Ca- and
Mg-aluminosilicate glasses, respectively [106].
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Figure 5.44: Average (a) Si-O, (b) Al-O and (c) Mg-O distances for the tectosilicate
MAS glasses.

128



Figure 5.45: Average (a) Al-O and (b) Mg-O coordination numbers for the
tectosilicate MAS glasses.
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5.5.3 Network Connectivity and Material Properties

On the assumption that oxygen atoms in aluminosilicate glasses exist in either BO or
NBO sites, connected to two or one NF ions, respectively, it is possible to calculate the
fraction of NBO atoms fNBO according to equation 51 as

fNBO = 2− 1
cO

[cSin̄OSi + f [Al(IV)]cAln̄OAl]. (63)

The value of fNBO describes the level of network connectivity, which has a direct effect
on material properties. Figure 5.46 shows fNBO, calculated using f [Al(IV)] obtained
from the model or measured by 27Al NMR spectroscopy, as a function of R for glasses
with similar SiO2 content.

To provide a more complete comparison, equation 52 can be rearranged to calculate
the number of NBO atoms per modifying ion:

NNBO
NIon

= cO
{1− f [Al(IV)]}cAl + cMg

fNBO, (64)

where {1 − f [Al(IV)]} gives the fraction of Al atoms that are in NM/CC sites. This
removes the dependence on SiO2 content such that any sample within the same system
can be compared with the model. Because Al3+ ions are not necessarily behaving in the
exact same way as M2+ or M+ ions, it is also useful to calculate the ratio of NM/CC
Al3+ ions to all NM/CC ions. From the compositions in equations 55 and 58, this can
be calculated as

NAl:Ion
NIon

= py

x+ py
, (65)

for domain I, and
NAl:Ion
NIon

= y − (1− p)x
y + px

, (66)

for domain II. Figure 5.47 shows the results.

The ratioNNBO/NIon gives insight into the likely environment of the ions. IfNNBO/NIon =
0, 100% of the ions must enter the glass in a charge-compensating role: the network is
fully polymerised. If NNBO/NIon > 0, then NBO atoms have been created and some
fraction of the ions are taking a network modifying role: the network is depolymerised
and the ions link separate sections of the network through its attraction to oxygen
atoms.

Figure 5.47 (b) shows that NNBO/NIon < 0 for several compositions, although the large
error bars bring ambiguity. If accurate, this finding can be interpreted as a breakdown
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Figure 5.46: The fraction of NBO atoms fNBO in (a) MAS glasses from series I, (b)
MAS glasses from series II and (c) Ca-aluminosilicate glasses with ≈ 60mol% SiO2.
fNBO was calculated according to equation 63 with (i) the fraction of Al(IV) species
predicted by the model (dashed blue curve) or (ii) the fraction of Al(IV) species

measured by 27Al NMR spectroscopy (data points with error bars - see figure 5.34).
fNBO for Ca-aluminosilicate glasses measured using 17O NMR spectroscopy [14] are

included in (c).
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Figure 5.47: Ratios describing the species present in (a) Mg-aluminosilicate and (b)
Ca-aluminosilicate glasses. The predictions were calculated according to equations 64,
65 and 66 with (i) the fraction of Al(IV) species predicted by the model (dashed blue
and dashed green curve) or (ii) the fraction of Al(IV) species measured by 27Al NMR

spectroscopy (data points with error bars - see figure 5.34). In the model for
Mg-aluminosilicates p = 0.24, and for Ca-aluminosilicate p = 0.08.
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of the validity of the assumption used in defining equations 51 and 63, i.e., that oxygens
can only exist in BO and NBO sites. For these glasses, there not enough oxygen atoms
to accommodate such a large fraction of tetrahedral NF species. A possible explanation
is the formation of triclusters, which have nXO = 3.

The parameters describing the network connectivity (figures 5.46 and 5.47) show a
similar trend to those seen in the material properties for aluminosilicate materials
demonstrated in figures 5.1 and 5.48, both having extrema at R ≈ 1. In some cases,
these extrema are offset or less pronounced, which could originate from the differences
between NM/CC M2+ or M+ ions and NM/CC Al3+ ions. The latter have a signi-
ficantly higher field strength (13.02 Å−2 for Al(V)) and are incorporated into the glass
structure in sites that are surrounded by more negative charge. This is likely to pro-
duce an enhanced level of linking between sections of the aluminosilicate network and
result in a complex relationship between structure and properties.
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Figure 5.48: Composition dependent properties of M -aluminosilicate glasses and
liquids. (a) Microhardness H of Na-aluminosilicate [96], Ca-aluminosilicate [139] and
Mg-aluminosilicate [96] glasses with ≈ 66, 50 and 70mol% SiO2, respectively. (b)
Viscosity of Na-aluminosilicate, Ca-aluminosilicate and Mg-aluminosilicate liquids

with ≈ 50mol% SiO2 at 1773K, adapted from ref. [79].
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5.6 Conclusion
The structure of (MgO)x(Al2O3)y(SiO2)(1−x−y) glasses covering a large range of glass-
forming compositions was investigated by neutron diffraction pair-distribution function
analysis. The Al speciation measured by 27Al magic-angle spinning NMR spectroscopy
was used to constrain the fitting procedure employed to access structural information.
The measured D′(r) functions exhibit a well defined peak at r ≈ 1.65 Å originating
from overlapping Si-O and Al-O correlations. The fitting procedure revealed a well-
defined Si-O peak in the D′(r) functions for all compositions with little or no variation
in position, reflecting the persistence of Si-centred tetrahedral units across all the MAS
glasses investigated. The majority of Al atoms reside in tetrahedral sites for almost all
of the MAS glasses studied. AlO5 polyhedral units are present for all compositions,
however, significant amounts are encountered only for compositions with R < 1. AlO6

polyhedral units are absent or present in small amounts and their abundance increases
for compositions with R < 1. The Gaussian peaks used in the fitting procedure to
represent Al-O correlations in glasses with primarily tetrahedral Al-centred units are
well-defined with an average position r ≈ 1.76 Å, whereas those that include a signific-
ant fraction of AlO5 and AlO6 units move to larger distances of r ≈ 1.79 Å and become
significantly broader. This can be expected based on the difference in average Al-O
distances for each structural unit. In general, Mg-O correlations feature a peak centred
at r ≈ 2.0 Å with a shoulder on the high-r side, which could be modelled by two or
three Gaussian peaks. Comparison with crystalline structures revealed the assignment
of these peaks to specific Mg-centred coordination polyhedra was not possible. In light
of this, average Mg-O coordination numbers and weighted mean Mg-O distances were
extracted from fits to the D′(r) functions.

A structural model was developed that delivers the composition-dependent abundance
of structural species inM -aluminosilicate glasses, assuming that the constituent cations
fall into the categories of NF, NM or CC species. The model provides a reasonable
account of the abundance of Al-centred tetrahedral units for compositions with R < 1
and gives an explanation of the role of Al atoms that are not in tetrahedral sites. The
results emphasise the ability of Al atoms to exist in NM, CC and NF roles in the same
material. A comparison with the 27Al NMR data available for aluminosilicate systems
led to the inclusion of a system dependent parameter p to control the probability of a
network modifying ion to reject its conversion to a charge-compensating ion. The value
of p = 0 best characterised aluminosilicate glasses containing M+ ions and revealed a
linear relationship with the field strength for M2+ ions.
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The structural model reveals that Mg2+ ions are primarily in network modifying sites
for compositions with R & 2 and transform to primarily charge-compensating sites for
R . 2. This shift in structural role was used to interpret the changes in the measured
average Mg-O coordination number and weighted mean Mg-O distance which, for the
MAS glasses in series I, increase from 4.77(7) and 2.034(20) Å for MAS.50.00 to 5.13(7)
and 2.075(20) Å for MAS.50.25, respectively. Taking a global approach by fitting the
predictions of the structural model to all data gave n̄OMg = 4.5(2) and n̄OMg = 5.35(7)
for network modifying and charge-compensating Mg2+ ions, respectively, with weighted
mean distances of r̄Mg-O = 2.01(1) Å and r̄Mg-O = 2.14(1) Å, respectively. Isolating data
for glasses from separate compositional series revealed that n̄OMg is dependent on the
SiO2 content, which was not included in the model.

A model based on the oxygen coordination number was used to calculate the fraction
of NBO atoms and the ratio NNBO/NIon using the abundance of tetrahedral network
forming species obtained from (i) the structural model for M -aluminosilicate glasses or
(ii) 27Al NMR spectroscopy. The results were used to measure the network connectivity,
which mirrored some trends seen in the physical properties of aluminosilicate glasses
and liquids.

More systematic studies are required to complete the validation of the model. The Al
speciation in M -aluminosilicates along compositional series with a fixed SiO2 content
are particularly valuable as these form the foundation for calculating the abundance of
structural species. This approach provides an avenue for relating the chemical compos-
ition of aluminosilicate materials to its structure. However, more complete information
on the physical properties will also be necessary to build relationships between com-
position, structure and properties.

Future work could also include studies of M -galliosilicate glasses, which are considered
to be structural analogues of M -aluminosilicates. A recommendation can be made
for the investigation of K-galliosilicate glasses at a pulsed neutron source. The high
qmax offered by pulsed sources minimises Fourier transform artefacts and provides good
real-space resolution. Average Si-O, Ga-O and K-O distances of ≈ 1.6, 1.8 and 2.8 Å,
respectively, means that Si-O and Ga-O peaks in the D′(r) functions may be resolved,
so the interpretation of the PDFs would not rely on information from other techniques.
This choice of material would, however, not provide information on the M+ environ-
ment due to the overlap of K-O and O-O pair-correlations.
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6 In Situ High-Pressure Neutron
Diffraction Study of Calcium Alu-
minosilicate Glass

6.1 Introduction
Aluminium, silicon and oxygen are abundant in both natural and synthetic materials.
The (metal oxide)-(Al2O3)-(SiO2) (aluminosilicate) family accounts for ≈ 95% of mag-
matic liquids [21] and are found in terrestrial and extra-terrestrial rock, most commonly
in the form of feldspar [68, 140]. Synthetic aluminosilicates include stone wool fibres
used for insulation [141], and glassy materials used as e.g. substrates for liquid-crystal
displays [70] or chemically strengthened displays [72, 73]. The abundance of alumino-
silicate liquids in nature combined with the widespread use of aluminosilicate glasses
has motivated investigations of the physical and chemical properties of these materials,
including studies on e.g. the viscosity [98, 99], atomic structure [14, 79, 82, 84, 92] and
hardness [106].

To develop understanding of aluminosilicates and the relationships between their struc-
ture and properties, it is necessary to acquire information on their atomic-scale struc-
ture. Methods include nuclear magnetic resonance (NMR) spectroscopy and diffraction
techniques. In general, the experimental difficulties associated with the high melting
temperature of aluminosilicates (∼ 2000K) preclude a direct investigation of the liquid
phase. Glasses formed by quenching the high temperature liquids are often used in
their stead, on the assumption that the glass structure resembles that of the liquid.
From a geophysical perspective, this approach neglects an important factor: magmatic
fluids exist within the Earth’s interior and are subject to pressure P & 1GPa. To
compensate for this, investigations can include glasses formed by quenching liquids
under pressure [13, 142–145] or by treating glasses at high pressures and temperat-
ures [15, 146–148]. These studies have revealed differences in the structure of glasses
prepared in different ways, which include significant changes to the density and/or
cation coordination numbers. Still, glasses recovered to ambient conditions are likely
to have undergone structural relaxation, so a cautious approach must be taken when
using characterisations of recovered glasses to explain the properties and behaviour of
magma at depth.

From a technological point of view, knowledge of the pressure-induced changes to the
glass structure and properties aim to guide the development of e.g. display glass, where
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pressures in the GPa regime are easily generated on sharp-contact loading [149, 150].
Moreover, glasses recovered from high pressure and temperature conditions can have
favourable properties [151–154] and understanding differences between the as-prepared,
compressed and recovered glasses will aid in the design of functional glassy materials.

Recent developments have enabled accurate measurement of structure factors at room
temperature and pressure P . 20GPa using neutron diffraction [27] or P . 100GPa
using X-ray [155] diffraction. This progress represents a major leap towards an under-
standing of the changes to the structure and properties of glass that take place during
and after compression. To date, these techniques have mostly been applied to the in-
vestigation of oxide glasses, including: SiO2 [155–157] GeO2 [17, 18], B2O3 [158, 159],
GeO2-B2O3 [160] and Mg/CaSiO3 [105]. In situ investigations of aluminosilicate glasses
under pressure are less common [87] and detailed characterisations are limited to com-
puter simulations [87, 161]. Furthermore, there exists no detailed comparison between
in situ and ex situ measurements, which would shed light on the validity of using glasses
recovered to ambient conditions as a way of investigating high pressure liquids. To ad-
dress this issue, in situ neutron diffraction experiments were performed to investigate
the pressure-induced changes to the structure of aluminosilicate glasses with composi-
tion (CaO)0.19 (Al2O3)0.20 (SiO2)0.61 or (CaO)0.26 (Al2O3)0.26 (SiO2)0.49, which serves
as a simple model for both commercial display glass and magma-related materials.
Structural information was obtained though a pair-distribution function (PDF) ana-
lysis of the diffraction data measured for the glasses in their as-prepared state, during
compression at selected pressure points up to 17.5(5)GPa, and after recovering the
glasses to ambient conditions. The Al speciation in the as-prepared and recovered
glasses was measured using 27Al magic-angle spinning (M-AS) NMR spectroscopy and
the results were used in the interpretation of the diffraction data.

This chapter is organised as follows. The theory for neutron diffraction PDF analysis is
provided in section 6.2. In section 6.3, an overview is given of the theory for pressure-
density relationships described by the Birch-Murnaghan equation of state, along with
equations of state for Ca-aluminosilicate materials. Section 6.4 provides details of
the experimental methods and section 6.5 gives a description of the diffraction data
correction procedures. Results are presented in section 6.6 and discussed in section 6.7.
Conclusions are drawn in section 6.8.
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6.2 Neutron Diffraction Theory
In a neutron diffraction experiment the total structure factor [26]

F (q) =
∑
α

∑
β

cαcβbαbβ[Sαβ(q)− 1] (67)

is measured, where q is the magnitude of the scattering vector; cα and bα denote the
atomic fraction and bound coherent neutron scattering length of chemical species α,
respectively; and Sαβ(q) is a Faber-Ziman [37] partial structure factor.

The corresponding real-space information can be obtained by Fourier transforming the
total structure factor to give the total pair-distribution function (PDF)

D′(r) = 2
π〈b〉2

∫ ∞
0

qF (q)M(q) sin(qr) dq

= D(r)⊗M(r),
(68)

where r is a distance in real space, 〈b〉 = ∑
α cαbα and ⊗ denotes the one-dimensional

convolution operator. M(q) is a modification function and M(r) is its real-space mani-
festation. The function D(r) is given by

D(r) = 4πnr
〈b〉2

∑
α

∑
β

cαcβbαbβ[gαβ(r)− 1], (69)

where n is the atomic number density and gαβ(r) is a partial PDF. For distances smaller
than the distance of closest approach between two atoms, gαβ(r −→ 0) = 0. It follows
that, in the absence of Fourier transform artefacts, D′(r −→ 0) = −4πnr.

In this study, PDFs will be presented as D′(r), calculated according to equation 68, or
as the function

G′(r) =
∑
α

∑
β

cαcβbαbβ[gαβ(r)− 1]

= 〈b〉2

4πnrD
′(r).

(70)

The preferred method of extracting information from neutron diffraction measurements
is to Fourier transform the measured F (q) function according to equation 68. M(q)
often takes the form of a step modification function that is defined by the accessible
q-range of the diffractometer, which extends to qmax. M(q) therefore takes the value
M(q) = 1 for q ≤ qmax and M(q) = 0 for q > qmax. D′(r) can then be modelled by
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fitting a series of Gaussian peaks convoluted with M(r) so that structural features and
Fourier transform artefacts can be separated (see section 3.2.3).

The use of a step modification function in equation 68 preserves the sharpness of peaks
in D′(r), but can also lead to Fourier transform artefacts that include large excursions
below the density line D′(r) = −4πnr on each side of a peak in D′(r). These excursions
can be suppressed by using the Lorch [38] modification function M(q) = sinc(πq/qmax)
for q ≤ qmax and M(q) = 0 for q > qmax, although this comes at the expense of
broadened peaks. This method facilitates the extraction of coordination numbers by
direct integration and an estimate of the average number of atoms of type β, contained
in a volume defined by two concentric spheres of radii ri and rj centred on an atom of
type α, can be calculated as

n̄βα = 〈b〉2

2cαbαbβ

∫ rj

ri

r[D′(r) + 4πnr] dr, (71)

provided only one gαβ(r) function contributes in the range ri ≤ r ≤ rj or contributions
from other gαβ(r) functions can be subtracted.

6.3 Equation of State
An equation of state (EoS) is often used to describe the response of a material to
extreme conditions. This study is concerned with compression at room temperature,
so the relevant EoS is one that describes the volume V of a material as a function of
pressure P at fixed temperature.

The 4th-order Birch-Murnaghan (BM) EoS is given by [162]

P = 3K0fE(1+2fE)
5
2

[
1+ 3

2(K ′0−4)fE+ 3
2

(
K0K

′′
0 +(K ′0−4)(K ′0−3)+ 35

9

)
f2
E

]
, (72)

and relates the Eulerian strain

fE =
(V0
V ) 2

3 − 1
2 , (73)

to pressure. In equation 72, K0 is the bulk modulus at ambient conditions, and K ′0
and K ′′0 are the first and second isothermal pressure derivatives, respectively.

In many situations encountered during experimental studies of condensed matter, f2
E ≈
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0 and equation 72 reduces to the 3rd-order BM EoS given by

P = 3K0fE(1 + 2fE)
5
2

[
1 + 3

2(K ′0 − 4)fE
]
. (74)

Defining the normalized pressure

FE = P

3fE(1 + 2fE) 5
2

(75)

allows equation 74 to be re-written as

FE = K0 + 3K0
2 (K ′0 − 4)fE . (76)

Equation 76 represents a straight line having an ordinate-intercept equal to K0 and
gradient equal to 3K0

2 (K ′0 − 4).

6.3.1 Equation of State for CaAl2Si2O8

An initial estimate of the high-pressure density of Ca-aluminosilicate glasses was ob-
tained from simulations of CaAl2Si2O8 glass compressed at room temperature [87, 161].
The EoSfit7 software suite [162] was used to fit a 3rd-order BM EoS (see equation 74)
to the data over the pressure-range 0 ≤ P ≤ 30GPa. The results are shown in figure
6.1, along with the data sets and fits obtained for other CaAl2Si2O8 materials. The
parameters for the BM equations of state are given in table 20. Note that the relation
given in equation 74 for the 3rd-order BM EoS reduces to a 2nd-order BM EoS when
K ′0 = 4 [162].

State Details K0 (GPa) K ′0 Ref.
Glass Simulation - Compression at Room Temp. 37(3) 3.2(4) [87, 161]
Glass Simulation - Quenched at pressure 15(3) 8(2) [87]
Liquid Simulation - Compression at 2500K 15(3) 7(1) [87]
Crystal Experiment - Compression at Room Temp. 83.3(1.5) 4 [163]

Table 20: Parameters for the Birch-Murnaghan EoS for the CaAl2Si2O8 materials
shown in figure 6.1.
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Figure 6.1: Reduced volume V ′ for CaAl2Si2O8 materials over the pressure range
0 ≤ P ≤ 30GPa. The blue circles and crosses give the data points from simulations of
CaAl2Si2O8 glass compressed at room temperature, as reported by Drewitt et al. [87]
and Ghosh et al. [161], respectively. The solid blue curve gives the 3rd-order BM EoS

fit to these data. The green circles give the data points from simulations of
CaAl2Si2O8 liquids at 2500K and the red circles give the data points for the

corresponding glasses quenched at high pressure [87]. The solid green or red curve
gives the 3rd-order BM equations of state fit to each data set with the same colour.
The black curve gives the 2nd-order BM EoS for crystalline CaAl2Si2O8, calculated

using the parameters reported in ref. [163].
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6.4 Experimental Methods
For this chapter, the nomenclature CAS.x.y will be used, wherein CAS indicates a
sample from the Ca-aluminosilicate family, x gives the SiO2 content in mole% and y
gives the Al2O3 content in mole% such that 100 − x − y gives the CaO content in
mole%.

6.4.1 Sample Preparation

The CAS glasses were synthesised by L. Lamberson at Corning Inc. (USA) using
the following procedure [106]. High purity SiO2 (99.99%), Al2O3 (99.98%) and CaCO3

(99.9%) powders, mixed in appropriate ratios, were melted at 1873K and then quenched
to room temperature by being poured onto a steel table and rolled with a steel roller.
To ensure thorough mixing, the resulting glasses were then crushed, re-melted at 1923K
and quenched to room temperature by being poured onto a steel table. Residual
stress was removed by annealing the glasses at 973K for 2 hours. Table 21 lists the
compositions of the CAS glasses investigated here.

Sample Composition (mol %) Mass Density
(g cm−3)

Number Density
(Å−3)SiO2 Al2O3 CaO

CAS.61.20 60.61(70) 20.09(30) 19.30(20) 2.5976(3) 0.07412(1)
CAS.49.26 48.51(40) 25.89(40) 25.61(20) 2.7192(5) 0.07641(1)

Table 21: Composition and density of the CAS glasses.

Glass pellets designed to fit single- or double-toroid anvils were made in preparation
for the in situ diffraction experiments. Firstly, glass cylinders were cut out of the
bulk samples using a water-cooled core drill operated at low speed to avoid excessive
heating, which could induce crystallisation. The cylinders were then mounted in a
pillar drill and ground against the sample cup of an empty single- or double-toroid
anvil using 25µm grit-size diamond paste until the glass pellet possessed the desired
shape. The mass of the sample was monitored periodically to ensure it did not decrease
far below the ideal mass Mideal = ρ0Videal, where ρ0 is the sample’s mass density and
Videal is the ideal sample volume, defined by the anvil geometry. For single-toroid anvils
Videal = 0.0912 cm3 and for double-toroid anvils Videal = 0.0337 cm3. The CAS.61.20
glass pellets made for the single- and double-toroid anvils had masses of 0.23921(1) and
0.0872(1) g, respectively, which are 100.98% and 99.66% of the ideal mass, respectively.
A CAS.49.26 glass pellet of mass 0.0872(1) g was made to fit single-toroid anvils, which
is 100.26% of its ideal mass. Figure 6.2 shows the CAS.61.20 glass pellet made to fit
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single-toroid anvils.

Figure 6.2: Photograph of the CAS.61.20 glass pellet prepared for the in situ
diffraction experiment using single-toroid anvils.

6.4.2 Sample Characterisation

Density measurements were performed using a He-gas operated pycnometer (see section
4.4) and the results are listed in table 21.

The Al speciation in CAS glasses was measured by R. Youngman using 27Al M-AS
NMR spectroscopy. Table 22 summarises the results for the as-prepared glasses and
the glasses recovered from the high pressure experiments, which were exposed to a
maximum pressure Pmax. The NMR measurements for the CAS.61.20 glasses recovered
from 8.2(5) or 17.5(5)GPa were performed 350 or 848 days after their exposure to
high pressure, respectively. The NMR measurement for the CAS.49.26 glass recovered
from 8.2(5)GPa was performed 349 days after its exposure to high pressure. The
measured Al speciations reveal permanent changes to the Al coordination environment.
A decrease in the fraction of fourfold coordinated Al species present in the recovered
glasses can be related to their conversion to primarily fivefold coordinated species.

Sample Pmax (GPa) Speciation (%) ±2%
n̄OAlAl(IV) Al(V) Al(VI)

CAS.61.20 as-prepared 97.8 2.2 0.0 4.02(5)
8.2(5) 70.7 24.6 4.7 4.34(5)
17.5(5) 65.3 27.4 7.3 4.42(5)

CAS.49.26 as-prepared 96.6 3.4 0.0 4.03(5)
8.2(5) 62.1 29.5 8.4 4.46(5)

Table 22: Al speciation in the CAS glasses measured by 27Al M-AS NMR.
Measurements for the as-prepared samples were taken from ref. [106]. Measurements
for the samples recovered from pressure Pmax were performed by R. Youngman [164].
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6.4.3 The D4c Neutron Diffraction Experiment

Neutron diffraction measurements were carried out at the ILL using the diffractometer
D4c (see chapter 4) in September 2019. The team present for this experiment consisted
of L. Gammond, H. Mohammadi, P. Salmon and H. Fischer (local contact).

In situ neutron diffraction experiments were performed using a VX5 Paris-Edinburgh
(PE) press mounted on the D4c diffractometer for in-plane scattering measurements
(see figure 4.14 (b)). For each experiment, the CAS glass pellet was loaded into a
standard null-scattering Ti0.676Zr0.324 (TiZr) gasket placed between single-toroid cubic
boron nitride (BN) anvils. The gasket had been preformed by compressing it between
two anvils with a load of 5000 kg to ensure it takes the shape of the toroidal anvil
profile, thereby reducing the chances of misalignment during the initial stages of the
experiment. Neutrons from the ILL reactor’s hot source (graphite at 2000K) were
reduced to a single wavelength λ = 0.49586(8) Å using a Cu monochromator oriented
for 220 reflections and a rhodium filter to remove λ/2 contamination. Collimators
were used to define a rectangular beam-shape with a height of 4mm and a width
of 11 mm. The neutron beam was further collimated by the separation of the BN
anvils, determined by the thickness of the TiZr gaskets. The Scattered neutrons were
measured using nine multidetectors that cover the scattering angle range from 1.5 −
137 ◦. Cadmium shielding (0.2mm thick) was placed on the steel binding rings that
house the anvils to minimise background scattering from the pressure-cell assembly.
Figure 6.3 shows a photograph of the high-pressure assembly within the D4c sample
tank.

Pressure was generated using the VX5 PE press with a hydraulic pump and was applied
in steps of 50 bar, waiting a minimum of 5mins per step, up to 900 bar, then in 25 bar
steps. The periodic pressure increase allows the system to equilibrate and, therefore,
reduces the chances of mechanical failure. The hydraulic pressure p exerts a force on
the compression anvil of the PE press given by

F = pA = Lg, (77)

where A = 66.5 cm2 is the cross-sectional area of the piston, L is the load on the
piston and g = 9.80665ms−2 is the acceleration due to gravity. The load can provide
an estimate of the sample pressure using the calibration curve for single-toroid anvils
given in ref. [27].

Diffraction patterns were measured for each sample at ambient and high pressure. After
each high pressure experiment, the pressure was released over a four hour period and
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Sample Gasket p
(bar)

L
(tonnes)

P
(GPa)

Empty Gasket 1 100 6.8 -
Empty Gasket 3 15/450 6.8 -
Empty Gasket 4 450/750 30.5 -
Empty Gasket 5 700/1400 47.5 -
Empty Anvils - 0 0 -
CAS.61.20 1 100 6.8 Amb.

1 300 20.3 1.7(5)
1 450 30.5 3.0(5)
1 600 40.7 3.9(5)
1 900 61.0 5.4(5)
1 1200 81.3 7.1(5)
1 1400 94.9 8.2(5)

CAS.61.20 Recovered 1 15 1.0 Amb.
CAS.49.26 2 100 6.8 Amb.

2 450 30.5 3.0(5)
2 600 40.7 3.9(5)
2 900 61.0 5.4(5)
2 1200 81.3 7.1(5)
2 1400 94.9 8.2(5)

CAS.49.26 Recovered 2 15 1.0 Amb.
Vanadium Pellet - 0 0 Amb.

Table 23: Summary of the measurements made during the in situ neutron diffraction
experiment using the D4c diffractometer. The hydraulic pressure p was used to

calculate the load L on the piston using equation 77 with A = 66.5 cm2. The sample
pressure P was estimated using the calibration curve given in ref. [27]. The empty
gaskets denoted by a/b were recovered from high pressure conditions, where a is the
pressure they were measured at and b is the pressure from which they were recovered.

the diffraction pattern of the recovered sample was measured whilst it was still inside
the PE press. For background corrections and normalisation, diffraction patterns were
also measured for (i) a series of empty gaskets, (ii) the empty anvils with a 4mm
separation and (iii) a vanadium pellet. Table 23 summarises the measurements made
during this experiment. Figure 6.4 shows a photograph of the uncompressed gasket 1
and recovered gaskets 3, 4 and 5.

All measurements were recorded in scans lasting approximately 1 hour, which allowed
the stability of the instrument and pressure setup to be monitored by taking the ra-
tio of the intensities recorded for different scans. A ratio equal to unity, within the
experimental error, implies stability.
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Figure 6.3: Photograph of the VX5 PE press mounted on the D4c diffractometer. (a)
Top-down view of the PE press inside the D4c sample tank. The orange/green arrows
indicate the trajectory of incident/scattered neutrons. Note that the upper anvil is
not in place, so the sample can be seen. (b) View of the sample position from within
the sample tank, highlighting the collimation and shielding, which play an important
role in minimising the background scattering that originates from the pressure-cell

assembly.
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Figure 6.4: Photograph of (from left to right) the uncompressed gasket 1, the
recovered gaskets 3, 4 and 5. The diffraction patterns measured for gaskets with
various geometries can be combined to give an approximation of the diffraction

pattern for the gasket under different loads.
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6.4.4 The PEARL Neutron Diffraction Experiment

Neutron diffraction measurements were carried out on the PEARL diffractometer at
ISIS (see chapter 4) in May 2018. The team present for this experiment consisted of
L. Gammond, P. Salmon and C. Bull (local contact).

In situ neutron diffraction experiments were performed using a V3 PE press mounted
on the PEARL diffractometer for transverse scattering measurements (see figure 4.14
(a)). The CAS.61.20 glass pellet was loaded into a standard null-scattering TiZr gasket
placed between double-toroid sintered-diamond anvils. Neutrons from target station 1’s
methane moderator held at 110K were guided toward the PEARL diffractometer and
collimated by 10B4C jaws that define a 5× 5mm2 square beam at the sample position.
A BN tube inserted into the base of the press, through which the incident neutrons
travel, was used to further collimate the incident neutrons to give a 3.5mm diameter
circular beam at the sample position. PEARL’s nine transverse detector modules are
designed to measure neutrons scattered though angles 81.2 ≤ 2θ ≤ 98.8◦. Shielding was
placed on parts of the PE press to reduce the amount of background scattering that
reaches the detectors. This included a Gd sheet and "peashooter" [53] placed behind
the anvil; Cd shielding placed on the anvils; and boron-coated collimators attached to
the side of the PE press.

Pressure was generated using a hydraulic pump as described in section 6.4.3, with the
addition of a computer controlled system for the hydraulic pressure range 0 ≤ p ≤
950 bar. For higher pressures, the system was operated manually. The force on the
piston and applied load can be calculated using equation 77 with the cross-sectional
area of the V3 PE press piston A = 102.1 cm2. Diffraction patterns were measured for
the sample at ambient and high pressure as detailed in table 24. The pressure was then
released over a five hour period.

A vanadium pellet was prepared to fit the double-toroid anvil profile by compressing a
piece of vanadium foil in a custom-made pellet die under a load of 2 tonnes. The mass
of the pellet was 0.2058(1) g, which is 99.89% of the ideal mass. The high pressure
measurements were then repeated with this vanadium sample in a standard TiZr gasket.
These diffraction patterns were measured at the same applied loads as the CAS.61.20
glass, such that the geometry of the pressure-cell assembly is nominally the same, and
were used for normalisation purposes. The diffraction pattern was also measured for an
empty TiZr gasket under a small applied load for background and container corrections.
Table 24 lists the measurements made for the PEARL experiment.

Following the high pressure experiments, the diffraction pattern for the CAS.61.20 glass
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Sample Gasket p
(bar)

L
(tonnes)

P
(GPa)

Empty Gasket* 1 20 2.1 -
CAS.61.20 1 20 2.1 Amb.

1 350 36.4 4.0(5)
1 750 78.1 8.7(5)
1 950 98.9 10.9(5)
1 1200 124.9 14.4(5)
1 1400 145.7 17.5(5)

Vanadium 2 20 2.1 Amb.
2 350 36.4 4.0(5)
2 750 78.1 8.7(5)
2 950 98.9 10.9(5)
2 1200 124.9 14.4(5)

Table 24: Summary of the measurements made during the in situ neutron diffraction
experiment on PEARL. The hydraulic pressure p was used to calculate the load L on

the piston using equation 77 with A = 102.1 cm2. The sample pressure P was
estimated using the calibration curve given in ref. [27]. The measurement for the
vanadium sample at 17.5(5)GPa could not be made due to gasket failure during
compression. * The empty gasket was measured in its uncompressed form, that is,

before the high pressure experiment in which it was used.

recovered from 17.5(5)GPa was measured. The recovered sample was loaded directly
into a cylindrical vanadium container with an inner/outer diameter of 5.00/5.08mm
(0.04mm wall thickness). The sample in its container was then loaded into PEARL’s
sample tank. For these measurements, collimators were used to define a square beam-
shape at the sample position with a height and width of 5mm. Scattered neutrons
were measured by the two detector banks of the PEARL diffractometer that cover the
scattering angle ranges 20 ≤ 2θ ≤ 60 ◦, 81.2 ≤ 2θ ≤ 98.8 ◦ and 100 ≤ 2θ ≤ 160 ◦ (see
section 4.2.3). Diffraction patterns were measured at ambient pressure and temperature
(≈ 298K) for:

• the recovered sample in its container;

• the empty container;

• the empty instrument for background corrections.

All measurements made during the experiment on PEARL were recorded in scans
lasting approximately 1 hour, which allowed the stability of the instrument and high-
pressure assembly to be monitored by taking the ratio of different scans. A ratio equal
to unity, within the experimental error, implies stability.
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6.5 Diffraction Data Corrections
6.5.1 D4c Data Corrections

Diffraction data corrections were made using an adaptation of the procedure outlined
in section 3. In this adaptation, the scattering from the empty D4c instrument and
pressure-cell assembly (PE press and TiZr gasket) is treated as the background, but
attenuation and multiple scattering corrections due to the presence of the TiZr gasket
are applied. In terms of the theory outlined in section 3, this results in the use of
equation 16 with the container being the TiZr gasket and IcorC = 0.

The contribution from the background to the scattered intensity measured at each pres-
sure was estimated using a linear combination of the diffraction patterns measured for
the empty anvils and the empty gaskets 1, 3, 4 and 5. This combination was subtrac-
ted from the scattered intensity measured for the sample and was designed to minimise
the features that do not originate from the sample, related e.g. to Bragg peaks from
the TiZr gasket caused by non-ideal mixing [165]. Calculation of the attenuation and
multiple scattering corrections requires knowledge of the pressure-dependent scattering
geometry together with the sample and gasket density. The scattering geometry was
estimated from the measured dimensions of gasket 1 in its uncompressed and recovered
form. An initial estimate of the pressure-dependent sample density was obtained by
fitting a 3rd-order BM EoS to data from high pressure simulations of CAS.50.25 glasses
[87, 161], as shown in figure 6.1. The density of the TiZr gasket was calculated using
the average pressure across the gasket [166] and the pressure-dependent density of TiZr
[165]. In general, Placzek (inelasticity) corrections are necessary. However, the struc-
ture factors F (q) measured at high pressure often feature a residual slope that can be
partly corrected for by Fourier transforming the data to real-space, removing any large
features in the PDF that occur at r . 1 Å, and then back Fourier transforming the
data into q-space. For each data set, the analysis was performed with and without the
application of the Placzek correction and the F (q) function with the smallest residual
slope was chosen for further analysis.

After performing the correction procedures outlined above, spline fits to the measured
F (q) functions were made to reduce the effect of statistical noise, which facilitates the
analysis that follows. The first sharp diffraction peak (FSDP) position was extracted
by fitting a quadratic polynomial over the peak. These positions were used to calculate
the reduced volume of the sample (see section 6.6.2). The data sets were then re-
analysed using the pressure-dependent density obtained from this method to give the
F (q) functions presented in section 6.6. The D′(r) functions were calculated by Fourier
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transforming the spline fits to the F (q) functions using equation 68 and converted to
G′(r) using equation 70.

6.5.2 PEARL Data Corrections

Diffraction data corrections were made using the method outlined in ref. [18], wherein
the sample’s total structure factor F (q) is extracted from the scattered intensities
measured for the sample I ′S(q), vanadium I ′V(q) and empty gasket I ′B(q) according to

F (q) = W
I ′S(q)− xI ′B(q)
I ′V(q)− yI ′B(q) + Z −

∑
α

cα[b2
α + b2

α,inc][1 + Pα(q)], (78)

where W , x, y and Z are refined to minimise the Bragg peaks originating from the
sintered-diamond anvils and produce an F (q) function that oscillates about zero at
high-q. The third term on the right-hand side of equation 78 is the self-scattering
term, related to the concentration cα, coherent scattering length bα and incoherent
scattering length bα,inc of each atomic species α present in the sample. Pα(q) is the
Placzek factor, which accounts for inelastic scattering.

The F (q) functions obtained from equation 78 only cover the q-range accessible by
PEARL, which does not extend to q ≤ 1.65 Å−1. To account for this q-range, a
Lorentzian curve was fitted to F (q) in the region of the FSDP and used to extrapolate
the data down to q = 0 Å−1, with the condition that the fitted function goes to the
expected q = 0 limit given by [18]

F (0) = 〈b〉2ρkBTχT − 〈b2〉, (79)

where 〈b〉 = ∑
α cαbα, 〈b2〉 = ∑

α cαb
2
α, kB is the Boltzmann constant, T is the absolute

temperature and χT is the isothermal compressibility. The resulting F (q) functions
were slope corrected using the procedure described in section 6.5.1. After this process,
the Lorentzian was refitted such that it satisfies the q = 0 limit.

The resulting F (q) functions were then treated using the spline fit and analysis pro-
cedure described in section 6.5.1.

For the measurement of the recovered sample, six individual spectra were recorded
that correspond to the six detector groups of the PEARL diffractometer’s detector
banks. The sample’s total structure factor F (q) was extracted from the scattered
intensities measured for the sample in its container I ′SC, vanadium container I ′C and
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empty instrument I ′B according to

F (q) = W
I ′SC(q)− I ′C(q)
I ′C(q)− I ′B(q) + Z −

∑
α

cα[b2
α + b2

α,inc][1 + Pα(q)], (80)

where W and Z were refined to produce functions that oscillate about zero at high-q.
The data sets for each group were then merged by taking a weighted average at each
value of q to produce the total structure factor F (q), which was analysed using the
procedure described in section 6.5.1.

153



6.6 Results
The procedures outlined in sections 6.4.3 and 6.4.4 provide a way of extracting total
structure factors from measured diffraction patterns that include a significant amount
of contamination originating from the pressure-cell assembly. As shown in figure 6.5,
validation of the procedures was sought from a comparison of the ambient-pressure
F (q) functions for the same sample measured with and without the presence of the
pressure-cell. Overall, there is good agreement between the F (q) functions. Small
differences can be attributed to e.g. different q-space resolution functions.

Figure 6.5: Total structure factor F (q) measured using the GEM, D4c or PEARL
diffractometer. (a) Ambient-pressure F (q) functions for CAS.61.20 glass measured
using D4c or PEARL. The magenta curve gives the data measured using D4c with
the sample held in a vanadium can. The black curve gives the data measured using
D4c with the sample in the PE press. The blue points with error bars give the data
measured using PEARL with the sample in the PE press. (b) Ambient-pressure F (q)
functions for CAS.49.26 glass measured using D4c or GEM. The magenta curve gives
the data measured using GEM with the sample held in a vanadium can. The black

curve gives the data measured using D4c with the sample in the PE press. In (a) and
(b), the errors associated with the measurements on the GEM and D4c

diffractometers are approximately equal to the curve thickness.

A second validation was obtained by comparing the F (q) functions for the same sample
measured at approximately the same pressure. Figure 6.6 (a) shows the F (q) functions
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measured at a nominal sample pressure of 3.9(5)GPa or 4.0(5)GPa using the D4c
or PEARL diffractometer, respectively. The disagreement between these data sets

Figure 6.6: Comparison of the F (q) functions for the CAS.61.20 glass measured using
the D4c (black curves) or PEARL (blue data points with error bars) diffractometer.
(a) F (q) functions measured at a nominal sample pressure of 3.9(5)GPa (D4c) or
4.0(5)GPa (PEARL). (b) F (q) functions measured at a nominal sample pressure of
7.1(5)GPa (D4c) or 4.0(5)GPa (PEARL). (c) F (q) functions measured at a nominal
sample pressure of 8.2(5)GPa (D4c) or 8.7(5)GPa (PEARL). In (a), (b) and (c), the
errors associated with the measurements on D4c are approximately equal to the curve

thickness.
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suggests that there was a significant difference in the sample pressure. The sample
pressure for the PEARL data set was, therefore, re-determined by comparison with the
other data sets measured on D4c. A close match was found with the F (q) function
measured at 7.1(5)GPa, as shown in figure 6.6 (b), so the PEARL data set was assigned
to this pressure point. The need for this re-determination could originate from the
mechanical response of the sample-gasket-anvil assembly, which can produce sample
pressures that differ by several GPa during the initial stages of compression [167]. The
agreement between data sets measured at 8.2(5)GPa on D4c and 8.7(5)GPa, shown in
figure 6.6 (c), indicates that this pressure assignment holds.

6.6.1 Total Structure Factors

Figure 6.7 and 6.8 shows the pressure-dependence of the total structure factors for
the CAS61.20 and CAS.49.26 glasses, respectively. The F (q) functions measured for
the as-prepared glasses with or without the presence of the pressure-cell assembly are
in good overall agreement for both glass compositions. For the CAS.49.26 glass, the
F (q) function measured using GEM exhibits some small, sharp peaks that are most
noticeable in the vicinity of the FSDP at q ≈ 1.80 Å−1. The sharp peaks signify
the presence of a crystalline phase that could be a result of the sample preparation
procedure, which includes grinding using an agate mortar and pestle. No sharp peaks
are visible for the CAS.49.26 sample measured during the high pressure experiment.

The F (q) functions measured for the as-prepared glasses display a FSDP at q ≈
1.80 Å−1 and a principal peak (PP) at q ≈ 2.80 Å−1. As pressure increases, the pos-
ition of the FSDP shifts to higher q and its intensity diminishes. At 8.2(5)GPa, the
FSDP is reduced to a shoulder on the low-q side of the PP and at higher pressures no
significant change occurs. The PP shows only a small shift to higher q with increasing
pressure together with a growth in intensity. Table 25 lists the FSDP and PP positions
for each pressure-point and figure 6.9 shows the evolution of the FSDP and PP posi-
tions with pressure. A reliable value of the FSDP position could not be obtained for
the CAS.61.20 glass measured at 8.7(5)GPa using PEARL due to the flatness of the
peak. The value presented was obtained by linear interpolation between the positions
measured at 7.1(5) and 10.9(5)GPa.

The data sets for the glasses recovered from Pmax = 8.2(5) or 17.5(5)GPa resemble
those of the as-prepared glasses, with no significant changes aside from a shift of the
FSDP to a position in between that measured for the uncompressed glass and the glass
at pressure P = Pmax. A more detailed comparison between as-prepared and recovered
glasses is given in section 6.7.3.
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Figure 6.7: The pressure dependence of the total structure factor F (q) for the
CAS.61.20 glass measured using the D4c (ambient to 8.2(5)GPa) or PEARL

(ambient to 17.5(5)GPa) diffractometer. For the D4c data, the red points with error
bars give the measured data sets and the solid black curves give the spline fits to
these data. The cyan points with error bars and magenta curve gives the data set

measured at ambient using D4c with the sample in a vanadium can and are shown to
q = 20.5 Å−1 for clarity of presentation. For the PEARL data, the blue points with
error bars give the measured data sets and the solid green curves give the spline fits

to these data. The region q . 1.65 Å−1 is inaccessible using the PEARL
diffractometer and the data in this region correspond to fitted Lorentzian functions.
The plots are offset vertically for clarity of presentation. The two uppermost curves

are for the glasses recovered from 8.2(5) and 17.5(5)GPa.
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Figure 6.8: The pressure dependence of the total structure factor F (q) for the
CAS.49.26 glass measured using the D4c or GEM diffractometer. For the D4c data,
the red points with error bars give the measured data sets and the solid black curves
give the spline fits to these data. The cyan points with error bars and magenta curve

gives the data set measured at ambient using the GEM diffractometer with the
sample in a vanadium can. The GEM data are shown to q = 20.50 Å−1 and the plots
are offset vertically for clarity of presentation. The uppermost curve is for the glass

recovered from 8.2(5)GPa.
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Sample Diffractometer P (GPa) Peak Position (Å−1)
FSDP PP

CAS.61.20 D4c (can) Amb. 1.72(1) 2.84(1)
D4c Amb. 1.79(1) 2.83(1)

1.7(5) 1.82(1) 2.88(1)
3.0(5) 1.82(1) 2.89(1)
3.9(5) 1.86(1) 2.89(1)
5.4(5) 1.97(1) 2.89(1)
7.1(5) 2.07(1) 2.91(1)
8.2(5) 2.13(1) 2.91(1)

Amb. (8.2(5)) 1.97(1) 2.86(1)
PEARL Amb. 1.75(1) 2.86(1)

7.1(5) 2.07(1) 2.86(1)
8.7(5) 2.15(1)* 2.88(1)
10.9(5) 2.27(1) 2.89(1)
14.4(5) 2.30(1) 2.91(1)
17.5(5) 2.38(1) 2.01(1)

PEARL (can) Amb. (17.5(5)) 1.97(1) 2.82(1)
CAS.49.26 GEM (can) Amb. 1.85(5)+ 2.76(1)

D4c Amb. 1.86(1) 2.86(1)
3.0(5) 1.87(1) 2.87(1)
3.9(5) 1.92(1) 2.87(1)
5.4(5) 2.08(1) 2.88(1)
7.1(5) 2.17(1) 2.90(1)
8.2(5) 2.18(1) 2.91(1)

Amb. (8.2(5)) 2.09(1) 2.85(1)

Table 25: Pressure-dependent position of the first sharp diffraction peak (FSDP) and
principal peak (PP) for the CAS.61.20 and CAS.49.26 glasses, as measured using the

D4c, PEARL or GEM diffractometer. Measurements made with the sample in a
vanadium can are labelled as "can". For the samples recovered from high pressure, the

labels give the measurement pressure followed by the maximum pressure.
* This value was determined from a linear interpolation between adjacent pressure

points (see main text).
+ A precise value could not be obtained for this value due to the presence of a small

Bragg peak.
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Figure 6.9: Pressure-dependent position of the first sharp diffraction peak (FSDP)
and principal peak (PP) for the (a) CAS.61.20 and (b) CAS.49.26 glasses, as

measured using the D4c, PEARL or GEM diffractometer. In (a) and (b), the black
cross gives the data point for the as-prepared glass measured with the sample held in
a vanadium container; the black and red squares give the data points measured using
D4c and PEARL, respectively; and the blue and cyan square gives the data points for
the sample recovered from 8.2(5)GPa or 17.5(5)GPa, respectively. The vertical error

bars are approximately equal to the size of the symbols.
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6.6.2 Equation of State from the FSDP

Any EoS used to describe a material should be validated by comparison with experi-
mental data over the pressure-range investigated. However, difficulties associated with
measuring e.g. the pressure-dependent density of a material often necessitates inter-
polation between data or extrapolation to pressures beyond the data-range. This issue
is particularly prevalent for studies of amorphous materials, so data analysis often
uses an EoS obtained from computer simulations of materials with the same or similar
composition. This can lead to inaccurate results. For example, the initial analysis per-
formed using the EoS for CAS.50.25 glass obtained from simulation data (see section
6.3.1) yielded average Al-O coordination numbers n̄OAl of 3.4(1), 3.8(1) and 3.9(1) for
pressures of 7.1(5), 8.7(5) and 10.9(5)GPa, respectively. These values are substantially
lower than the range 4 . n̄OAl . 5 expected for these pressures [13, 87, 143].

For in situ diffraction studies of oxide glasses under pressure, problems relating to
poorly constrained equations of state can be avoided by using the empirical relation
[168]

q1
q0

1
= 1 + 0.59(6)

[
ρ

ρ0
− 1

]
+ 0.47(21)

[
ρ

ρ0
− 1

]2
, (81)

which relates the position q1 of the FSDP with the material’s density ρ. In equation
81, q0

1 and ρ0 represent the position and density at ambient pressure, respectively, as
measured before compression. The reduced density ρ′ = ρ/ρ0 is related to the reduced
volume by

V ′ = V

V0
= 1
ρ′
. (82)

Table 26 gives the reduced volume V ′ = V/V0 calculated for CAS glasses using the
FSDP positions listed in table 25. The pressure-dependent densities are also given. In
calculating V ′, the ambient-pressure FSDP position measured during each experiment
was used in equation 81. Figure 6.10 shows a comparison of the V ′ values obtained from
this method with those from the equations of state for CAS.50.25 glass (see section
6.3.1). An interesting pressure region is identified between 3 and 11GPa, where V ′

shows a more rapid decrease than that found outside of this region. This feature is
clearer in the pressure-dependent FSDP positions shown in figure 6.9 and is a sign of
significant structural rearrangement over this pressure range.
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Sample Diffractometer P
(GPa) V ′

ρ
(g cm−3)

CAS.61.20 D4c (can) Amb. 1.00 2.5976(3)
D4c Amb. 1.00 2.5976(3)

1.7(5) 0.97(1) 2.68(3)
3.0(5) 0.97(1) 2.68(3)
3.9(5) 0.94(1) 2.76(3)
5.4(5) 0.87(1) 2.99(3)
7.1(5) 0.82(1) 3.17(3)
8.2(5) 0.79(1) 3.29(3)

PEARL Amb. 1.00 2.5976(3)
7.1(5) 0.80(1) 3.25(3)
8.7(5) 0.76(1) 3.42(3)
10.9(5) 0.72(1) 3.61(3)
14.4(5) 0.71(1) 3.66(3)
17.5(5) 0.69(1) 3.76(3)

CAS.49.26 GEM (can) Amb. 1.00 2.7192(5)
D4c Amb. 1.00 2.7192(5)

3.0(5) 0.99(1) 2.75(3)
3.9(5) 0.95(1) 2.86(3)
5.4(5) 0.85(1) 3.20(3)
7.1(5) 0.81(1) 3.36(3)
8.2(5) 0.80(1) 3.40(3)

Table 26: Reduced volume V ′ calculated for CAS.61.20 and CAS.49.26 glasses by
using equation 81 and the FSDP positions listed in table 25. The density ρ for each

pressure point is also given.
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Figure 6.10: Reduced volume V ′ vs. pressure P for the CAS glasses. The data points
with error bars were calculated using equation 81 and the FSDP positions listed in
table 25. The blue and red curves give the 3rd-order BM equations of state fitted to
the data from simulations of CAS.50.25 glass (see section 6.3.1). The simulation data
correspond to either cold compression (CC) or hot compression (HC), as indicated by
the legend, where the CC data are for glasses compressed at room temperature and

the HC data are for glasses quenched at high pressure.
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6.6.3 Pair-Distribution Functions

Figures 6.11 and 6.12 show the pressure-dependent G′(r) functions for CAS.61.20 and
CAS.49.26 glasses, respectively, obtained by Fourier transforming the total structure
factors shown in figures 6.7 and 6.8 after the application of a Lorch [38] modification
function. All Fourier transforms were performed with qmax ≈ 20 Å−1 so that the
effect of the modification function is similar for all G′(r) functions. The use of a Lorch
modification function was chosen to give access to an estimate of the Al-O coordination
number n̄OAl by direct integration over peaks in D′(r) according to equation 71.

A comparison with the structure of crystals and glasses with similar compositions
[16, 87, 105, 169] was used to identify the origin of peaks in the G′(r) functions. The
first peak is related to Si-O and Al-O correlations, which are expected at r ≈ 1.60 Å
and r ≈ 1.80 Å, respectively. The second peak at r ≈ 2.65 Å includes a low-r shoulder
and is primarily due to Ca-O and O-O correlations, although other pair correlations
may also contribute. The shoulder at r ≈ 2.35 Å can be assigned to Ca-O correlations.

With increasing pressure, theG′(r) functions measured for the CAS.61.20 and CAS.49.26
glasses exhibit an asymmetric broadening of the first peak, which can be understood
by the transformation of tetrahedral Al sites with an average distance of r ≈ 1.76 Å to
pentahedral and/or octahedral sites with a longer average distance [87]. The second
peak in G′(r) also becomes broader as pressure increases and the Ca-O shoulder extends
to lower r. This extension can be explained in terms of a decreasing average Ca-O dis-
tance, which has also been reported for CaSiO3 [105] and CAS.50.25 [87] glasses under
pressure.

Extracting n̄OAl from the measured PDFs is complicated by overlapping Si-O and Al-
O correlations. For the highest pressures, Al-O and Ca-O correlations also overlap.
Fitting peaks to the measured D′(r) functions using the method described in section
3.2.3 allows the effects of overlap to be accounted for. In this method, care has to be
taken to assign reliable peak parameters in view of the peak overlap and presence of
Fourier transform artefacts that extend across a large r-range. To address these issues,
the following procedure was used to obtain the n̄OAl values and fitted peak parameters.

1. Fourier transform the F (q) function after the application of a Lorch modification
function to obtain the PDF D′L(r).

2. Estimate n̄OAl by integrating up to the minimum after the first peak in D′L(r) and
subtracting the contribution from Si-O correlations, assuming that n̄OSi = 4.

3. Fourier transform the F (q) function after the application of a step modification
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Figure 6.11: The pressure dependence of the total PDF G′(r) for the CAS.61.20
sample measured using the D4c (ambient to 8.2(5)GPa) or PEARL (ambient to

17.5(5)GPa) diffractometer. The G′(r) functions were obtained by Fourier
transforming the F (q) functions shown in figure 6.7 after the application of a Lorch
[38] modification function with qmax ≈ 20 Å−1. The black or green curves give the

data sets measured using D4c or PEARL, respectively. The magenta curve gives the
data set measured using D4c with the sample held in a vanadium can. The horizontal
lines give the theoretical low-r limit G(r −→ 0) = −〈b〉2. The plots are offset vertically
for clarity of presentation. The two uppermost curves are for the samples recovered
from 8.2(5) or 17.5(5)GPa and were measured immediately or 4 days after the high

pressure experiment, respectively.
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Figure 6.12: The pressure dependence of the total PDF G′(r) for the CAS.49.26
sample measured using the D4c or GEM diffractometer. The G′(r) functions were
obtained by Fourier transforming the F (q) functions shown in figure 6.8 after the
application of a Lorch [38] modification function with qmax ≈ 20 Å−1. The black

curves give the data sets measured using D4c and the magenta curve gives the data
set measured using GEM with the sample held in a vanadium can. The horizontal

lines give the theoretical low-r limit G(r −→ 0) = −〈b〉2. The plots are offset vertically
for clarity of presentation. The uppermost curve is for the sample recovered from
8.2(5)GPa and was measured immediately after the high pressure experiment.
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function to obtain D′(r).

4. Use the RDFgenfit program (see section 3.2.3) to fit four peaks to D′(r) that
represent: (i) Si-O correlations with n̄OSi = 4; (ii) Al-O correlations with n̄OAl fixed
at the value obtained in step 2; (iii) Ca-O correaltions; and (iv) O-O correlations.
The Ca-O and O-O correlations are heavily overlapping so these peaks are used
only to constrain the parameters for peaks at lower r.

5. If necessary, refine the Al-O peak position, width and coordination number with
the Si-O, Ca-O and O-O peak parameters held fixed.

The assumption that n̄OSi = 4 for all investigated pressures is necessary to extract the
n̄OAl values, and is supported by investigations of SiO2 glass at high pressure [155–157].
Step 5 requires a judgement that was based on (i) the shape of the fitted peaks and
(ii) the quality of the fit, quantified by the goodness-of-fit parameter Rχ calculated
according to equation 22.

Figures 6.13 to 6.17 show the fits to the D′(r) functions measured for the CAS.61.20
glass at ambient and high pressure, and figure 6.18 shows the fits for the glasses re-
covered from 8.2(5) or 17.5(5)GPa. Figures 6.19 to 6.21 show the fits for the CAS.49.26
glass at ambient and high pressure, and figure 6.22 shows the fit for the CAS.49.26 glass
recovered from 8.2(5)GPa. Table 27 gives the Si-O and Al-O peak parameters obtained
from the fitting procedure. The evolution with pressure of the average Si-O and Al-
O distances and Al-O coordination number is shown in figures 6.23 and 6.24 for the
CAS.61.20 and CAS.49.26 glasses, respectively. These structural parameters character-
ise the response of the CAS glasses to pressure and reveal significant changes to the Al
coordination environment over the pressure range 3.0(5) ≤ P ≤ 14.4(5)GPa. The aver-
age Al-O distance increases from rAl-O ≈ 1.76 Å at ambient pressure to rAl-O ≈ 1.80 Å
at 8.2(5)GPa and, for CAS.61.20, rAl-O = 1.889(10) Å at 17.5(5)GPa. The increase
in distance is accompanied by an increase in the average Al-O coordination number
from n̄OAl = 4.1(1) at ambient pressure to n̄OAl = 5.2(1) and 5.3(1) at 8.2(5)GPa, for the
CAS.61.20 and CAS.49.26 glasses, respectively. For the CAS.61.20 glass, n̄OAl = 5.9(1)
at 14.4(5) and 17.5(5)GPa, indicating the complete or almost complete conversion of
Al-centred units to an octahedral coordination environment.
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Figure 6.13: Fits to the total PDFs for the CAS.61.20 glass obtained by Fourier
transforming the total structure factors measured on D4c or PEARL (figure 6.7)

using a step modification function with qmax = 23.55, 20.00 or 20.30 Å−1, for the D4c
(can), D4c or PEARL data sets, respectively. In each plot, the open red circles show
the data, the solid black curve shows the overall fit, the displaced solid black curve
shows the residual over the range 1.40 ≤ r ≤ 2.65 Å and the other curves show the

contributions for the Si-O (solid blue curve), Al-O (solid green curve), Ca-O (solid red
curve) and O-O (dashed red curve) correlations. The Rχ values are calculated over

the range 1.40 ≤ r ≤ 2.65 Å.
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Figure 6.14: Fits to the total PDFs for the CAS.61.20 glass obtained by Fourier
transforming the total structure factors measured on D4c (figure 6.7) using a step

modification function with qmax = 20.00 Å−1. In each plot, the open red circles show
the data, the solid black curve shows the overall fit, the displaced solid black curve
shows the residual over the range 1.40 ≤ r ≤ 2.65 Å and the other curves show the

contributions for the Si-O (solid blue curve), Al-O (solid green curve), Ca-O (solid red
curve) and O-O (dashed red curve) correlations. The Rχ values are calculated over

the range 1.40 ≤ r ≤ 2.65 Å.
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Figure 6.15: Fits to the total PDFs for the CAS.61.20 glass obtained by Fourier
transforming the total structure factors measured on D4c (figure 6.7) using a step

modification function with qmax = 20.00 Å−1. In each plot, the open red circles show
the data, the solid black curve shows the overall fit, the displaced solid black curve
shows the residual over the range 1.40 ≤ r ≤ 2.65 Å and the other curves show the

contributions for the Si-O (solid blue curve), Al-O (solid green curve), Ca-O (solid red
curve) and O-O (dashed red curve) correlations. The Rχ values are calculated over

the range 1.40 ≤ r ≤ 2.65 Å.
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Figure 6.16: Fits to the total PDFs for the CAS.61.20 glass obtained by Fourier
transforming the total structure factors measured on PEARL (figure 6.7) using a step
modification function with qmax = 20.30 Å−1. In each plot, the open red circles show
the data, the solid black curve shows the overall fit, the displaced solid black curve
shows the residual over the range 1.40 ≤ r ≤ 2.65 Å and the other curves show the

contributions for the Si-O (solid blue curve), Al-O (solid green curve), Ca-O (solid red
curve) and O-O (dashed red curve) correlations. The Rχ values are calculated over

the range 1.40 ≤ r ≤ 2.65 Å.

171



Figure 6.17: Fits to the total PDFs for the CAS.61.20 glass obtained by Fourier
transforming the total structure factors measured on PEARL (figure 6.7) using a step
modification function with qmax = 20.30 Å−1. In each plot, the open red circles show
the data, the solid black curve shows the overall fit, the displaced solid black curve
shows the residual over the range 1.40 ≤ r ≤ 2.65 Å and the other curves show the

contributions for the Si-O (solid blue curve), Al-O (solid green curve), Ca-O (solid red
curve) and O-O (dashed red curve) correlations. The Rχ values are calculated over

the range 1.40 ≤ r ≤ 2.65 Å.
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Figure 6.18: Fits to the total PDFs for the recovered CAS.61.20 glasses obtained by
Fourier transforming the total structure factors measured on D4c or PEARL (figure
6.7) using a step modification function with qmax = 20.00 or 19.35 Å−1, respectively.
In each plot, the open red circles show the data, the solid black curve shows the

overall fit, the displaced solid black curve shows the residual over the range
1.40 ≤ r ≤ 2.65 Å and the other curves show the contributions for the Si-O (solid blue
curve), Al-O (solid green curve), Ca-O (solid red curve) and O-O (dashed red curve)

correlations. The Rχ values are calculated over the range 1.40 ≤ r ≤ 2.65 Å.
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Figure 6.19: Fits to the total PDFs for the CAS.49.26 glass obtained by Fourier
transforming the total structure factors measured on GEM or D4c (figure 6.8) using a
step modification function with qmax = 39.10, or 20.00 Å−1, for the GEM (can) or

D4c data sets, respectively. In each plot, the open red circles show the data, the solid
black curve shows the overall fit, the displaced solid black curve shows the residual
over the range 1.40 ≤ r ≤ 2.65 Å and the other curves show the contributions for the
Si-O (solid blue curve), Al-O (solid green curve), Ca-O (solid red curve) and O-O

(dashed red curve) correlations. The Rχ values are calculated over the range
1.40 ≤ r ≤ 2.65 Å.
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Figure 6.20: Fits to the total PDFs for the CAS.49.26 glass obtained by Fourier
transforming the total structure factors measured on D4c (figure 6.8) using a step

modification function with qmax = 20.00 Å−1. In each plot, the open red circles show
the data, the solid black curve shows the overall fit, the displaced solid black curve
shows the residual over the range 1.40 ≤ r ≤ 2.65 Å and the other curves show the

contributions for the Si-O (solid blue curve), Al-O (solid green curve), Ca-O (solid red
curve) and O-O (dashed red curve) correlations. The Rχ values are calculated over

the range 1.40 ≤ r ≤ 2.65 Å.
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Figure 6.21: Fits to the total PDFs for the CAS.49.26 glass obtained by Fourier
transforming the total structure factors measured on D4c (figure 6.8) using a step

modification function with qmax = 20.00 Å−1. In each plot, the open red circles show
the data, the solid black curve shows the overall fit, the displaced solid black curve
shows the residual over the range 1.40 ≤ r ≤ 2.65 Å and the other curves show the

contributions for the Si-O (solid blue curve), Al-O (solid green curve), Ca-O (solid red
curve) and O-O (dashed red curve) correlations. The Rχ values are calculated over

the range 1.40 ≤ r ≤ 2.65 Å.
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Figure 6.22: Fits to the total PDF for the recovered CAS.49.26 glass obtained by
Fourier transforming the total structure factors measured on D4c (figure 6.8) using a
step modification function with qmax = 20.00 Å−1. The open red circles show the

data, the solid black curve shows the overall fit, the displaced solid black curve shows
the residual over the range 1.40 ≤ r ≤ 2.65 Å and the other curves show the

contributions for the Si-O (solid blue curve), Al-O (solid green curve), Ca-O (solid red
curve) and O-O (dashed red curve) correlations. The Rχ values are calculated over

the range 1.40 ≤ r ≤ 2.65 Å.

177



Sample Diffractometer Pressure
(GPa)

rα−β (Å) σα−β (Å) n̄βα
Si-O Al-O Si-O Al-O Si-O Al-O

CAS.61.20 D4c (can) Amb. 1.616(10) 1.754(10) 0.051(5) 0.065(5) 4.0* 4.1(1)
D4c Amb. 1.625(10) 1.757(10) 0.048(5) 0.089(5) 4.0* 4.1(1)

1.7 1.611(10) 1.783(10) 0.035(5) 0.066(5) 4.0* 4.2(1)
3 1.612(10) 1.783(10) 0.046(5) 0.079(5) 4.0* 4.1(1)
3.9 1.617(10) 1.767(10) 0.051(5) 0.090(5) 4.0* 4.3(1)
5.4 1.617(10) 1.790(10) 0.064(5) 0.101(5) 4.0* 4.5(1)
7.1 1.623(10) 1.799(10) 0.072(5) 0.140(5) 4.0* 5.1(1)
8.2 1.621(10) 1.808(10) 0.064(5) 0.111(5) 4.0* 5.2(1)

Amb. (8.2(5)) 1.627(10) 1.801(10) 0.066(5) 0.134(5) 4.0* 4.2(1)
PEARL Amb. 1.615(10) 1.783(10) 0.034(5) 0.036(5) 4.0* 4.0(1)

7.1 1.618(10) 1.854(10) 0.073(5) 0.151(5) 4.0* 5.2(1)
8.7 1.623(10) 1.856(10) 0.101(5) 0.136(5) 4.0* 5.2(1)
10.9 1.631(10) 1.841(10) 0.117(5) 0.159(5) 4.0* 5.6(1)
14.4 1.617(10) 1.894(10) 0.124(5) 0.147(5) 4.0* 5.9(1)
17.5 1.643(10) 1.889(10) 0.133(5) 0.200+ 4.0* 5.9(1)

PEARL (can) Amb. (17.5(5)) 1.631(10) 1.828(10) 0.073(5) 0.154(5) 4.0* 4.4(1)
CAS.49.26 GEM (can) Amb. 1.625(10) 1.761(10) 0.050(5) 0.059(5) 4.0* 4.1(1)

D4c Amb. 1.625(10) 1.768(10) 0.052(5) 0.086(5) 4.0* 4.1(1)
3 1.614(10) 1.781(10) 0.046(5) 0.073(5) 4.0* 3.9(1)
3.9 1.618(10) 1.767(10) 0.064(5) 0.088(5) 4.0* 4.1(1)
5.4 1.625(10) 1.791(10) 0.077(5) 0.118(5) 4.0* 4.9(1)
7.1 1.634(10) 1.813(10) 0.082(5) 0.130(5) 4.0* 5.2(1)
8.2 1.629(10) 1.818(10) 0.077(5) 0.125(5) 4.0* 5.3(1)

Amb. (8.2(5)) 1.622(10) 1.802(10) 0.057(5) 0.095(5) 4.0* 4.4(1)

Table 27: Pressure-dependent peak parameters obtained from fits to the D′(r) functions for the CAS.61.20 and CAS.49.26
glasses, measured using D4c, PEARL or GEM. Measurements made with the sample in a vanadium can are labelled "can". For

the glasses recovered from high pressure, the labels give the measurement pressure (ambient) followed by the maximum
pressure. ∗ These values were fixed. + This value reached the upper bound of its constraints.



Figure 6.23: Pressure-dependent structure of the CAS.61.20 glass measured using D4c
or PEARL. (a) Average Si-O and Al-O distance. (b) Average Al-O coordination

number n̄OAl. In (a) and (b), the black cross gives the data point for the as-prepared
glass measured using D4c with the sample held in a vanadium container, the black
and red squares give the data points measured using D4c or PEARL, respectively,
and the blue and cyan squares give the data points for the glasses recovered from

8.2(5)GPa and 17.5(5)GPa, respectively.
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Figure 6.24: Pressure-dependent structure of the CAS.49.26 glass, measured using
D4c or GEM. (a) Average Si-O and Al-O distance. (b) Average Al-O coordination

number n̄OAl. In (a) and (b) plots, the black cross gives the data point for the
as-prepared glass measured using GEM with the sample held in a vanadium

container, the black squares give the data points measured using D4c and the blue
square gives the data point for the glass recovered from 8.2(5)GPa.
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6.6.4 Recovered Glasses

For the high-pressure measurements, an estimate of the density can be calculated from
the position of the FSDP according to equation 81. The validity of this relation has
not, however, been tested for materials recovered from high pressures. Attempts were
made to measure the density of the recovered sample using He gas pycnometry, but
the small sample sizes initially led to large systematic errors and inaccurate results. To
remedy this situation, an adapted procedure was developed (see section 4.4). However,
its accuracy has not been extensively tested. Once the density of the samples was
measured, the Al speciation was measured using 27Al M-AS NMR spectroscopy (see
table 22).

The measurements made for the recovered samples provide three options for the analysis
of the diffraction data:

• Method 1
Use the position of the FSDP to calculate the recovered sample density.

• Method 2
Use the measured density.

• Method 3
Use the density as a refinement parameter to obtain n̄OAl values that agree with
the results from 27Al M-AS NMR spectroscopy.

Table 28 summarises the results obtained for each method.

Method 1 gave n̄OAl values that are similar to the values measured in situ at the max-
imum pressure point and are between 13 and 20% higher than the values obtained by
27Al M-AS NMR spectroscopy. This could be a result of structural relaxation over
the time period between these measurements. However, Al speciations measured using
27Al M-AS NMR spectroscopy for a series of Mg-aluminosilicate glasses recovered from
pressures up to 24GPa give n̄OAl ≤ 4.45(10) [170], which are significantly lower than
the values obtained here for CAS glasses when applying method 1. These findings sug-
gest that the FSDP position cannot be used to estimate density for recovered samples
according to equation 81.

Method 2 gave results that are in closer agreement with with the results expected from
27Al M-AS NMR spectroscopy of the recovered CAS glasses. However, the the result
for the CAS.61.20 glass recovered from 17.5(5)GPa is too small. Difficulties associ-
ated with the density measurements prevented their execution directly after the high
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Sample Max. Pressure
(GPa)

Method 1
t (days) V ′ ρ (g cm−3) n̄OAl

CAS.61.20 8.2(5) 0 0.87(1) 2.99(3) 4.9(1)
17.5(5) 4 0.84(1) 3.09(3) 5.3(1)

CAS.49.26 8.2(5) 0 0.85(1) 3.20(3) 5.2(1)
Method 2

t (days) V ′ ρ (g cm−3) n̄OAl
CAS.61.20 8.2(5) 350 0.93(1) 2.80(2) 4.2(1)

17.5(5) 848 0.93(1) 2.79(3) 4.0(2)
CAS.49.26 8.2(5) 349 0.93(1) 2.93(3) 4.4(1)

Method 3 NMR
t (days) V ′ ρ (g cm−3) n̄OAl n̄OAl

CAS.61.20 8.2(5) 490 0.92(1) 2.82(3) 4.31(10) 4.34(5)
17.5(5) 984 0.90(1) 2.89(3) 4.41(10) 4.42(5)

CAS.49.26 8.2(5) 487 0.92(1) 2.96(3) 4.47(10) 4.46(5)

Table 28: Summary of the results obtained by using different methods for analysing
the CAS glasses recovered from high pressure. The density ρ used in each method

corresponds to the sample at a time t after recovery. n̄OAl for the recovered glasses was
measured using 27Al M-AS NMR spectroscopy and the results are shown on the

right-hand side for comparison.

pressure experiments, so the density of the structure measured during the diffraction
experiments may not be the same as the measured density.

Refining the density using method 3 produces results that agree with the 27Al M-
AS NMR measurements. For the CAS.61.20 and CAS.49.26 glasses recovered from
8.2(5)GPa, the n̄OAl and V ′ values are the same, within error, as the results from method
2. For the CAS.61.20 glass recovered from 17.5(5)GPa, method 3 gives V ′ = 0.90(1).
These results indicate that the density measured for the CAS.61.20 glass recovered
from 17.5(5)GPa is likely to be inaccurate.

The results of the analysis using method 1, 2 or 3 lead to the conclusion that the
density measured for the CAS.61.20 glass recovered from 17.5(5)GPa is inaccurate.
Going forward, the refined density ρ = 2.89(3) g cm−3 obtained using method 3 will be
used for the PDF analysis for this glass. For the glasses recovered from 8.2(5)GPa, the
measured densities will be used in the data analysis.

Figures 6.18 and 6.22 show the fits to the D′(r) functions measured for the CAS.61.20
and CAS.49.26 glasses recovered from high pressure, respectively. The peak paramet-
ers are listed in table 27 and are compared with the in situ diffraction peak para-
meters in figures 6.23 and 6.24. Figure 6.25 shows the average Al-O coordination
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number for the as-prepared and recovered CAS glasses, along with the data for Mg-
aluminosilicate glasses [170] used to support the analysis procedure. The measured
coordination numbers show that the CAS.61.20 and CAS.49.26 glasses recovered from
8.2(5) or 17.5(5)GPa do not revert to their as-prepared state. The Al speciation meas-
ured using 27Al M-AS NMR spectroscopy (see table 22) reveals that the CAS.61.20
and CAS.49.26 glasses in their as-prepared form consist primarily of a tetrahedral
aluminosilicate network with 97.8% and 96.6% of Al atoms in tetrahedral sites, re-
spectively. The CAS.61.20 glass recovered from 8.2(5) or 17.5(5)GPa contains only
70.7% or 65.3% of Al atoms in tetrahedral sites, respectively, with the majority of
other Al atoms in Al(V) sites. The CAS.49.26 glass recovered from 8.2(5)GPa has
62.1% of Al atoms in tetrahedral sites, and again the majority of other Al atoms are in
Al(V) sites. The n̄OAl values measured for the CAS.61.20 glass recovered from 8.2(5) or
17.5(5)GPa using 27Al M-AS NMR spectroscopy are n̄OAl = 4.34(5) and n̄OAl = 4.42(5),
respectively. This difference of just 1.8% indicates only a weak dependence of n̄OAl on
the maximum pressure over the range 8.2(5) ≤ Pmax ≤ 17.5(5)GPa.
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Figure 6.25: Average Al-O coordination number n̄OAl in CAS glasses recovered from
pressure Pmax, as measured by diffraction or 27Al M-AS NMR spectroscopy. The n̄OAl
values for (MgO)0.43(Al2O3)0.14(SiO2)0.43 (MAS.43.14) glasses [170] are also shown.
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6.7 Discussion
The results presented in section 6.6 characterise the pressure-dependent structure of
the CAS glasses investigated in this study, and the changes that persist after recovering
the glasses to ambient from high pressure conditions. Validation of the procedure used
to correct and analyse the high-pressure diffraction data was provided by comparing
the measurements performed (i) with and without the presence of the pressure-cell
assembly and (ii) at the same pressure on different diffractometers. The latter led to
the conclusion that the pressure of the data set measured on PEARL at a nominal value
of 4.0(5)GPa was in fact closer to 7.1(5)GPa. This re-assignment merits a detailed
look at the calibration curve for double-toroid sintered-diamond anvils [18, 27] used to
estimate the sample pressure P from the load L applied to the piston of the PE press.

6.7.1 Pressure Estimate for Double-Toroid Sintered-Diamond Anvils

Figure 6.26 (a) shows the data sets used to create the calibration curve for a V3 PE press
equipped with sintered-diamond double-toroid anvils and TiZr gaskets [18]. The data
sets were obtained from the measured diffraction patterns for (i) the perovskite CaSnO3

held in an encapsulated TiZr gasket with a MgO pressure marker in a 16:3:1 mixture
of deuterated methanol:ethanol:water; (ii) crystalline ice held in an encapsulated TiZr
gasket; and (iii) GeO2, SiO2, B2O3 or V samples held in a standard TiZr gasket. For
the samples in standard TiZr gaskets, the sample pressures were obtained by a Le Bail
analysis of the Bragg peaks measured for the sintered-diamond anvils, using the results
from the perovskite experiment to convert the unit cell volume to pressure. All data
sets show a similar increase of P with L when the values obtained for the standard TiZr
gaskets are shifted down by 2GPa. The necessity of this shift could result from e.g.
an inaccurate conversion of unit cell volume to pressure due to differences caused by
the encapsulated vs. standard TiZr gasket assemblies. However, the re-determination
in this study of the sample pressure for the diffraction pattern of CAS.61.20 glass
measured with L = 36.4 tonnes suggests that this shift may not be necessary and
the relationship between sample pressure and load is different for encapsulated vs.
standard TiZr gaskets. An unusually large FSDP position measured using the PEARL
diffractometer for MgSiO3 glass under a load of 36.4 tonnes [171] indicates that a similar
pressure re-assignment may have been necessary for that experiment.

Figure 6.26 (b) shows the unshifted pressure-load relationship for the data sets presen-
ted in figure 6.26 (a). Note that here the hydraulic pressure has been converted to load
using equation 77 with A = 102.1 cm2. The spread in data ranges from ∆P ≈ 3.6GPa
at L ≈ 36 tonnes to ∆P ≈ 3.0GPa at L & 80 tonnes. The comparison between val-
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ues for samples held in encapsulated gaskets (squares) vs. standard gaskets (triangles)
shows the spread within data for the same gasket type is similar in magnitude, that
is, ∆P ≈ 3.0GPa. No conclusion on the validity of the calibration curve can be made
without additional data from samples held in standard TiZr gaskets. However, a change
of no more than ≈ 3GPa is anticipated.

186



Figure 6.26: Sample pressure P vs. the load L applied to the piston of a V3 PE press
equipped with sintered-diamond double-toroid anvils and TiZr gaskets. The data

points represented by squares or triangles correspond to experiments with the sample
held in an encapsulated or a standard TiZr gasket, respectively, and were taken from

refs [27] and [166]. The black squares give the data points from an experiment
investigating the perovskite CaSnO3, where the P was determined from the

diffraction pattern of an MgO pressure marker located at the sample position. The
red squares give the data points for an experiment investigating crystalline ice. The

cyan, blue, green and magenta triangles give the data points for experiments
investigating GeO2, SiO2, B2O3 and V, respectively, where P was estimated from a
Le Bail analysis of the Bragg peaks originating from the anvils. The magenta star

gives P for the diffraction pattern of CAS.61.20 glass measured at 36.4 tonnes in this
study, determined by comparison with the data sets measured on D4c. In (a), the

data sets for standard TiZr gaskets are shifted down by 2GPa and the solid black line
shows the calibration curve [27]. In (b), the solid black line shows the original

calibration curve, the data sets are not shifted, and the hydraulic pressure has been
converted to load using equation 77 with A = 102.1 cm2.
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6.7.2 Pressure-Dependent Structure of CAS Glasses

This subsection will focus on the pressure-dependent structure of the CAS glasses. The
observed structural changes for the CAS.61.20 and CAS.49.26 glasses are sufficiently
similar to be discussed in parallel.

The FSDP positions, average element-oxygen distances and average Al-O coordination
numbers obtained for CAS glasses evolve gradually with pressure (see figures 6.9, 6.23
and 6.24), a typical observation for amorphous solids [27]. Significant structural changes
occur in the pressure range 3.0(5) ≤ P ≤ 14.4(5)GPa, which was expected from the
analysis of the FSDP position and confirmed by the structural parameters obtained
from fits to the measured PDFs. Discussion of the results can, therefore, be separated
into three pressure regions: region I, where 0 ≤ P ≤ 3.0(5)GPa; region II, where
3.0(5) ≤ P ≤ 14.4(5)GPa; and region III, where 14.4(5) ≤ P ≤ 17.5(5)GPa. The
pressure-dependent n̄OAl values measured for the CAS.61.20 and CAS.49.26 glasses are
shown in figure 6.27, along with values measured by X-ray diffraction experiments [87]
or obtained from simulations of CAS.50.25 glass [87, 161].

In region I, the average Si-O distance rSi-O, Al-O distance rAl-O and Al-O coordination
number n̄OAl show little or no change, indicating an absence of significant change to the
short-range structure. A small change in density of ≤ 3% over this pressure range was
calculated using the pressure-dependent position of the FSDP, which can be attributed
to a small alteration to the intermediate-range order related e.g. to the average T -
O-T angle (T= Si or Al atom in tetrahedral unit). In comparison, a small change
to the nearest-neighbour atomic distances and average coordination numbers up to a
threshold pressure is commonly seen in oxide glasses. For example, the average Ge-O
distance and coordination number in GeO2 glass are only weakly pressure-dependent
up to P ≈ 5GPa, but increase at higher pressures as GeO4 tetrahedra are converted to
GeO5 and/or GeO6 polyhedra [18]. Similar behaviour is seen for B2O3 glass, which has
a threshold pressure of P ≈ 7GPa. For GeO2 and B2O3 glasses, relatively large changes
in density occur before the threshold pressure is attained. This behaviour is dissimilar
to the findings for the CAS.61.20 and CAS.49.26 glasses. One important difference
and possible cause of this dissimilarity is the presence of the modifying oxide (CaO).
At ambient pressure, Ca2+ ions can stabilise the formation of Al-centred tetrahedral
units within an aluminosilicate network [75] and reside in interstitial sites; the Ca2+

ions could prevent changes to the intermediate-range order, and, therefore, the density,
which would otherwise take place in their absence.

In region II, little or no changes are seen for rSi-O, reflecting the persistence of Si-
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Figure 6.27: Pressure-dependence of the average Al-O coordination number n̄OAl in
CAS glasses. The black cross gives the data point for the as-prepared CAS.61.20 glass

measured with the sample held in a vanadium can using D4c. The black and red
squares give the data points for the CAS.61.20 glass measured using D4c or PEARL,
respectively. The green cross gives the data point for the as-prepared CAS.49.26 glass
measured with the sample held in a vanadium can using GEM. The magenta squares
give the data points for the CAS.49.26 glass measured using D4c. The blue crosses
give the results from X-ray diffraction experiments [87]. The solid and dashed curves
give the data from simulations of CAS.50.25 glass reported by Drewitt et al. [87] and

Ghosh et al. [161], respectively. The blue and red curves correspond to cold
compression (CC) and hot compression (HC), respectively, where CC data are for

glasses compressed at room temperature and HC data are for glasses quenched at high
pressure. The vertical dashed lines separate regions I, II and III discussed in the text.

centred tetrahedral units. In comparison, rAl-O increases from ≈ 1.78 Å at 3.0(5)GPa
to 1.894(10) Å at 14.4(5)GPa, which indicates the conversion of Al-centred units from
a tetrahedral to octahedral geometry. This observation is confirmed by the increase
in average Al-O coordination number from n̄OAl ≈ 4 at 3.0(5)GPa to n̄OAl = 5.9(1) at
14.4(5)GPa. The rearrangement of the Al coordination environment is accompanied by
a large change to the intermediate-range order, shown by the shift of the FSDP position.
The corresponding increase in density of ≈ 37% could be due to the change in the Al-
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environment alone, but may also be influenced by other structural rearrangements.
Both X-ray diffraction and simulation data show a more gradual increase of n̄OAl with
pressure (see figure 6.27). However, the neutron and X-ray diffraction results are in
agreement for pressures outside the range 14 . P . 17GPa. The discrepancy is
possibly due to the poor real-space resolution of the X-ray diffraction data, which were
obtained by Fourier transforming reciprocal-space data sets with a maximum q-value
of qmax = 9.0 Å−1. The severe broadening of peaks in the PDF caused by such a low
qmax causes difficulties when extracting coordination numbers. In the X-ray diffraction
study, an indication that n̄OAl ≈ 6 at P = 14.9GPa is seen in the rAl-O values measured
for CaAl2O4 glass, which reach a maximum of rAl-O = 1.89(3) Å at this pressure and
seem to have a similar Al environment to the CAS.50.25 glass.

In region III, only data for the CAS.61.20 glass measured using PEARL are available.
rSi-O increases from 1.617(10) Å at 14.4(5)GPa to 1.643(10) Å for the highest pressure of
17.5(5)GPa. This increase may indicate the onset of transformation of Si-centred units
from tetrahedral to polyhedral units with nOAl > 4. Studies of SiO2 glass compressed at
room temperature show that the transformation of Si-centred units from tetrahedral to
octahedral coordination begins at ≈ 20GPa and is completed at ≈ 40GPa [155–157].
The average Al-O distance plateaus at rAl-O ≈ 1.90 Å, which is close to the value 1.91 Å
expected for AlO6 octahedra according to bond valence theory [172]. The average Al-
O coordination number also plateaus in this pressure region, with n̄OAl = 5.9(1). A
concomitant change to the rate of increase in the FSDP position and density with
pressure indicates an increased resistance to volume change as the pressure increases
beyond 14.4(5)GPa.

The results discussed above highlight the relationships between the pressure, structure
and density of CAS glasses. The most significant structural rearrangement involves
the transformation of Al-centred units from tetrahedral to octahedral. The substantial
change to the short-range order will have a knock-on effect on the intermediate-range
order present in the glass network and the density.

To investigate the relationship between n̄OAl and the density, it is useful to employ the
reduced density ρ′ = ρ/ρ0, where ρ is the density of the glass being investigated, which
changes during and after compression, and ρ0 is the ambient-pressure density of the
as-prepared glass. The use of ρ′ is beneficial because it allows for a comparison between
systems with different ρ0 values. In addition, the ρ′ values obtained in this study do
not rely on the calibration curves used to estimate the sample pressure, so its use can
remove ambiguity related to inaccurate pressure assignments.
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Figure 6.28 shows the n̄OAl values measured for CAS glasses with compositions that are
close to tectosilicate, that is, compositions (CaO)x(Al2O3)y(SiO2)1−x−y with x = y.
The data from in situ and ex situ measurements have been presented, along with values
for glassy CAS.50.25 measured by in situ X-ray diffraction [87] and CAS.60.20 measured
ex situ using 27Al M-AS NMR spectroscopy [148]. The data indicate linear behaviour

Figure 6.28: The average Al-O coordination number n̄OAl in CAS glasses as a function
of the reduced density ρ′ = ρ/ρ0. The squares, crosses and circles give the data points

from neutron diffraction (this study), X-ray diffraction [87] and 27Al M-AS NMR
spectroscopy [148], respectively. The legend indicates the glass composition using the
nomenclature CAS.x.y (see section 6.4) and the nature of the measurement (in situ or

ex situ). The solid black line gives a straight line fit to all data points.

and a straight line fit gives

n̄OAl = 4.31(15)ρ′ − 0.33(17). (83)

The relationship between n̄OAl and ρ′ shown in figure 6.28 and described by equation 83
characterises the change to the density in terms of the promotion of Al from tetrahedral
units to higher coordinated polyhedra. This relationship allows an estimate of the Al-O
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coordination number to be obtained through knowledge of the reduced density, which
can be accessed relatively easily through e.g. pycnometry or, for in situ diffraction
experiments, the pressure-dependent position of the FSDP.

Changes to the structure of CAS glasses under pressure that are not related to the trans-
formation of Al-centred units may also effect the density. However, these changes are
expected to be similar for the CAS.61.20, CAS.60.20, CAS.49.26 and CAS.50.25 glasses
used to construct the relation given by equation 83 due to their similar composition. To
further investigate the relationship between n̄OAl and ρ′, the effect of composition and
glass preparation was explored. Figure 6.29 shows a comparison of the n̄OAl vs. ρ′ trend
found for tectosilicate CAS glasses (see figure 6.28) with the data available for other
aluminosilicate glasses with the compositions listed in table 29. These samples were
prepared by hot compression, that is, either (i) quenching a liquid to form the glass un-
der pressure [143, 145, 173] or (ii) treating the glass at high pressure and temperature
[148] before recovery to ambient conditions.

Sample Code Composition Ref.
CAS.60.10 (CaO)0.3(Al2O3)0.1(SiO2)0.6 [143]

CAS.60.10_2 (CaO)0.3(Al2O3)0.1(SiO2)0.6 [145]
CAS.60.10_3 (CaO)0.3(Al2O3)0.1(SiO2)0.6 [148]
MAS.60.10 (MgO)0.3(Al2O3)0.1(SiO2)0.6 [148]
KAS.60.10 (K2O)0.3(Al2O3)0.1(SiO2)0.6 [143]
NAS.60.10 (Na2O)0.3(Al2O3)0.1(SiO2)0.6 [143]
CMAS.60.10 (CaO)0.15(MgO)0.15(Al2O3)0.1(SiO2)0.6 [145]
CMKAS.60.10 (CaO)0.175(MgO)0.075(K2O)0.05(Al2O3)0.1(SiO2)0.6 [145]
CKAS.60.10 (CaO)0.2(K2O)0.1(Al2O3)0.1(SiO2)0.6 [145]

CKAS.60.10_2 (CaO)0.1(K2O)0.2(Al2O3)0.1(SiO2)0.6 [145]
LiAS.60.10 (Li2O)0.3(Al2O3)0.1(SiO2)0.6 [173]
ScNAS.60.10 (Sc2O3)0.001(Na2O)0.297(Al2O3)0.099(SiO2)0.594 [173]

Table 29: Sample code, composition and reference for the hot compressed
aluminosilicate glasses discussed in the text.

Over the range 1.0 ≤ ρ′ . 1.1, the effect of the glass composition and preparation
method on n̄OAl vs. ρ′ is small, and the relationship described by equation 83 gives a
good description of the measured results. For ρ′ & 1.1, the data sets begin to deviate.
Since the low-ρ′ data are in good agreement with the results for tectosilicate CAS
glasses, it seems likely that the other aluminosilicate glasses follow the relationship
described by equation 83 during compression at room temperature. The deviation
from this relationship may, therefore, originate from structural relaxation that causes
the density to decrease whilst retaining a high n̄OAl value, as indicated by the single-
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Figure 6.29: The average Al-O coordination number n̄OAl in aluminosilicate glasses vs.
the reduced density ρ′ = ρ/ρ0. The data points with error bars give the results from

ex situ 27Al M-AS NMR spectroscopy measurements of hot compressed
aluminosilicate glasses recovered to ambient conditions [143, 145, 148]. The dashed
black line gives the fit to the data points for n̄OAl ≥ 4.6. The legend gives the sample
code, where the corresponding compositions are given in table 29. The solid black line
gives the fit to the data for tectosilicate CAS glasses, shown in figure 6.27. The arrow
labelled with a "?" indicates the possible pathway caused by structural relaxation for
glasses recovered from hot compression with ρ′ & 1.1. The double arrow indicates the
pathway found for tectosilicate CAS glasses compressed at room temperature, where

all glasses measured in situ and ex situ lie close to the solid black line.
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headed arrow in figure 6.29. It is unknown whether hot-compressed tectosilicate glasses
would show the same behaviour.

The model forM -aluminosilicate glasses (M = alkali or alkaline-Earth metal) presented
in Chapter 5 may shed light on the effect of composition on the behaviour of alumino-
silicate glasses under pressure. In this model, the as-prepared tectosilicate CAS glasses
will consist primarily of a tetrahedral aluminosilicate network with Ca2+ ions stabil-
ising 96% of Al atoms in AlO4 tetrahedral units. The fraction of non-bridging oxygen
(NBO) atoms, that is, oxygen atoms that are not shared between two Si- or Al-centred
tetrahedra, is ≈ 4%. In contrast, the as-prepared aluminosilicate glasses with the com-
positions listed in table 29 contain a relatively small amount of Al2O3 and, therefore,
a large fraction of NBO atoms; the CAS.60.10 glass is expected to have 24% of its
oxygen atoms in NBO sites. Under pressure, a NBO atom can bind with an Al-centred
unit to increase the coordination number [174]. The abundance of NBO atoms in the
aluminosilicate glasses listed in table 29 provide, therefore, a mechanism to increase
the average Al-O coordination number that is largely unavailable to tectosilicate CAS
glasses.

In the high density regime where ρ′ & 1.1, a difference in composition, which creates a
higher fraction of NBO atoms that can be used to increase the Al coordination number,
could be the reason for the hot compressed aluminosilicate glasses retaining a high n̄OAl
value after recovery to ambient conditions. However, (MgO)0.43(Al2O3)0.14(SiO2)0.43

glasses recovered from compression up to 24GPa at room temperature give n̄OAl ≤
4.45(10) [170], which is substantially lower than some of the values obtained for the
hot compressed aluminosilicate glasses. The difference in the n̄OAl values for the CAS
and MAS glasses, which have similar compositions, suggests that the thermal history
also plays an important role.

Given the information outlined above, the hypothesis will be made that the different
behaviour seen for aluminosilicate glasses results from the formation of bonds between
NBO and Al atoms, which increases the Al-O coordination number. When the pres-
sure and temperature conditions are sufficient to produce a densification of & 10%,
the newly formed Al-O bonds are likely to persist after recovery to ambient conditions.
These stipulations would explain why (i) all aluminosilicate glasses behave similarly
over the range 1.0 ≤ ρ′ . 1.1, and (ii) the aluminosilicate glasses with a larger fraction
of NBO atoms can retain higher n̄OAl values after recovery to ambient from high pres-
sure and temperature conditions. In any case, the results presented here will impact
geophysical studies, where the similarity between recovered glasses and high-pressure
melts is often assumed in order to justify the use of the former as a structural proxy
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for the latter [175].

6.7.3 As-prepared vs. Recovered Glass Structure

When a glass is exposed to high pressure, the structural response includes changes to
both the short- and intermediate-range order. The former is defined by inter-atomic
distances and coordination polyhedra and the latter is associated with e.g. the ar-
rangement of structural motifs. The extent to which these changes persist after decom-
pression is relevant for technological applications where high pressure processing can
produce glasses with favourable physical properties, and for geological studies, where
glasses recovered from extreme conditions are often used as a proxy for the investigation
of high temperature liquids under pressure.

Figure 6.30 shows the structure factors and PDFs for the CAS.61.20 glass in its as-
prepared state, and after recovery from Pmax = 8.2(5) or 17.5(5)GPa. The F (q)
functions exhibit differences that are most significant for the FSDP, which is at qFSDP =
1.72(1) Å−1 for the as-prepared glass. For the glasses recovered from high pressure, the
FSDP is at qFSDP = 1.79(1) Å−1. The structural features related to the FSDP occur
on length scales ∼ 2π/qFSDP = 3.5 Å and are not, therefore, accessible through PDF
analysis without three-dimensional computer models. The PDFs are shown in figure
6.30 (b). The structural features that can be accessed through peak fitting, namely, the
average Si-O and Al-O distances and Al-O coordination number, are summarised in
table 30. The first peak in G′(r) at r ≈ 1.60 Å is broader for the recovered glasses than
the as-prepared glass, which can be understood by the increase in the Al-O distance
distribution caused by the persistence of Al-centred units with nOAl > 4. A well defined
minimum between Al-O and Ca-O correlations at r ≈ 2.2 Å is present for the as-
prepared glass and the glass recovered from 8.2(5)GPa. For the glass recovered from
17.5(5)GPa, there is a large increase in intensity in this region and, given the decrease
of the height of the peak at r ≈ 2.6 Å, this is likely due to a decrease in the average
nearest neighbour Ca-O distance.

For the CAS.49.26 glass, the data set measured at ambient pressure during the high
pressure experiment will be used for comparison with the recovered glass. This is to
avoid any ambiguity relating to the small crystalline impurity that was observed only
in the F (q) function for the as-prepared glass measured using the GEM diffractometer.
Figure 6.31 shows the structure factors and PDFs for the CAS.49.26 glass in its as-
prepared state, and after recovery from Pmax = 8.2(5)GPa. The structural features
quantified through peak fitting are listed in table 30. The structural changes are similar
in form and magnitude to those measured for CAS.61.20 glass..
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Figure 6.30: The (a) total structure factors F (q) and (b) G′(r) functions for the
CAS.61.20 glass in its as-prepared state, and for the glasses recovered from 8.2(5) or

17.5(5)GPa. The solid magenta curves give the data for the as-prepared glass
measured using D4c with the sample held in a vanadium can. The black curves give
the data for the glass recovered from 8.2(5)GPa measured using D4c with the sample

in the pressure-cell assembly. The solid green curves give the data for the glass
recovered from 17.5(5)GPa measured using PEARL with the sample held in a

vanadium can. In (a), the solid magenta curve gives the measured data and the solid
black or green curves give the spline fits to the measured data (see figure 6.7 for data

and fits plotted together). In (b), the G′(r) functions were obtained by Fourier
transforming the F (q) functions shown in (a) after the application of a Lorch [38]
modification function with qmax ≈ 20 Å−1. The horizontal line gives the theoretical

low-r limit G(r −→ 0) = −〈b〉2.
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Figure 6.31: The (a) total structure factors F (q) and (b) G′(r) functions for the
CAS.49.26 glass in its as-prepared state, and for the glass recovered from 8.2(5)GPa.

The solid magenta and black curves give the data sets for the as-prepared and
recovered glasses, respectively, measured using D4c with the sample held in the

pressure-cell assembly. In (a), the solid magenta and black curves give the spline fits
to the measured data (see figure 6.8 for data and fits plotted together). In (b), the
G′(r) functions were obtained by Fourier transforming the F (q) functions shown in
(a) after the application of a Lorch [38] modification function with qmax ≈ 20 Å−1.

The horizontal line gives the theoretical low-r limit G(r −→ 0) = −〈b〉2.
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Sample Diffractometer Pmax
(GPa)

Diffraction NMR
ρ (g cm−3) ∆ρ (%)

rSi-O (Å) rAl-O (Å) n̄OAl n̄OAl
CAS.61.20 D4c (can) As-prep. 1.616(10) 1.754(10) 4.1(1) 4.02(5) 2.5976(3) -

D4c 8.2(5) 1.627(10) 1.801(10) 4.2(1) 4.34(5) 2.80(3) 8(1)
PEARL (can) 17.5(5) 1.631(10) 1.828(10) 4.4(1) 4.42(5) 2.89(3) 11(1)

CAS.49.26 D4c As-prep. 1.625(10) 1.768(10) 4.1(1) 4.03(5) 2.7192(5) -
D4c 8.2(5) 1.622(10) 1.802(10) 4.4(1) 4.46(5) 2.93(3) 8(1)

Table 30: Structural parameters measured for the CAS.61.20 and CAS.49.26 glasses in their as-prepared state or recovered from
a pressure Pmax. The diffraction data were measured using D4c or PEARL. Measurements made with the sample in a vanadium
can are labelled as "can". The results from 27Al M-AS NMR are also given. The density ρ of the glasses was measured using He
gas pycnometry, except for the CAS.61.20 glass recovered from 17.5(5)GPa which was determined using the method described

in section 6.6.4. The change in density is given by ∆ρ = (ρ0/ρ)− 1.



Figure 6.32 shows a comparison of the structural parameters listed in table 30, which
characterise the differences between the as-prepared glasses and the glasses recovered
from a pressure Pmax. Values obtained from the in situ measurements at P = Pmax are
also shown to emphasise the differences between the glass structure during and after
compression, which help to understand the effect that high pressure treatment has on
the glass structure.

Figure 6.32 (a) shows the average Si-O and Al-O distances measured for the CAS
glasses. The average Si-O distances show little or no changes during or after com-
pression, which can be understood by the persistence of Si-centred tetrahedral units
throughout the pressure ranges investigated. The average Al-O distance increases from
rAl-O ≈ 1.76 Å to ≈ 1.81 Å during compression from ambient to 8.2(5)GPa, and only a
small relaxation is measured for the glasses recovered from this pressure. The average
Al-O distance for the CAS.61.20 glass at 17.5(5)GPa is 1.889(10) Å and this decreases
to 1.802(10) Å for the recovered glass. The rAl-O values for CAS.61.20 glasses recovered
from 8.2(5) or 17.5(5)GPa are the same, within the experimental error, which suggest
that the Al-O environment in both recovered glasses is similar.

Figure 6.32 (b) shows the average Al-O coordination numbers measured for the CAS
glasses. During compression, the n̄OAl values measured for the CAS.61.20 and CAS.49.26
glasses increases from n̄OAl ≈ 4 at ambient to n̄OAl ≈ 5.2 at 8.2(5)GPa. n̄OAl ≈ 4.4 for the
glasses recovered from this pressure, which indicates a partial recovery of Al-centred
structural units to tetrahedral coordination environments. For the CAS.61.20 glass at
17.5(5)GPa, n̄OAl = 5.9(1) confirming the complete or almost complete transformation
of Al atoms to octahedral coordination, whereas n̄OAl = 4.42(5) for the recovered glass.
Again, this reduction of n̄OAl = 4.42(5) reveals a partial recovery of Al-centred structural
units to tetrahedra. There are no large changes to n̄OAl seen for the CAS.61.20 glass
recovered from 8.2(5) or 17.5(5)GPa, despite the relatively large difference in the values
measured in situ. This behaviour is also seen for Mg-aluminosilicate glasses recovered
from compression at room temperature [170] and could, therefore, be a general feature
of aluminosilicate glasses. However, the effect of composition could play an important
role here and the similarity requires further investigation.

Figure 6.32 (c) shows the density change defined as

∆ρ = (ρ0/ρ)− 1. (84)

An increase of ≈ 26% was measured for CAS glasses at 8.2(5)GPa and an increase
of 45% was measured for the CAS.61.20 glass at 17.5(5)GPa. The glasses recovered
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Figure 6.32: Comparison of the structural parameters describing CAS glasses in their
as-prepared condition, during compression at pressure P or recovered from a

maximum pressure Pmax. In all plots, the black and red squares give the parameters
measured for the CAS.61.20 and CAS.49.26 glasses measured at ambient pressure,
respectively, and the green or magenta crosses give the parameters measured for the
CAS.61.20 and CAS.49.26 glass measured in situ at high pressure, respectively. (a)

The average Si-O and Al-O distances for the CAS.61.20 and CAS.49.26 glass,
measured by diffraction. (b) The average Al-O coordination numbers for the

CAS.61.20 and CAS.49.26 glasses, measured in situ by diffraction or after recovery
using 27Al M-AS NMR spectroscopy. The blue squares and solid line give the NMR
results for (MgO)0.43(Al2O3)0.14(SiO2)0.43 glasses recovered from high pressure [170].
(c) Densification of the CAS.61.20 and CAS.49.26 glasses at pressure or recovered

from high pressure. In all plots, the arrows highlight differences between the
parameters measured in situ or after recovery to ambient conditions.
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from 8.2(5)GPa are 8(1)% denser than the as-prepared material and the CAS.61.20
glass recovered from 17.5(5)GPa is 11(1)% denser than the as-prepared material. The
large changes in density during decompression show that there are structural changes
that cannot be recovered to ambient conditions. The changes relate to both inter-
atomic distances (figure 6.32 (a)) and coordination polyhedra (figure 6.32 (b)), and
also to structural features on longer length scales. The densification of 8(1) - 11(1)%
for recovered glasses is close to the maximum value 11.1% expected from the empirical
relation [151]

∆ρmax(%) = 150 exp[−13v], (85)

where v is Poisson’s ratio and is estimated to be ≈ 0.2 for CAS.61.20 and CAS.49.26
glasses based on available data for similar systems [96, 176].
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6.8 Conclusion
The structure of CAS glasses was measured at pressures ranging from ambient to
17.5(5)GPa using the D4c and PEARL diffractometers coupled with a Paris-Edinburgh
press. Pressure-induced density changes manifested themselves via changes to the first
sharp diffraction peak position. A PDF analysis of the data sets was performed to
determine the structural response to pressure. The structure of glasses recovered from
8.2(5)GPa and 17.5(5)GPa was also measured to investigate any permanent changes.

The pressure-dependent density and structure of the CAS glasses was separated into
three regions, defined by the changes that were measured. In region I (0 ≤ P ≤
3.0(5)GPa), the density of the CAS glasses increases by ≤ 3% and there is little or
no change to the average Si-O distance rSi-O ≈ 1.62 Å, Al-O distance rAl-O ≈ 1.77 Å or
Al-O coordination number n̄OAl ≈ 4. In region II (3.0(5) ≤ P ≤ 14.4(5)GPa), the dens-
ity increases by ≈ 37%. The average Si-O distance remains constant at rSi-O ≈ 1.62 Å
reflecting the persistence of Si-centred tetrahedral units. The average Al-O distance
and coordination number increases gradually to rAl-O = 1.894(10) Å and n̄OAl = 5.9(1)
at 14.4(5)GPa, respectively, characterising the complete or almost complete trans-
formation of Al-centred units to an octahedral coordination environment. In region
III (14.4(5) ≤ P ≤ 17.5(5)GPa), a small increase in density of ≈ 5% was measured.
The average Si-O distance increases to rSi-O ≈ 1.64 Å whilst the average Al-O distance
and coordination number plateau. The increase in rSi-O could indicate the onset of a
transformation of Si-centred tetrahedra to higher coordinated polyhedral units.

The n̄OAl values measured in this study were compared to those obtained from X-
ray diffraction experiments and computer simulations of CAS.50.25 glass under pres-
sure [87, 161]. The experimental results agree for most pressure points. However,
the rate of transformation with pressure of Al units from tetrahedral to octahed-
ral differs. To investigate the density-driven structural changes, the data were com-
pared through the dependence of n̄OAl on the reduced density ρ′. This comparison
brought all data sets into agreement and revealed a linear relationship characterised
by n̄OAl = 4.31(15)ρ′ − 0.33(17) for 1 ≤ ρ′ ≤ 1.47. The validity of this relationship
was tested using published data for hot compressed aluminosilicate glasses recovered
to ambient conditions, and showed good agreement over the range 1 ≤ ρ′ . 1.1. The
hot compressed glasses recovered to ambient conditions with ρ′ & 1.1 deviate, however,
from the linear relationship found for the CAS glasses with tectosilicate compositions.
A comparison between the composition-dependent fraction of NBO atoms present in
the as-prepared CAS glasses suggests that the presence of NBO atoms enhances the
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ability of a glass to retain a high n̄OAl value when the densified glass is recovered to
ambient conditions. The thermal history also plays an important role, which leads to
the hypothesis that there is a pressure and thermal barrier for the interaction between
Al and NBO atoms. If this barrier is crossed, the Al-O bonds formed under hot com-
pression are likely to be recovered to ambient conditions.

The structure of CAS glasses in their as-prepared form was compared with that of
the glasses recovered from high pressure. The structure was also compared to that
found from the in situ measurements in order to emphasise the difference between
glasses measured during and after compression, which helps to understand the effect
of high pressure treatment on the glass structure. The CAS glasses do not retain their
high pressure structure and do not recover to their as-prepared ambient-pressure form.
The largest changes relate to the Al-O coordination number, which is n̄OAl ≈ 4 for
the as-prepared glasses at ambient pressure versus n̄OAl ≈ 4.2 − 4.4 for the glasses re-
covered from 8.2(5) or 17.5(5)GPa. The glasses recovered from 8.2(5) and 17.5(5)GPa
are structurally similar, with differences in the measured PDFs that are attributed to
Ca-O correlations. The structural changes recovered to ambient conditions bring a
densification of 8(1) or 11(1)% for the glasses recovered from 8.2(5) or 17.5(5)GPa,
respectively. This level of densification is close to the expected maximum of 11.1%
estimated from their compositions.

Future work may include the investigation of CAS glasses at higher pressures, which is
expected to reveal the transformation of Si-centred units from tetrahedral to octahedral
over the pressure range 18 ≤ P ≤ 40GPa; recent advances on the PLANET beamline
(J-PARC, Japan) have enabled the use of a PE press for in situ neutron diffraction at
pressures up to 40GPa, although the feasibility of a PDF analysis of the diffraction
data has not yet been assessed. The relationship between n̄OAl and ρ′ should also be
investigated. It is recommended that the high-pressure structure of CAS.60.10 glass is
measured at room temperature to reveal its n̄OAl vs. ρ′ behaviour, which is expected to
be similar to that found for tectosilicate compositions. In addition, the structure and
properties of hot compressed CAS.61.20 and CAS.49.26 glasses recovered to ambient
conditions should be investigated to enable a comparison with the results that exist for
the CAS.60.10 glasses.
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7 The structure of crystalline and
amorphous materials in the NAS-
ICON system Na-Al-Ge-P-O

7.1 Introduction
The morphology of a material often has a profound effect on its properties. This
relates to both the atomic-scale structure (the ‘building blocks’ and how they are ar-
ranged relative to each other) and the microstructure (the arrangement of different
structural domains). The ability to control morphology, therefore, has implications for
technology, where the functionality of a material can be optimised by tuning structural
parameters through e.g. compositional variation [22] or high pressure and temperature
processing [177]. One method used to gain control over microstructure utilises homo-
geneous (internal) nucleation in glasses. This process offers the advantage of producing
a uniform distribution of crystallites, which first found use in photosensitive and pho-
tochromic materials, and later in fracture-resistant ceramics [76]. More recently, the
glass-ceramic synthesis route has been applied to the fabrication of solid-state electro-
lytes for battery materials, offering the significant advantage of moldable bulk materials
with microstructures that can be controlled by heat treatment [178, 179]. At the fore-
front of these materials are Li-containing systems that crystallise into the sodium (Na)
Super-Ionic CONductor (NASICON) structure [178–180]. These have already found
commercial use as solid-state battery components [181, 182]. However, the relatively
low abundance of Li on Earth makes the search for alternative resources a necessity.
Na-containing systems present a low-cost solution.

There exists a wide variety of Na-containing NASICON systems with the general for-
mula Na1+2a+b−c+dM

(II)
a M

(III)
b M

(V)
c M

(IV)
2−a−b−c(SiO4)d(PO4)3−d, whereM atoms can be

chosen from a number of possibilities and are reported in ref. [183]. All these NAS-
ICON structures consist of a 3-dimensional network ofMO6 octahedra linked with PO4

and/or SiO4 tetrahedra through shared O atoms. Na+ ions occupy interstitial sites and
can move through the network by hopping between these sites, which can produce ma-
terials with high ionic conductivities. For these Na-containing systems to compete with
their Li counterparts, it is necessary to develop materials with comparable functional-
ity. However, optimising ion conduction is difficult due to effects originating from the
composition (e.g. M atom sizes, conduction pathways [183]).

Recent reports on Na1+aAlaGe2−a(PO4)3 (NAGP) materials have shown that highly
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conducting materials can be prepared via the glass-ceramic route [184], and their prop-
erties tuned by choice of thermal treatment [185]. Conductivities ∼ 10−4 (Ωcm)−1 at
573K have been obtained, which is approaching the value typical for the Li-containing
analogues at room temperature (∼ 10−3 (Ωcm)−1 [181]). Figure 7.1 shows the compos-
itional and thermal processing dependence of the conductivity for the NAGP materials
studied in ref. [185]. Here, the aliovalent substitution of Al3+ for Ge4+ is charge-
balanced by the addition of extra Na+ ions. The conductivity measurements show that
the performance depends not only on composition but also thermal processing, indic-
ating that the microstructures created during crystal nucleation and growth play an
important role in ion conduction. It is, therefore, important to develop an understand-
ing of the glass-to-crystal transformation. Knowledge of this will aid in the rational
design of battery materials and, more generally, be relevant for any system undergoing
homogeneous nucleation.

Figure 7.1: The conductivity of Na1+aAlaGe2−a(PO4)3 materials in the (i)
as-prepared glassy and (ii) crystalline state, measured at 573K by Ortiz-Mosquera et

al. [185]. Crystalline samples were prepared from the glasses using the heat
treatments described in the legend (917 < Tx < 939K is the crystallisation

temperature for each sample).

To investigate the structures of NAGP materials, a series of neutron diffraction exper-
iments were performed on (i) as-prepared glasses, (ii) annealed glasses and (iii) crys-
talline samples. Pair-distribution function (PDF) analyses of the crystalline samples
were guided by results from neutron and X-ray crystallography [62]. This provided
a starting point for the interpretation of the glass structures, where the combination
of information obtained from the neutron PDF analysis, X-ray PDF analysis [62] and
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from nuclear magnetic resonance (NMR) spectroscopy [62] was used to develop an un-
derstanding of the short- and medium-range order present. The NMR results provided
site-specific information on the environments of P and Al, whilst the PDF results
provided information on the Ge coordination environment, which is inaccessible from
NMR spectroscopy [186].

This chapter is organised as follows. An overview of the structures of simple ana-
logues of NAGP glass is given in section 7.2. The theory for neutron diffraction pair-
distribution function analysis is presented in section 7.3. Section 7.4 provides details
of the experimental methods including sample preparation and characterisation. The
results are presented in section 7.5 and are discussed in section 7.6. Conclusions are
drawn in section 7.7

7.2 The Structure of Alkali-GP Glasses
To better understand the possible structures found in NAGP glasses, a brief review of
the structure of simple, well-characterised analogues will be given. This section will
focus on Na-containing materials, but, in most cases, can be generalised for alkali-
germanophosphate (alkali-GP) glasses. This summary will categorise certain elements
based on their role in the glass according to the definitions that follow.

• Network Forming Ions, e.g., Si4+, Ge4+, B3+

Ions that can form part of the glass network, connected to other network forming
ions through oxygen atoms.

• Bridging Oxygen (BO) Atoms
Oxygen atoms that are shared between two network forming ions.

• Non Bridging Oxygen (NBO) Atoms
Oxygen atoms that are connected to one network forming ion.

• Network Modifying Ions, e.g., Na+, K+, Mg2+

Ions that disrupt the glass network through the formation of NBO atoms.

7.2.1 Germanate Glasses

A basic subset of alkali-GP glasses is pure GeO2. At ambient conditions this glass
consists of corner-sharing GeØ4/2 units which form a continuous 3-dimensional net-
work [34]. Here, Ø represents a bridging oxygen (BO) atom. When a modifying oxide
such as Na2O is added, additional oxygen atoms are incorporated into the glass net-
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work through the formation of (i) GeØ5/2 units or (ii) non-bridging oxygen (NBO)
atoms located on GeOnØ(4−n)/2 tetrahedra, where n = 1, ...4 and gives the number of
non-bridging oxygen (NBO) atoms on the tetrahedral unit [187, 188]. The excess neg-
ative charge associated with GeØ5/2 units and/or NBO atoms is balanced by positively
charged Na+ ions. For low concentrations of modifying oxide (. 20mol%), the forma-
tion of NBO atoms does not occur and additional oxygen atoms are incorporated into
the glass solely through the formation of GeØ5/2 units. For concentrations > 20mol%,
NBO atoms are also formed. The formation of NBO atoms on Ge-centred units in
NAGP glasses is not expected [189], so only the process involving the formation of
GeØ5/2 units will be discussed. This conversion process can be written as

1
2Na2O︸ ︷︷ ︸

modifying oxide

+ GeØ4/2︸ ︷︷ ︸
tetrahedral unit

−→ Na+︸ ︷︷ ︸
modifying ion

+ [GeØ5/2]−︸ ︷︷ ︸
pentahedral unit

(86)

and visualised in a 2-dimensional representation as shown in figure 7.2 (a).

For (Na2O)a(GeO2)1−a glasses with a < 0.2, the average number of oxygen atoms
around germanium atoms can be calculated as [188]

n̄OGe = 4 + 2a
1− a. (87)

Experimental measurements of n̄OGe in (A2O)a(GeO2)1−a glasses (A = Na, Cs) [190,
191] shows that this model accurately predicts the value of n̄OGe, justifying the use of a
model that invokes GeØ5/2 units.

7.2.2 Phosphate Glasses

Another simple subset of alkali-GP glasses is pure P2O5. This system displays a pe-
culiarity caused by the sp3 hybridisation of the P outer electrons, which means that
all five can partake in bonding [192]. In P2O5, this results in a 3-dimensional network
of corner-sharing POØ3/2 tetrahedra, where three of the oxygen atoms are bridging
between P atoms and one is a doubly bonded terminal oxygen (i.e. a NBO atom)
[193, 194]. When a modifying oxide such as Na2O is added, additional oxygen atoms
are incorporated into the glassy material through the formation of NBO atoms causing
a depolymerisation of the phosphate network. The conversion process can be written
as

1
2Na2O︸ ︷︷ ︸

modifying oxide

+ POØ3/2︸ ︷︷ ︸
P(3) tetrahedral unit

−→ Na+︸ ︷︷ ︸
modifying ion

+ [PO2Ø2/2]−︸ ︷︷ ︸
P(2) tetrahedral unit

. (88)
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Figure 7.2: Formation of different cation-centred units in alkali-GP glasses. (a) The
formation of GeØ5/2 units in modified germanates. (b) Formation of P(2) units in

modified phosphates. (c) Formation of P(4) and GeØ5/2 units in germanophosphates.

Here, the notation P(n) has been used to denote tetrahedral phosphate units with n

bridging oxygen atoms. The excess negative charge associated with the formation of
P(n<3) species is redistributed across the NBO atoms and balanced by positive Na+

ions, as shown in figure 7.2 (b).

For (Na2O)a(P2O5)1−a glasses there exists several compositional domains, discerned
by the P(n) species that are present. In the ultraphosphate domain (0 ≤ a ≤ 0.5), only
P(3) and P(2) species exist and the fraction of P(n) units can be calculated as [192]

f(P(2)) = 1− f(P(3)) = a

1− a. (89)

For the metaphosphate composition (a = 0.5) only P(2) species exist: the network
is comprised of chains of PO2Ø2/2 tetrahedra. Further increasing the concentration
of modifying oxide creates polyphosphates, for which there are two subdomains. In
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the polyphosphate-I domain (0.5 ≤ a ≤ 0.67), only P(2) and P(1) species exist so the
network consists of chains of P(2) units terminated by P(1) units. The fraction of P(n)

units can be calculated as [192]

f(P(1)) = 1− f(P(2)) = 2a− 1
1− a . (90)

In the polyphosphate-II domain (0.67 ≤ a ≤ 0.75), only P(1) and P(0) species exist so
the network consists of P2O7 dimers (connected P(1) units) and/or isolated P(0) units.
The fraction of P(n) units can be calculated as [192]

f(P(0)) = 1− f(P(1)) = 3a− 2
1− a . (91)

The model outlined above can be used to predict the P(n) speciation in most modified
phosphate glasses and experimental measurements of f(P(n)) in (Na2O)a(P2O5)1−a

glasses shows excellent agreement over the compositional range studied (0 ≤ a ≤ 0.67)
[195].

7.2.3 Germanophosphate Glasses

There is now one subset left to consider: germanophosphate glasses. The structure of
these glasses is not dissimilar from their individual components. However, the NBO
atoms located on POØ3/2 tetrahedral units can be used in the formation of GeØn/2

units (n = 5, 6) [196]. This can be expressed as

POØ3/2︸ ︷︷ ︸
P(3) tetrahedral unit

+ GeØ4/2︸ ︷︷ ︸
tetrahedral unit

−→ [PØ4/2]+︸ ︷︷ ︸
P(4) tetrahedral unit

+ [GeØ5/2]−︸ ︷︷ ︸
pentahedral unit

(92)

or
2POØ3/2︸ ︷︷ ︸

P(3) tetrahedral unit

+ GeØ4/2︸ ︷︷ ︸
tetrahedral unit

−→ 2[PØ4/2]+︸ ︷︷ ︸
P(4) tetrahedral unit

+ [GeØ6/2]2−︸ ︷︷ ︸
octaahedral unit

, (93)

and is shown schematically in figure 7.2 (c).

For (P2O5)a(GeO2)1−a glasses there are two compositional domains. In domain I
(0 ≤ a ≤ 0.5), only P(4) species exist and Ge is found in GeØ4/2 and GeØn/2 units.
The average coordination number of oxygen atoms around germanium atoms can be
calculated as [196]

n̄OGe = 4 + 2a
1− a. (94)

In domain II (0.5 ≤ a ≤ 1), only P(4), P(3) and GeØ6/2 units are found and the fraction
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of P(n) units is given by

f(P(3)) = 1− f(P(4)) = 1− 1− a
a

. (95)

Experimental measurements of n̄OGe for germanophosphate glasses with 0 ≤ a ≤ 0.28
obtained by neutron diffraction [196] and anomalous X-ray scattering measurements
[197] support this model. For compositions with a & 0.3, P2O5 evaporation and crystal-
lisation during glass synthesis becomes a problem [192] so these have not been studied.

7.2.4 alkali-GP Glasses

The last model to be considered is for ternary alkali-GP glasses. Hoppe et al. [123]
have studied a range of glasses in the Na2O-GeO2-P2O5 system by neutron and X-ray
diffraction and developed a model that successfully predicts the measured n̄OGe values.
By assuming that (i) Na preferentially binds to NBO atoms on P(n) (n < 3) units, and
(ii) that all remaining P(3) units are converted to P(4) units in producing higher coordin-
ated Ge-centred polyhedra, the formula for these glasses can be re-written according
to:

(Na2O)x︸ ︷︷ ︸
modifying oxide

+ (P2O5)y︸ ︷︷ ︸
P(3) tetrahedral units

+ (GeO2)(1−x−y)︸ ︷︷ ︸
tetrahedral units

−→ (Na2O)x(P2O5)x/i︸ ︷︷ ︸
modified phosphate

+ (P2O5)y−(x/i)(GeO2)(1−x−y)︸ ︷︷ ︸
germanophosphate

.

(96)

The value of i = 1, 2, 3 determines the fraction of P2O5 used in the modified phosphate
part of the glass and is related to the P(n) units formed in this part as n = 3 − i. It
follows that the value of n̄OGe can be calculated using an updated version of equation
94 as

n̄OGe = 4 + 2
[ y − (x/i)
1− x− y

]
. (97)

One major pitfall is the required knowledge of the value i to successfully predict n̄OGe.
Nevertheless, the model presents a self-consistent description of the structural units
present in the glass.
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7.3 Theory
In a neutron diffraction experiment the total structure factor [26]

F (q) =
∑
α

∑
β

cαcβbαbβ[Sαβ(q)− 1] (98)

is measured, where q is the magnitude of the scattering vector; cα and bα denote the
atomic fraction and bound coherent neutron scattering length of chemical species α,
respectively; and Sαβ(q) is a Faber-Ziman [37] partial structure factor.

The corresponding real-space information can be obtained by Fourier transforming the
total structure factor to give the total pair-distribution function (PDF)

D′(r) = 2
π〈b〉2

∫ ∞
0

qF (q)M(q) sin(qr) dq

= D(r)⊗M(r),
(99)

where r is a distance in real space, 〈b〉 = ∑
α cαbα and ⊗ denotes the one-dimensional

convolution operator. M(q) is a modification function and M(r) is its real-space mani-
festation. The function D(r) is given by

D(r) = 4πnr
〈b〉2

∑
α

∑
β

cαcβbαbβ[gαβ(r)− 1], (100)

where n is the atomic number density and gαβ(r) is a partial pair-distribution function.
For distances smaller than the distance of closest approach between two atoms, gαβ(r −→
0) = 0. It follows that, in the absence of Fourier transform artefacts, D′(r −→ 0) =
−4πnr.

The preferred method of extracting information from neutron diffraction measurements
is to Fourier transform the measured F (q) function according to equation 99. M(q)
often takes the form of a step modification function that is defined by the accessible
q-range of the diffractometer, which extends to qmax. M(q) therefore takes the value
M(q) = 1 for q ≤ qmax and M(q) = 0 for q > qmax. D′(r) can then be modelled by
fitting a series of Gaussian peaks convoluted with M(r) so that structural features and
Fourier transform artefacts can be separated (see section 3.2.3).

The use of the step modification function in equation 39 preserves the sharpness of
peaks in D′(r), but can also lead to Fourier transform artefacts that include large
excursions below the density line D′(r) = −4πnr on each side of peaks in D′(r). This
can be suppressed by using the Lorch [38] modification function M(q) = sinc(πq/qmax)
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for q ≤ qmax and M(q) = 0 for q > qmax, although this comes at the expense of
broadened peaks. This method facilitates the extraction of coordination numbers by
direct integration and an estimate of the average number of atoms of type β, contained
in a volume defined by two concentric spheres of radii ri and rj centred on an atom of
type α, can be calculated from

n̄βα = 〈b〉2

2cαbαbβ

∫ rj

ri

r[D′(r) + 4πnr] dr, (101)

provided only one gαβ(r) function contributes in the range ri < r < rj or contributions
from other correlations can be subtracted.
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7.4 Experimental Methods
7.4.1 Sample Preparation

Glassy and glass-ceramic NAGP samples were prepared by J. Ortiz-Mosquera, A. Nieto-
Muñoz and A. Rodrigues according to the method described in ref. [185], which is
summarised here. Reagent grade chemicals were mixed in appropriate ratios and ball-
milled for 12 hours. The mixtures were calcined at 672K for 2 hours, then at 973K for
4 hours and then melted at 1473 - 1553K for 30 minutes. To form a glass, the molten
mixtures were splat-cooled between stainless steel plates. The samples were re-melted
and quenched in the same way to improve homogeneity. Each glass was divided into
three parts which were (i) kept in its as-prepared condition, (ii) annealed near Tg to
relax the glass structure and (iii) annealed near Tg to crystallize the sample.

Descriptive names were assigned to each sample based on the composition and heat
treatment. This nomenclature takes the format: NAGPXy, where X/10 = a gives
the value of a in the Na1+aAlaGe2−a(PO4)3 formula, and y = g, a or x denotes the as-
prepared glass, annealed glass and crystallised material, respectively. The mass density
of each sample was measured using a Quantachrome 1200e pycnometer operated with
He gas (see section 4.4). The compositions, thermal histories and densities of the NAGP
samples are listed in table 31.

7.4.2 Sample Characterisation

To assess the quality of the crystalline materials and confirm their structure, neutron
and X-ray powder diffraction patterns were measured and analysed by H. Auer. Details
of these measurements and analyses can be found in ref. [62]. The results useful for
the interpretation of PDFs are summarised here and will be referred to in the following
sections.

All NAGP materials studied crystallise in the NASICON structure. The structure
of NAGP0x consists of a negatively charged 3-dimensional network of corner-sharing
PØ4/2 tetrahedra and GeØ6/2 octahedra with Na+ ions residing within interstitial
cavities in NaO6 trigonal prisms [62, 198], as shown in figure 7.3. For NAGP4x and
NAGP8x, Al3+ substitutes on the Ge4+ sites and the additional Na+ ions occupy
irregular NaO8 sites within the network. Table 32 summarises the element-oxygen
distances for the structural units found within the crystalline materials.

Some minor impurity phases were identified in the NAGP0x and NAGP8x samples, but
the peak intensities suggest a fraction ∼ 1%. The NAGP8x diffraction pattern also
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Sample Name Composition (mol%) Thermal History ρ (g cm−3) n (Å−3)Na2O Al2O3 GeO2 P2O5
NAGP0g 12.5 0.0 50.0 37.5 as-prepared 3.2619(5) 0.07802(1)
NAGP0a 12.5 0.0 50.0 37.5 873(1) K for 0.25 hours 3.3073(8) 0.07911(2)
NAGP0x 12.5 0.0 50.0 37.5 873(1) K for 17 hours 3.659*/3.5257(7) 0.08752*/0.08433(2)
NAGP4g 17.5 5.0 40.0 37.5 as-prepared 3.1006(5) 0.07736(1)
NAGP4a 17.5 5.0 40.0 37.5 845(1) K for 2 hours 3.1498(6) 0.07859(2)
NAGP4x 17.5 5.0 40.0 37.5 845(1) K for 17 hours 3.513*/3.4031(8) 0.08765*/0.08491(2)
NAGP8g 22.5 10.0 30.0 37.5 as-prepared 2.9634(8) 0.07712(2)
NAGP8a 22.5 10.0 30.0 37.5 810(1) K for 20 hours 3.0081(7) 0.07828(2)
NAGP8x 22.5 10.0 30.0 37.5 810(1) K for 55 hours 3.385*/3.1679(5) 0.08809*/0.08244(1)

Table 31: Composition, thermal history, mass density ρ and number density n of the NAGP samples. The temperature and
time of thermal annealing is given under thermal history. Densities marked with an asterisk were determined by diffraction

measurements.



Atom Pair Unit Distance (Å)
a = 0 a = 0.4 a = 0.8

P-O PO4 - Tetrahedron 1.53(1) 1.52(2) 1.54(3)
Ge(Al)-O Ge(Al)O6 - Octahedron 1.86(2) 1.86(3) 1.86(3)
Na-O NaO6 - Trigonal Prism 2.45(9) 2.44(4) 2.44(4)
Na-O NaO8 - 2.4(2) 2.5(2)

Table 32: Average element-oxygen distances in Na1+aAlaGe2−a(PO4)3 crystals
obtained by taking the mean distance determined from crystallography experiments

[62]. Values in brackets give the standard deviation.

showed a structured background, which may indicate an amorphous residue caused by
incomplete crystallisation. For simplicity, the materials will be considered completely
crystalline unless unusual results arise.

Crystalline and amorphous NAGP materials have been studied by NMR and the results
are reported in ref. [61]. Combining these with more recent measurements of the
samples studied here [62] has given the following results:

• 31P magic-angle spinning NMR experiments confirm that P exists exclusively in
PO4 tetrahedra in all NAGP materials and a large chemical shift difference in
measurements of the glass vs. crystal suggests that P(4) species are not found in
the glass.

• 27Al magic-angle spinning NMR experiments reveal that Al exists in a mixture
of AlO4, AlO5 and AlO6 sites in NAGP materials. The speciation of Al sites is
reported in table 33.

• 31P – 23Na Rotaional Echo Double Resonance (REDOR) experiments show dif-
ferent spatial correlations between the P and Na atoms in the glass vs. crystal
structure and show no evidence of two distinct P species in the glass. In par-
ticular, these results support a structural model in which P(2) species are not
present.

7.4.3 The D4c Neutron Diffraction Experiment

Neutron diffraction measurements were carried out on the diffractometer D4c at the
ILL (see section 4) in April 2018. The team present for this experiment consisted of L.
Gammond, M. Buscemi, A. Zeidler, P. Salmon and H. Fischer (local contact).

Samples were ground using an agate mortar and pestle until they would pass through a
funnel with a 2 mm diameter spout, which was used to load the samples into cylindrical
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Figure 7.3: The NAGP0x crystal structure: A 3D network of corner-sharing PO4
tetrahedra (blue) and GeO6 octahedra (purple) with Na+ ions residing within cavities
in trigonal prisms (yellow). Oxygen atoms are drawn in red. The image was produced

using VESTA [199].
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Sample Speciation (%)
n̄O

AlAl(IV) Al(V) Al(VI)
NAGP4g 37.2 39.8 23 4.86(10)
NAGP4a 32.9 37.9 29.2 4.96(10)
NAGP4x 2.5 11.5 86.1 5.84(10)
NAGP8g 39.6 35.7 24.7 4.85(10)
NAGP8a 36.4 33 30.6 4.94(10)
NAGP8x 10.5 6.3 83.2 5.73(10)

Table 33: Al speciation in NAGP glasses and crystals measured by 27Al magic-angle
spinning NMR [62]. The average Al-O coordination number n̄OAl is given with errors

typical of these measurements.

vanadium containers. The inner/outer diameter of the container was 6.8/7.0mm
(0.1mm wall thickness). For the neutron diffraction measurements, a copper mono-
chromator and rhodium filter was used to select single-wavelength neutrons from the
ILL reactor’s hot source (graphite at 2000K), where the filter removes λ/2 contamina-
tion. Collimators were used to define a rectangular beam-shape at the sample position
with a height of 40 mm and a width of 12 mm. Neutrons scattered by the sample
were measured using the diffractometer D4c, which has 9 detector groups that cover
scattering angles ranging from 1.5 − 137 ◦. An initial calibration measurement of a
nickel standard was used to determine the detector zero-angle offset and the incident
neutron wavelength of 0.49795(1) Å. Diffraction patterns were measured at ambient
temperature (≈ 298K) for:

• each sample in its container;

• an empty container;

• the empty instrument for background corrections;

• a vanadium rod (6.37(2)mm diameter) for normalisation.

Measurements were recorded in scans lasting approximately 1 hour, which allowed the
stability of the instrument to be monitored periodically by taking the ratio of two scans.
A ratio equal to unity, within experimental error, implies stability. The raw data for
each measurement was produced by averaging all suitable scans.

Figure 7.4 shows the raw data measured for the empty instrument, vanadium container,
the vanadium rod and, for demonstration, the NAGP0g sample-in-container. The raw
data were processed using in-house software that subtracts the background, normalises
to the vanadium standard, applies multiple scattering corrections and subtracts the
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empty container from the sample-in-container data using attenuation factors. Finally,
a Placzek (inelasticity) correction was made and the self-scattering was subtracted to
give the total structure factor. PDFs were obtained by Fourier transforming the total
structure factor according to equation 99.

7.4.4 The GEM Neutron Diffraction Experiment

Neutron diffraction experiments were carried out at ISIS using the GEM diffractometer
(see section 4) in December 2018. The team present for this experiment consisted of
L. Gammond, R. Silva, A. Zeidler, P. Salmon and A. Hannon (local contact).

The ground samples were loaded into cylindrical vanadium containers with an in-
ner/outer diameter of 6.00/6.08mm (0.04mm wall thickness). The samples in their
containers were loaded onto the GEM automatic sample changer for the diffraction
measurements. For these measurements, collimators were used to define a rectangular
beam-shape at the sample position with a height of 40mm and a width of 15mm.
Scattered neutrons were collected by the eight detector groups of the GEM diffracto-
meter that cover scattering angles ranging from 1 − 171 ◦. Diffraction patterns were
measured at ambient temperature (≈ 298K) for:

• each sample in its container;

• an empty container;

• the empty instrument for background corrections;

• a vanadium-niobium rod (94.86 mole % V, 7.95mm diameter) for normalisation.

Measurements were recorded in scans lasting approximately 1.5 hours, which allowed
the stability of the instrument to be monitored periodically by taking the ratio of two
scans recorded for the same sample. A ratio equal to unity, within experimental error,
implies stability. Figure 7.5 shows the spectrum measured by bank 5 (79 − 106 ◦)
for the empty instrument, vanadium container, the vanadium-niobium rod and, for
demonstration, the NAGP0g sample-in-container.

For each measurement, eight individual spectra were recorded corresponding to the
eight detector groups of the GEM diffractometer. GUDRUN [108] was used to normal-
ise each spectrum to the incident beam monitor, subtract the background, normalise the
data to the vanadium-niobium standard, apply multiple scattering corrections and sub-
tract the empty container from the sample-in-container data using attenuation factors.
IntMer [109] was used to determine the useful q-range for each spectrum, then ATLAS
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[110] was used to apply Placzek (inelasticity) corrections, subtract the self-scattering
and finally merge the eight spectra into a single data set to produce the total structure
factor F (q). PDFs were obtained by Fourier transforming the total structure factor
according to equation 99.
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Figure 7.4: Intensity I vs. scattering angle 2θ measured on the diffractometer D4c for
the empty instrument (red points with error bars), vanadium container (blue points
with error bars), vanadium rod (green points with error bars) and the NAGP0g

sample-in-container (black points with error bars). The inset highlights stepping at
low angles due to scattering of the direct beam by the detector shielding.
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Figure 7.5: Intensity I vs. scattering vector q measured on bank 5 (79− 106 ◦) of the
GEM diffractometer for the empty instrument (red points with error bars), vanadium
container (blue points with error bars), vanadium-niobium rod (green points with

error bars) and the NAGP0g sample-in-container (black points with error bars). The
inset shows the vanadium container and empty instrument.
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7.5 Results
7.5.1 Total Structure Factors

The total structure factors F (q) for the NAGP samples measured on D4c or GEM
are shown in figures 7.6, 7.7 and 7.8. For each F (q) function, oscillations are visible
across the entire q-range. The data and Fourier back-transforms are in good overall
agreement, which indicates a self-consistent analysis procedure (see section 2.6).

For the crystalline materials there are small differences in the position and intensity of
Bragg peaks measured by D4c or GEM. This may originate from the different resolution
functions of the diffractometers and the possibility of preferred orientation of crystallites
within the sample container. For the as-prepared glasses measured on both D4c and
GEM, the data are in agreement over the entire q-range. The F (q) functions for all
glassy materials adopt the usual three peak structure [25] with the additional feature of
a pre-preak at q ≈ 0.85Å−1, which indicates ordering on a length scale of 2π/q = 7.4 Å.
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Figure 7.6: Total structure factors F (q) for the NAGP0 samples, as measured on the
D4c or GEM diffractometer. For the D4c data, the blue points with error bars give
the F (q) functions and the solid green curves give the Fourier back-transforms of the
corresponding real-space functions after the low-r oscillations are set to the D′(r −→ 0)
limit. For the GEM data, the red points with error bars give the F (q) functions and

the solid black curves give the Fourier back-transforms of the corresponding
real-space functions after the low-r oscillations are set to the D′(r −→ 0) limit. Plots

are offset vertically for clarity of presentation.
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Figure 7.7: Total structure factors F (q) for the NAGP4 samples, as measured on the
D4c or GEM diffractometer. For the D4c data, the blue points with error bars give
the F (q) functions and the solid green curves give the Fourier back-transforms of the
corresponding real-space functions after the low-r oscillations are set to the D′(r −→ 0)
limit. For the GEM data, the red points with error bars give the F (q) functions and

the solid black curves give the Fourier back-transforms of the corresponding
real-space functions after the low-r oscillations are set to the D′(r −→ 0) limit. Plots

are offset vertically for clarity of presentation.
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Figure 7.8: Total structure factors F (q) for the NAGP8 samples, as measured on the
D4c or GEM diffractometer. For the D4c data, the blue points with error bars give
the F (q) functions and the solid green curves give the Fourier back-transforms of the
corresponding real-space functions after the low-r oscillations are set to the D′(r −→ 0)
limit. For the GEM data, the red points with error bars give the F (q) functions and

the solid black curves give the Fourier back-transforms of the corresponding
real-space functions after the low-r oscillations are set to the D′(r −→ 0) limit. Plots

are offset vertically for clarity of presentation.
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7.5.2 Fitting Procedure

The RDFGenfit program (see section 3.2.3) was used to obtain structural parameters
from the experimentally measured PDFs. Given the complexity of the NAGP system
it was necessary to impose certain conditions on the fitting procedure so that reliable
parameters could be obtained. These conditions were:

• The number of peaks used to fit the data should be as small as possible to reduce
the number of correlated parameters.

• Peak positions should be within the range of distances expected from studies of
glasses and crystals with similar compositions.

• The coordination numbers obtained for crystalline samples should agree with the
values expected from the crystal structure and NMR measurements, i.e. n̄OP = 4
and n̄OGe = 6.

• Fitted parameters should agree with results from a X-ray diffraction PDF study
of the same samples [62].

The PDF measured using the GEM diffractometer for the NAGP0x sample is shown
in figure 7.9 and was used to develop a fitting procedure that delivers results that
are consistent with the conditions outlined above. The reasons for this were: (i) this
alumina-free sample is the simplest system studied (there are no Al-O correlations at
r ≈ 1.86 Å overlapping with Ge-O correlations) (ii) a direct comparison with the exper-
imentally determined crystal structure [62] can be made and (iii) the structure factor
measured on the GEM diffractometer has a high qmax = 39.10 Å−1, which improves the
resolution of PDFs and suppresses Fourier transform artefacts.

An initial fit to the NAGP0x sample data was constructed by using a single Gaussian
peak for each correlation with the assignments shown in figure 7.9. The results are
shown in figure 7.10 (a). All peaks had freedom to refine except for the Na-O peak
which is almost entirely underneath the O-O peak and had to be constrained. This
procedure produced some surprising results. Not only does the fit miss features of
the data at r ≈ 1.7 Å and 2.0 < r < 2.7 Å, the P-O coordination number obtained
n̄OP = 3.58(5) is 11.5% lower than the expected value n̄OP = 4. Furthermore, the O-O
coordination number n̄OO = 6.44(5) is 8.0% lower than the expected value of n̄OO = 7
and the peak-shape is not well represented by a single Gaussian. Table 34 summarises
the parameters resulting from this fit.

Given the shortcomings of the initial fit, several possible sources of inaccuracy were
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Figure 7.9: The D′(r) function for the NAGP0x sample obtained by Fourier
transforming the total structure factor measured on GEM (figure 7.6). Arrows

indicate peak assignments based on the element-oxygen distances found in the crystal
structure. Although Na-O correlations are expected at r ≈ 2.5 Å, the large neutron
scattering length and atomic concentration of O in NAGP samples means that O-O

correlations dominate the third peak.

investigated and are outlined below. The most severe deficiency was the low value
of n̄OP , so the primary objective was to obtain results closer to the expected value of
n̄OP = 4.

1. Measurements of the coherent neutron scattering length for P give values in the
range 5.0 − 5.3 fm [200–203] with a recommended value bP = 5.13(1) fm [32].
Repeating the analysis with bP values that cover this range changed n̄OP by≈ ±0.1.

2. The data was analysed with the density measured using He-gas pycnometry (see
table 31), however, this lead to a lower value of n̄OP = 3.44(5).

3. A Lorch [38] modification function was applied to the data so that coordination
numbers could be obtained by direct integration over the peaks in D′(r), which
is shown in figure 7.10 (b). An estimate of n̄OP can therefore be calculated by
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Figure 7.10: The D′(r) function for the NAGP0x sample obtained by Fourier
transforming the total structure factor measured on GEM (figure 7.6). (a) Results
from the initial fit. The open red circles show the data, the solid black curve shows
the fit and the displaced solid black curve shows the residual over the fitted range.

Contributions to the total fit arising from P-O (solid blue), Ge-O (solid green), Na-O
(solid magenta) and O-O (solid cyan) correlations are shown. (b) D′(r) function

obtained after applying a Lorch modification function to the data. Arrows indicate
the integration limit rj = 1.67 or 2.19 Å used to obtain coordination numbers. (c)

Resulting fit from the updated fitting procedure. Open red circles show the data, the
solid black curve shows the fit and the displaced solid black curve shows the residual
over the fitted range. Contributions to the total fit arising from P-O (solid blue,

dashed blue), Ge-O (solid green), Na-O (solid magenta) and O-O (solid cyan, dashed
cyan) correlations are shown.
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Sample Atom Pair
α-β rαβ (Å) σαβ (Å) nβα Rχ (%)

NAGP0x P-O 1.525 0.038 3.58 8.70
(Initial Fit) Ge-O 1.857 0.061 6.04

Na-O 2.455* 0.300+ 6.00*
O-O 2.544 0.120 6.44

NAGP0x P-O 1.539 0.075 1.95 4.32
(Updated Fitting Procedure) P-O 1.522 0.019 1.96

P-O (sum) 3.91
Ge-O 1.857 0.060 5.95
Na-O 2.300 0.239 6.00*
O-O 2.486 0.085 3.00*
O-O 2.637 0.117 4.00*

Table 34: Parameters obtained from the fits to the D′(r) function for the NAGP0x
sample measured using the GEM diffractometer using the the initial fitting procedure
or the procedure outlined in the text. Fixed parameters are marked with an asterisk.
Parameters that reached the upper limit of the bounds are marked with +. Rχ is

given for the fitted range 1.30− 2.70Å.

assuming appropriate limits for the integration and subtracting any contribu-
tion from other pair correlations. Integration to the first minimum at 1.67 Å
gives n̄OP = 3.7(1), whereas integration to the second minimum at 2.19 Å gives
n̄OP = 4.3(2) on the assumption that n̄OGe = 6 and its contribution to the area
is subtracted. This result reveals that there is sufficient area to accommodate
the expected n̄OP and n̄OGe values, and the P-O distance distribution extends to
r > 1.67 Å which can not be accurately described by a single Gaussian peak.

From the results of the initial fit and following investigations, it was clear that a fit-
ting procedure with more peaks and more constraints was necessary. To address the
problems and encourage results that meet the conditions outlined above, the fit was
constructed as follows. Firstly, the P-O peak was split into two Gaussian components
to better represent any non-Gaussian properties of the peak shape. The two peaks
had equal and fixed area that sum to give n̄OP = 4. The O-O peak was also split into
two Gaussian components with one representing O-O distances within PO4 tetrahedra
with a fixed coordination number of nOO = 3, and a second representing the nearest-
neighbour O-O distances within GeO6 octahedra with a fixed coordination number
nOO = 4. The Ge-O peak parameters had complete freedom to refine. Once the para-
meters were refined, these were fixed, and the P-O coordination numbers were then
refined. The results are shown in figure 7.10 (c) and summarised in table 34. The
lack of structure in the residual and the goodness-of-fit value Rχ = 4.3% represent a
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significant improvement when compared with the initial fit (c.f. Rχ = 8.7%). Together
with the more reasonable coordination numbers, these results instill confidence in the
ability of the fitting procedure to extract accurate structural parameters.

For the crystalline materials, the procedure described here was used to fit the GEM
data. The parameters obtained from this were then used as seeds for fitting to the D4c
data. The peak widths, positions and coordination numbers were refined.

For the as-prepared glasses, fits to both the GEM and D4c data were constructed as
follows. The P-O peak was again split into two Gaussian components. The O-O peak
was also split into two Gaussian components to represent (i) O-O distances within PO4

tetrahedra with a fixed coordination number of nOO = 3 and (ii) O-O distances of O
atoms in other environments with an unconstrained coordination number. The Na-O
peak was fixed at the position found from the crystalline materials and the coordination
number was fixed at the value expected from the crystallography. The Ge-O peak
parameters had complete freedom to refine. For materials containing Al, Al-O peaks
were incorporated with fixed distances of 1.76 Å, 1.84 Å and 1.86 Å, originating from
Al in 4-, 5- or 6-fold coordination, respectively. These positions were based on the
expected Al-O distance from bond-valence considerations [172] or the crystal structure
[62]. The coordination number of each peak was set to the value determined by NMR
(see table 33) and the width was estimated from the crystallography results [62] or
studies on similar materials [42].

For the annealed glasses, parameters obtained from fits to the as-prepared glasses
measured on D4c were used as a seed. The Al-O coordination numbers were set to
the values determined by NMR (see table 33), then the peak positions, widths and
coordination numbers were refined in turn, with the exception of the Al-O and Na-O
positions and coordination numbers, which remained fixed.
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7.5.3 Pair-Distribution Functions

The D′(r) functions for the NAGP samples are shown in figures 7.11 to 7.16 and
were obtained by Fourier transforming the corresponding F (q) functions with the qmax

values given in table 35. Also plotted are the fits obtained using the procedure outlined
in section 7.5.2, showing contributions from individual pair correlations. Parameters
obtained from the fitting procedure are reported in tables 36 to 40.

Sample qmax (Å−1)
D4c GEM

NAGP0g 22.15 40.00
NAGP0a 22.35 -
NAGP0x 22.25 39.10
NAGP4g 22.25 43.00
NAGP4a 22.20 -
NAGP4x 22.15 41.70
NAGP8g 21.75 40.00
NAGP8a 21.90 -
NAGP8x 21.75 40.95

Table 35: Maximum q value of the F (q) functions measured on the D4c or GEM
diffractometer.

All D′(r) functions measured on GEM show two well resolved peaks in the range 1.4 <
r < 2.0Å. The first peak at r ≈ 1.5 Å is at the position expected for P-O correlations
based on (i) the crystallography [62] and (ii) diffraction studies of phosphate materials
[42, 196, 204, 205]. The second peak at r ≈ 1.8 Å is at the position expected for Ge-O
and Al-O correlations [62, 123, 196]. For the Al-containing samples, the comparison
of weighting factors for Ge-O vs. Al-O correlations reveals that the peak at r ≈ 1.8 Å
is dominated by the former, which is ≈ 10× larger than the latter. When compared
with its corresponding crystal, it can be seen that the Ge-O peak in the glasses is
broader with a low-r shoulder. The existence of shorter Ge-O distances indicates the
presence of lower coordination environments, that is, GeO4 and/or GeO5 polyhedra.
The third peak seen in the D′(r) functions is primarily due to O-O correlations with
two distinct distances that originate from O atoms within PO4 tetrahedral or GeO6

octahedral units. Na-O correlations also contribute to the third peak and, for glassy
materials, there may be small contributions from other pair correlations.

The D′(r) functions measured on D4c possess features that are the same as those seen
in the GEM data, however, the reduced qmax ≈ 22 Å−1 value broadens the peaks,
affecting the P-O correlations most severely.
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Fits to all D′(r) functions were made using the procedure outlined in section 7.5.2.
Good agreement between the data and fit is seen for all samples and is reflected in
the lack of structure in the residual plot and low Rχ values. P-O peak positions fall
within the range expected for PO4 tetrahedral units and a value of n̄OP ≈ 4 is obtained
for all samples, which is expected from NMR and crystallography [62]. For crystal-
line materials, the Ge-O peak positions are close to the expected value of 1.86(3) Å
obtained from crystallography and the value of n̄OGe ranges from 5.95(5)− 6.08(5). As
expected from the asymmetric peak shape seen in the glasses, fits to these data obtain
n̄OGe < 6 indicating a mixture of Ge-centered polyhedral units. In general, n̄OGe values
obtained from D4c data are slightly higher than those obtained from GEM data. Lar-
ger qmax values used in the analysis of GEM data lead to better real-space resolution
and suppression of Fourier transform artefacts, so these results are thought to be most
accurate. Nevertheless, the increase of n̄OGe seen upon annealing the as-prepared glasses
is still a valid measure of the changes occurring.
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Sample Atom Pair
α-β rαβ (Å) σαβ (Å) nβα Rχ (%)

NAGP0x P-O 1.522(2) 0.019(3) 1.96(2) 4.32
P-O 1.539(3) 0.075(5) 1.95(2)

P-O (sum) 3.91(3)
Ge-O 1.857(2) 0.060(3) 5.95(5)
Na-O 2.300(50) 0.239(10) 6.00*
O-O 2.486(4) 0.085(5) 3.00*
O-O 2.637(5) 0.117(8) 4.00*

NAGP4x P-O 1.517(4) 0.029(3) 1.97(2) 3.33
P-O 1.543(4) 0.055(5) 1.97(3)

P-O (sum) 3.94(3)
Ge-O 1.858(5) 0.061(4) 6.03(5)
Al-O 1.860* 0.067(5) 6.00*
Na-O 2.338(50) 0.258(10) 6.61*
O-O 2.487(4) 0.086(5) 3.00*
O-O 2.637(5) 0.112(8) 4.00*

NAGP8x P-O 1.517(4) 0.038(3) 2.00(2) 2.76
P-O 1.543(4) 0.051(5) 1.99(2)

P-O (sum) 3.99(3)
Ge-O 1.856(2) 0.075(4) 6.03(5)
Al-O 1.860* 0.065(8) 6.00*
Na-O 2.411(50) 0.265(10) 6.85*
O-O 2.509(4) 0.091(5) 3.00*
O-O 2.641(5) 0.145(8) 4.00*

Table 36: Parameters obtained from fits to the D′(r) functions for crystalline NAGP
samples measured using the GEM diffractometer. Fixed parameters are marked with

an asterisk. Rχ is given for the fitted range 1.30− 2.70Å.
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Sample Atom Pair
α-β rαβ (Å) σαβ (Å) nβα Rχ (%)

NAGP0x P-O 1.502(4) 0.010(4) 2.03(3) 3.02
P-O 1.560(4) 0.066(6) 1.97(2)

P-O (sum) 4.00(4)
Ge-O 1.859(2) 0.066(5) 5.97(5)
Na-O 2.433(10) 0.206(9) 6.00*
O-O 2.483(5) 0.088(5) 3.00*
O-O 2.622(5) 0.117(8) 4.00*

NAGP4x P-O 1.494(4) 0.010(4) 2.00(2) 3.57
P-O 1.561(4) 0.047(6) 2.01(3)

P-O (sum) 4.01(4)
Ge-O 1.861(2) 0.070(5) 6.05(5)
Al-O 1.860* 0.072(3) 6.00*
Na-O 2.436(10) 0.212(9) 6.61*
O-O 2.476(5) 0.091(6) 3.00*
O-O 2.625(5) 0.110(8) 4.00*

NAGP8x P-O 1.498(4) 0.017(4) 2.03(3) 2.13
P-O 1.557(4) 0.053(6) 2.00(2)

P-O (sum) 4.03(4)
Ge-O 1.854(2) 0.090(5) 6.08(5)
Al-O 1.860* 0.068(3) 6.00*
Na-O 2.467(10) 0.221(9) 6.85*
O-O 2.502(5) 0.098(6) 3.00*
O-O 2.624(5) 0.142(8) 4.00*

Table 37: Parameters obtained from fits to the D′(r) functions for crystalline NAGP
samples measured using the D4c diffractometer. Fixed parameters are marked with

an asterisk. Rχ is given for the fitted range 1.20− 2.70Å.
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Sample Atom Pair
α-β rαβ (Å) σαβ (Å) nβα Rχ (%)

NAGP0g P-O 1.522(2) 0.036(5) 2.00(3) 8.15
P-O 1.565(4) 0.104(5) 1.98(4)

P-O (sum) 3.98(5)
Ge-O 1.829(4) 0.087(6) 5.12(5)
Na-O 2.300* 0.211(9) 6.00*
O-O 2.501(5) 0.082(5) 3.00*
O-O 2.637(10) 0.096(10) 2.18(20)

NAGP4g P-O 1.519(3) 0.041(5) 2.00(4) 4.31
P-O 1.563(4) 0.097(5) 1.98(3)

P-O (sum) 3.98(5)
Ge-O 1.829(5) 0.092(6) 4.89(5)
Al-O 1.760* 0.050* 1.48*
Al-O 1.840* 0.060* 2.00*
Al-O 1.860* 0.070* 1.38*

Al-O (sum) 4.86
Na-O 2.308* 0.283(9) 6.61*
O-O 2.501(5) 0.082(5) 3.00*
O-O 2.658(10) 0.111(10) 2.35(20)

NAGP8g P-O 1.520(3) 0.042(5) 2.00(3) 5.46
P-O 1.561(4) 0.097(5) 1.98(3)

P-O (sum) 3.98(4)
Ge-O 1.829(5) 0.097(6) 4.79(5)
Al-O 1.760* 0.050* 1.56*
Al-O 1.840* 0.060* 1.80*
Al-O 1.860* 0.070* 1.50*

Al-O (sum) 4.86
Na-O 2.411* 0.289(9) 6.85*
O-O 2.505(5) 0.084(5) 3.00*
O-O 2.700(10) 0.142(10) 2.50(20)

Table 38: Parameters obtained from fits to the D′(r) functions for glassy NAGP
samples measured using the GEM diffractometer. Fixed parameters are marked with

an asterisk. Rχ is given for the fitted range 1.30− 2.70Å.
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Sample Atom Pair
α-β rαβ (Å) σαβ (Å) nβα Rχ (%)

NAGP0g P-O 1.595(5) 0.076(6) 2.00(2) 2.23
P-O 1.495(4) 0.015(5) 2.00(2)

P-O (sum) 4.00(3)
Ge-O 1.824(5) 0.095(6) 5.12(5)
Na-O 2.433* 0.300(9) 6.00*
O-O 2.514(5) 0.085(5) 3.00*
O-O 2.637(10) 0.168(10) 3.13(20)

NAGP4g P-O 1.594(5) 0.058(6) 2.00(2) 1.22
P-O 1.488(4) 0.010(5) 2.00(2)

P-O (sum) 4.00(3)
Ge-O 1.824(5) 0.098(6) 5.05(5)
Al-O 1.760* 0.050* 1.48*
Al-O 1.840* 0.060* 2.00*
Al-O 1.860* 0.070* 1.38*

Al-O (sum) 4.86
Na-O 2.436* 0.207(9) 6.61*
O-O 2.509(5) 0.079(5) 3.00*
O-O 2.700(10) 0.166(10) 3.19(20)

NAGP8g P-O 1.592(5) 0.073(7) 2.00(2) 1.10
P-O 1.493(4) 0.010(7) 2.00(2)

P-O (sum) 4.00(3)
Ge-O 1.819(5) 0.115(6) 5.01(5)
Al-O 1.760* 0.050* 1.56*
Al-O 1.840* 0.060* 1.80*
Al-O 1.860* 0.070* 1.50*

Al-O (sum) 4.86
Na-O 2.467* 0.212(9) 6.85*
O-O 2.511(5) 0.083(5) 3.00*
O-O 2.700(10) 0.175(10) 2.79(20)

Table 39: Parameters obtained from fits to the D′(r) functions for glassy NAGP
samples measured using the D4c diffractometer. Fixed parameters are marked with

an asterisk. Rχ is given for the fitted range 1.20− 2.70Å.
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Sample Atom Pair
α-β rαβ (Å) σαβ (Å) nβα Rχ (%)

NAGP0a P-O 1.594(5) 0.074(6) 2.00(2) 3.09
P-O 1.495(4) 0.018(5) 2.00(2)

P-O (sum) 4.00(3)
Ge-O 1.832(5) 0.093(6) 5.13(5)
Na-O 2.433* 0.300(10) 6.00*
O-O 2.516(5) 0.085(5) 3.00
O-O 2.635(10) 0.167(10) 3.15

NAGP4a P-O 1.589(5) 0.056(6) 2.00(2) 1.82
P-O 1.489(4) 0.012(5) 2.00(2)

P-O (sum) 4.00(3)
Ge-O 1.830(5) 0.094(6) 5.19(5)
Al-O 1.760* 0.050* 1.32*
Al-O 1.840* 0.060* 1.90*
Al-O 1.860* 0.070* 1.74*

Al-O (sum) 4.96
Na-O 2.436* 0.198(9) 6.61*
O-O 2.511(5) 0.081(5) 3.00*
O-O 2.684(10) 0.163(10) 3.20

NAGP8a P-O 1.589(5) 0.071(7) 2.00(2) 1.73
P-O 1.495(4) 0.012(7) 2.00(2)

P-O (sum) 4.00(3)
Ge-O 1.831(5) 0.112(6) 5.11(5)
Al-O 1.760* 0.050* 1.44*
Al-O 1.840* 0.060* 1.65*
Al-O 1.860* 0.070* 1.86*

Al-O (sum) 4.95
Na-O 2.467* 0.213(9) 6.85*
O-O 2.514(5) 0.083(5) 3.00*
O-O 2.682(10) 0.175(10) 2.81(20)

Table 40: Parameters obtained from fits to the D′(r) functions for annealed NAGP
samples measured using the D4c diffractometer. Fixed parameters are marked with

an asterisk. Rχ is given for the fitted range 1.20− 2.70Å.
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Figure 7.11: D′(r) functions for the NAGP0 samples obtained by Fourier
transforming the total structure factors measured on GEM (figure 7.6). In each plot,

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the fitted range. Contributions to
the total fit arising from P-O (solid blue, dashed blue), Ge-O (solid green), Na-O

(solid magenta) and O-O (solid cyan, dashed cyan) correlations are shown.

238



Figure 7.12: D′(r) functions for the NAGP0 samples obtained by Fourier
transforming the total structure factors measured on D4c (figure 7.6). In each plot,

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the fitted range. Contributions to
the total fit arising from P-O (solid blue, dashed blue), Ge-O (solid green), Na-O

(solid magenta) and O-O (solid cyan, dashed cyan) correlations are shown.
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Figure 7.13: D′(r) functions for the NAGP4 samples obtained by Fourier
transforming the total structure factors measured on GEM (figure 7.7). In each plot,

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the fitted range. Contributions to
the total fit arising from P-O (solid blue, dashed blue), Ge-O (solid green), Al-O
(solid red, dashed red, dotted red), Na-O (solid magenta) and O-O (solid cyan,

dashed cyan) correlations are shown.
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Figure 7.14: D′(r) functions for the NAGP4 samples obtained by Fourier
transforming the total structure factors measured on D4c (figure 7.7). In each plot,

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the fitted range. Contributions to
the total fit arising from P-O (solid blue, dashed blue), Ge-O (solid green), Al-O
(solid red, dashed red, dotted red), Na-O (solid magenta) and O-O (solid cyan,

dashed cyan) correlations are shown.
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Figure 7.15: D′(r) functions for the NAGP8 samples obtained by Fourier
transforming the total structure factors measured on GEM (figure 7.8). In each plot,

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the fitted range. Contributions to
the total fit arising from P-O (solid blue, dashed blue), Ge-O (solid green), Al-O
(solid red, dashed red, dotted red), Na-O (solid magenta) and O-O (solid cyan,

dashed cyan) correlations are shown.
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Figure 7.16: D′(r) functions for the NAGP8 samples obtained by Fourier
transforming the total structure factors measured on D4c (figure 7.8). In each plot,

the open red circles show the data, the solid black curve shows the fit and the
displaced solid black curve shows the residual over the fitted range. Contributions to
the total fit arising from P-O (solid blue, dashed blue), Ge-O (solid green), Al-O
(solid red, dashed red, dotted red), Na-O (solid magenta) and O-O (solid cyan,

dashed cyan) correlations are shown.
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7.6 Discussion
7.6.1 The P-O Environment

The PO4 tetrahedral unit is found in many phosphate based glasses and crystals, but
diffraction studies often measure n̄OP < 4 [42, 206–209] and the reduced value is usually
attributed to (i) the possible formation of PO3 units [209] or (ii) effects of the q-space
resolution of the diffractometer [205]. In this study, a fitting procedure was developed
that extracts n̄OP ≈ 4, which involved fitting two peaks to represent P-O correlations
and fixing the P-O coordination number for the initial stage of the fitting procedure.
This method was supported by the investigations reported in section 7.5.2 and reveals
a P-O bond-length distribution that is not accurately described by a single Gaussian
peak. Such a distribution points towards different types of P-O bonds. In the glasses,
for example, the P atoms could be connected to either non-bridging or bridging oxygen
atoms, and the bridges could be connected to other P atoms or different Ge-centred
polyhedral units.

The fitted P-O peak parameters obtained for the as-prepared and annealed NAGP
samples are identical within the experimental error, indicating no significant changes
to the P-O environment during the early stages of crystallisation.

Upon crystallisation the peaks representing P-O correlations tend to become narrower
and the second peak moves to lower r such that both peak positions are close to the
value expected from the crystallography (see table 32). The crystal structure of NAGP
materials has a single tetrahedral P site which is connected to four O-Ge bridges. Two
of these four oxygen atoms are in close proximity to Na+ ions, which may account for
the P-O distance distribution seen in the fits to the D′(r) functions.

7.6.2 The Ge-O Environment

In crystalline NAGP materials the Ge and Al atoms adopt the same structural role,
situated in octahedral units forming part of the network. If similar behaviour is also
seen in the glasses, the germanium environment can be expected to consist of a mixture
of 4-, 5- and 6-fold coordinated sites with speciation equal to that measured for Al using
NMR (see table 33). Sub-octahedral Ge-centred units have been found in alumina-free
NAGP glasses [123] and their existence in the glassy materials studied here is supported
by the peak shape seen in the D′(r) functions. The presence of GeOn (n < 6) units was
confirmed by the coordination numbers extracted from the peak fitting routine. For
the NAGP0g sample, a value of n̄OGe = 5.12(5) was obtained from both D4c and GEM
data sets. For NAGP4g and NAGP8g, n̄OGe = 4.89(5) and n̄OGe = 4.79(5) was measured
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from the GEM data sets, respectively, whilst slightly increased values of n̄OGe = 5.05(5)
and n̄OGe = 5.01(5) were obtained from the D4c data sets, respectively. As discussed
in section 7.5.3, coordination numbers from the GEM data sets are thought to be
more accurate because the better real-space resolution reduces the correlation of peak
parameters in the fits. The n̄OGe values for samples containing Al are close to the n̄OAl
values determined by NMR, and support a model where Ge and Al atoms fulfill the
same structural role in glassy NAGP materials.

For all NAGP materials, annealing the as-prepared glasses increases the average Ge-
O distance and coordination number. The peak representing these correlations also
becomes narrower, as would be expected for a material during transformation from a
disordered glass structure to a well-ordered crystal structure.

Upon crystallisation, the peak representing Ge-O correlations becomes narrower and
the coordination number increases to n̄OGe ≈ 6. Although the Al NMR indicates some
residual glass phase in the NAGP4x and NAGP8x samples, there is no evidence from
the PDF analysis to support this.

In comparison with the P-O environment, the Ge-O local structure undergoes signific-
ant reorganisation during crystallisation and involves the conversion of sub-octahedral
units to the 6-fold coordinated sites found in all NAGP crystal structures. The rapid
quenching method necessary to synthesise NAGP glasses suggests that this conversion
readily occurs during cooling from high temperature. The equivalent conversion of
Al units is assumed to be less prevalent because (i) incorporation of Al improves the
glass-forming ability, (ii) Al-containing samples require longer thermal treatment at Tg
to crystallise and (iii) 27Al magic-angle spinning NMR results suggests some fraction
of Al atoms remain in the glassy state after these heat treatments (see table 33).

7.6.3 Network Connectivity and the ratio NBO:Na

To assess the connectivity of the network in NAGP materials it is useful to employ a
model based on the role of ions within the material and a restricted oxygen coordination
number [123]. In this model, network-forming ions enter the material in ion-centred
polyhedral units with oxygen atoms at each vertex. The oxygen atoms can be classified
as either non-bridging oxygen (NBO) or bridging oxygen (BO), which are connected
to one or two network-forming ions, respectively. If all oxygen atoms form part of the
network as NBO or BO atoms, with a coordination number of one or two, respectively,
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then the fraction of NBO atoms is given by

fNBO = 2−
∑
X

n̄XO = 2− 1
cO

∑
X

cX n̄
O
X , (102)

where the sum is over all network-forming species X, n̄βα is the average number of
β atoms around α atoms, cO is the atomic concentration of O and cX is the atomic
concentration of species X. To demonstrate, consider case A: a fully polymerised
network in which ∑X n̄

X
O = 2 and case B: a fully depolymerised network in which∑

X n̄
X
O = 1. Equation 102 correctly gives the fraction of NBO atoms as fNBO = 0 for

case A and fNBO = 1 for case B. In equation 102, the relation cOn̄XO = cX n̄
O
X has been

used, which follows from the fact that the number of O-X bonds is equal to the number
of X-O bonds. This conversion facilitates the use of measured coordination numbers
in calculating fNBO values. Once the value of fNBO has been determined, it is simple
to calculate the ratio of NBO atoms to i atoms, where i is any atom in the material,
using the relation

NNBO
Ni

= NO
Ni

NNBO
NO

= NO
Ni

fNBO = cO
ci
fNBO. (103)

Equations 102 and 103 were used to assess the network connectivity and NBO:Na ratios
in NAGP glasses. Here, the values of n̄βα, summarised in table 41, were either fixed
at their expected value or obtained from experimental results. The results are shown

Sample n̄βα
P-O Al-O Ge-O fNBO NBO:Na

NAGP0g 4 - 5.07(8) 0.15(1) 1.9(2)
NAGP0a 4 - 5.11(3) 0.148(5) 1.78(6)
NAGP4g 4 4.86(10) 4.9(1) 0.18(1) 1.5(1)
NAGP4a 4 4.96(10) 5.1(2) 0.16(2) 1.4(2)
NAGP8g 4 4.85(10) 4.8(2) 0.19(2) 1.3(1)
NAGP8a 4 4.94(10) 5.0(2) 0.17(2) 1.2(1)

Table 41: Average coordination numbers used to assess the network connectivity and
NBO:Na ratios for NAGP glasses. The coordination numbers given are for (i) P-O,

fixed at the expected value, (ii) Al-O, set to the value measured by NMR [62] and (iii)
Ge-O, set to the average of the values measured by neutron diffraction using GEM
(this study), D4c (this study) and by X-ray PDF analysis [62]. fNBO and NBO:Na

were calculated according to equations 102 and 103.

in figure 7.17 along with the composition dependent conductivity of NAGP glasses
and crystals measured by Ortiz-Mosquera et al. [185]. The measurements show that
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Figure 7.17: (a) The conductivity of Na1+aAlaGe2−a(PO4)3 (NAGP) materials at
573K, as measured by Ortiz-Mosquera et al [185] and described in figure 7.1. (b) The
fraction of NBO atoms present in glassy NAGP materials, calculated according to

equation 102. (c) The ratio NBO:Na for glassy NAGP materials, calculated according
to equation 103.

the substitution of Al for Ge combined with the addition of extra Na atoms increases
the conductivity by 2 orders of magnitude. For the glass compositions studied here,
this is accompanied by an increase in the fraction of NBO atoms and a decrease of
the ratio NBO:Na. Although the exact role of NBO atoms is not clear, it is expected
that they play some role in controlling the conductivity of the material. It has been
suggested that negatively charged NBO atoms in phosphate glasses can act as traps
for Na+ ions [210] and, therefore, decrease the conductivity. If this is true, a lower
NBO:Na ratio would suggest a reduction of the energy necessary to liberate the ion and,
therefore, an increase in conductivity. This behaviour is observed for the NAGP glasses
studied here, although the changes may simply be related to the increased number of
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Na+ ions. To provide further evidence, electrical conductivity measurements of the
annealed glasses should be made. In these annealed glasses, the increase in average
coordination numbers comes with an associated decrease of both fNBO and the ratio
NBO:Na. An increase in conductivity is, therefore, expected. For crystalline NAGP
materials fNBO = NBO:Na = 0, so NBO atoms do not play a role in the conductivity
here.

7.6.4 A Structural Model for NAGP Glasses

The simple models presented in section 7.2 provide a starting point for developing
a description of NAGP glasses by familiarising the types of structural units that are
present in related systems. To make progress in developing a model for NAGP glasses,
it is necessary to combine the results of both NMR and diffraction so that possible
models can be identified. Firstly, results from 31P magic-angle spinning NMR indicate
it is unlikely that Na+ ions are balancing the charge associated with bridging oxygens.
This rules out the possibility of a model based on what is seen for binary germanate
glasses, which was described in section 7.2.1. Secondly, a model based on the interaction
of Na with phosphate species alone would not create any GeØn/2 units (n = 5, 6),
and, therefore, would not support the diffraction results which give an average Ge-O
coordination number n̄OGe > 4. Lastly, 31P – 23Na REDOR measurements indicate
different P - Na environments in the glass vs. crystal structure and do not support a
model in which P(2) units exist. This is in direct contrast with the model of alkali-GP
glasses reported by Hoppe et al. [123] and described in section 7.2.4, which relies on
the presence of P(2) species to extract accurate n̄OGe values.

To develop a description of NAGP glasses that satisfies the conditions set out by NMR
and diffraction measurements, a different approach must be taken. Ren and Eckert [211]
have performed a thorough investigation of local environments in Na2O-SiO2-P2O5

glasses using a variety of NMR techniques. An accurate description of the structure of
these glasses was obtained by assuming the formation of Na2P6SiO18 super-structural
units. In these units, Si resides in a central SiO6 octahedral site connected to six P
atoms. The P atoms form P-O-P chains with a single NBO atom on each P-centred
tetrahedral unit. Positively charged Na+ ions associate with the negative charge of
the [P6SiO18]2− unit, which is located on the NBO atoms. Figure 7.18 illustrates the
arrangement of these super-structural units. If Ge plays the same structural role as Si,
then the structure of NAGP glasses can be expected to contain the same type of units
with Ge in place of Si in the octahedral site.
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Figure 7.18: The arrangement of atoms in a Na2P6SiO18 super-structural unit.
Adapted from [211]. Note that some O and Na atoms are shared between

neighbouring units.

In this model, the formula for the NAGP0g sample can be written as

(Na2O)0.125︸ ︷︷ ︸
modifying oxide

+ (P2O5)0.375︸ ︷︷ ︸
P(3) tetrahedral units

+ (GeO2)0.5︸ ︷︷ ︸
tetrahedral units

−→ (Na2P6GeO18)0.125︸ ︷︷ ︸
super-structural units

+ (GeO2)0.375︸ ︷︷ ︸
tetrahedral units

.

(104)

Here, 0.125/0.5 = 25% of the Ge is used in the formation of super-structural units,
which would result in a glass that contains (i) only P(3) units, (ii) P - Na distances
that are distinctly different to those found in the crystal structure and (iii) an average
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Ge-O coordination number n̄OGe = (0.75 × 4) + (0.25 × 6) = 4.5. This model meets
almost all conditions set out by NMR and diffraction measurements, but the predicted
value of n̄OGe = 4.5 is only 88% of the measured value of n̄OGe = 5.12(5). To address this
shortfall, an adaptation is suggested where a fraction of the NBO atoms on P-centred
tetrahedral units transform into BO atoms by bonding with Ge, thereby increasing
the average Ge-O coordination number. This is based on knowledge drawn from both
germanophosphate glass [196] and NAGP crystal structures, in which NBO atoms
undergo the transformation to BO atoms in producing P-O-Ge bridges. Although this
model presents a self-consistent picture of the glass structure, its predictive power is
limited by the unknown fraction of NBO atoms that transform to BO atoms.

For NAGP4g and NAGP8g glasses, this model can be stretched by the assumption
that Al is a conditional network former such that NaAlO2 units act in the same way
as GeO2. The formula for the NAGP4g sample can be written as

(Na2O)0.175︸ ︷︷ ︸
modifying oxide

+(Al2O3)0.05 + (P2O5)0.375︸ ︷︷ ︸
P(3) tetrahedral units

+ (GeO2)0.4︸ ︷︷ ︸
tetrahedral units

−→ (Na2O)0.125︸ ︷︷ ︸
modifying oxide

+ (P2O5)0.375︸ ︷︷ ︸
P(3) tetrahedral units

+ (NaAlO2)0.1 + (GeO2)0.4︸ ︷︷ ︸
tetrahedral units

.

(105)

By comparison of equation 105 with equation 104, the ratio of modifying oxide to
phosphate to tetrahedral Ge/Al units is identical. The expected coordination numbers
are, therefore, n̄OGe = n̄OAl = 4.5. It is again necessary to invoke the NBO to BO
transformation to obtain n̄βα values that agree with experimental measurements. The
same result is reached for the NAGP8g sample.
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7.7 Conclusion
The structures of crystalline and amorphous NAGP materials were investigated by
neutron diffraction pair-distribution function analysis. Results for the crystalline ma-
terials conform to the expected NASICON structure, although a complex fitting pro-
cedure was needed to account for P-O correlations that extend to distances beyond the
region of the first peak in D′(r). The corresponding glasses show the same behaviour,
and also contain a significant fraction of sub-octahedral Ge/Al-centred units which
are not found in the crystal structure. These results show that substantial structural
reorganisation must be undertaken during the crystallisation process.

A network model was used to quantify the fraction of NBO atoms fNBO and the ratio
NBO:Na in the glasses. Across the compositional series studied, the substitution of Al
for Ge, accompanied by the inclusion of additional Na atoms, increases fNBO whilst
decreasing NBO:Na. This comes with an increase in conductivity, as would be expected
for a material in which NBO atoms act as traps for conducting ions. Further work is
necessary to investigate the effects of NBO atoms on ionic conduction in glasses.

Combining the results of this study with X-ray diffraction PDF analysis, crystallo-
graphy and NMR measurements [62] has produced stringent conditions to which a
self-consistent description of the glass structure was constructed. After eliminating
possible models based on simple analogues of these NAGP materials, a satisfactory
description was found by adapting a model previously proposed for silicophosphate
glasses. In this, Na2P6GeO18 super-structural units are preferentially formed, consist-
ing of a central GeO6 octahedron surrounded by P(3) tetrahedral units. Some fraction
of P(3) species convert to P(4) by forming bridges to Ge-centred units not involved in
super-structural units, thereby increasing the average Ge-O coordination number.

A tenuous link between glass-forming ability, NBO:Na and conductivity has been iden-
tified, however, further work is necessary to investigate this. The foundation built from
this study provides a suitable starting point for in situ X-ray diffraction measurements
during the glass-to-crystal transformation of NAGP materials. This time-resolved view
of the structural changes would provide additional information throughout the stages
of crystal nucleation and growth.
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8 High P-T Assemblies for the Paris-
Edinburgh Press

8.1 Introduction
Exposure to the extreme conditions of high pressure and high temperature (high P -T )
changes the atomic-scale structure of a material. This can give rise to new material
properties and result in drastic changes to e.g. the density [212], thermal conduct-
ivity [213] and hardness [214], which can often be recovered to ambient conditions.
Knowledge of the nature of materials subject to high P -T conditions is vital for under-
standing any process in which they may be encountered. For example, information on
the structure and density of geologically relevant materials is required to elucidate the
propagation of seismic waves through the Earth’s interior. It is, therefore, imperative
to develop instrumentation that can reliably create and maintain the relevant condi-
tions. Furthermore, the instrumentation must be compatible with the measurement
techniques used to characterise a material.

Diffraction techniques offer information on the atomic-scale structure of materials and,
therefore, are useful tools for the investigation of matter. Existing methods to perform
in situ high P -T diffraction often employ the diamond anvil cell (DAC), which has been
used to access sample pressures P . 400GPa with temperatures T . 6000K during X-
ray diffraction (XRD) experiments [215–218]. However, techniques that employ a DAC
are complicated by the scattering originating from the diamonds and are not suitable
for most neutron diffraction (ND) experiments due to the small sample volume. The
complementary information that can be gained through ND experiments, combined
with the sensitivity to low-Z materials, has motivated the development of high pressure
apparatus designed for in situ high P -T ND.

The Paris-Edinburgh (PE) press (see section 4.3) represents a milestone in high pressure
studies. The instrument is based on the toroidal high pressure device [219] and was
originally designed for in situ diffraction experiments at pulsed neutron sources [9]. The
PE press has since been developed for neutron scattering experiments at reactor sources
and for X-ray scattering experiments [58]. The versatility of the PE press has also seen
it introduced in laboratories, where it is used for e.g. electro-resistance studies [220]
and material synthesis [221]. The PE press has even been coupled with a laboratory
X-ray source for in situ diffraction [222].

Several modifications to the PE press have been made in the aspiration of generating
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high P -T conditions. The addition of a cartridge heater placed close to the sample
position enables high P -T studies [223]. However, the sample temperature is limited to
T ≤ 550K for this setup due to excessive heating of the pressure cell assembly’s load
frame (see figure 4.13), which cannot operate safely at high temperatures. The issue of
overheating can be avoided by the use of an internal heating system, which consists of
a resistively heated furnace that encases the sample [224–226]. These heating systems
have been used to generate sample temperatures T . 2000K at pressures P . 7GPa
or temperatures T . 1000K at pressures P . 10 for in situ ND experiments.

In X-ray applications, experiments in the range 0 - 17GPa and 273 - 2000K have
been reported [11]. This enhanced range, with respect to the ND setups, is partly due
to the high-flux available at synchrotron X-ray sources (allowing for smaller sample
sizes), and partly due to the materials that are available, especially boron-epoxy, which
is unsuitable for neutron scattering experiments due to the large neutron absorption
cross-section of 10B and incoherent cross-section of 1H (present in the epoxy) [32].
Nevertheless, the P -T conditions currently accessible using the PE press for in situ ND
or XRD experiments, shown in figure 8.1, represent only a fraction of the P -T space
relevant for geophysical applications and materials processing/synthesis.

Figure 8.1: Pressure - Temperature (P -T ) plot showing the conditions accessible
using the PE press with the methods designed for in situ ND experiments (1,2,3) and
XRD experiments (4). The solid black line shows the approximate P -T conditions
within the Earth, at the depth below the Earth’s surface given by the labels [12].
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This project aimed to develop the techniques for in situ high P -T ND, XRD, and
lab-based experiments. This work was undertaken with two primary objectives: (i)
produce assemblies that can reliably create high P -T conditions and (ii) extend the
P -T space for in situ ND experiments to cover conditions similar to the Earth’s upper
mantle and transition zone. To achieve these objectives, experiments were performed to
characterise different internally heated high P -T assemblies using new furnace materials
and designs. The results were used to determine the stability and reliability of the
assemblies, and to guide future work. The high P -T assemblies for in situ ND were
used to investigate the transformation of metastable quartz GeO2 to its rutile form.
The assembly for lab-based experiments was used to produce densified GeO2 glass.

This chapter is organised as follows. The high P -T assemblies used for ND, XRD and
lab-based experiments are introduced in section 8.2, where details are given on the
materials used, construction and performance. The applications of the assemblies are
presented in section 8.3 and conclusions are drawn in section 8.4.

8.2 High P-T Assemblies
There is a range of different experimental configurations employed to access high P -T
conditions using the PE press, where the assembly used in an experiment is governed
by the circumstances. For example, assemblies designed for smaller samples usually
provide access to higher pressures, but this comes at the expense of a reduced sample
volume. The materials used for construction also vary. Notwithstanding, the high P -T
assemblies in most common use have a similar design [11, 225, 226].

A typical high P -T assembly is cylindrically symmetric and features: (i) a sample
holder; (ii) an internal heating system; and (iii) a gasket, as shown in figure 8.2. To
generate high P -T conditions, the assembly is compressed between the opposing anvils
of a PE press and an electrical current is passed through the heating system, leading
to resistive heating. The anvils have a profile to match the geometry of the assembly,
which provides some radial support and improves hydrostaticity. The gasket supports
the sample and heating system, and must provide electrical and thermal insulation
so that the heating system can operate efficiently. It must also meet the specifica-
tions of any gasket material used in high P -T equipment [224, 225]: high mechanical
strength; stability under high P -T conditions; and the ability to deform plastically
without disintegrating. Materials that fulfill the insulation criterion often disinteg-
rate during compression, so it is necessary to include a second gasket component to
contain the insulating material. Details of the sample and heating system can vary
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Figure 8.2: Cut-away view (not to scale) of a typical high P -T assembly between
opposing anvils (1). The assembly consists of (2) a gasket; (3) an internal heating

system; and (4) a sample holder, in which a sample is contained. During a high P -T
experiment, the assembly is compressed between the anvils and an electrical current
is passed through the heating system via the anvils, leading to resistive heating.

substantially, and will be discussed in the following subsections.

In the following, an overview is provided of the experimental assemblies used in this
work to access high P -T conditions. Details are given for ND, XRD and in-house
experiments. For each setup, the assemblies are described and the results are given
from any characterisation experiments.

8.2.1 High P-T Assemblies for ND using PEARL at ISIS

In situ high P -T ND experiments require assemblies that have been designed for this
environment. One important factor for ND applications is the need to optimise counting
statistics, so it is often necessary to include a sample space with a volume & 10mm3.
In addition, the materials used to construct the assembly should have small neutron
absorption and scattering cross sections, so they do not attenuate significantly the
incident/scattered beam or contaminate the diffraction pattern. These constraints
have led to several designs [224–226].

The high P -T assemblies used in this work employed the gaskets designed by LeGodec

255



et al. [225] and Klotz et al. [226], which are shown in figure 8.3 (a) and (d), and will be
referred to as gasket A and B, respectively. Both are designed for ND experiments and
operate with a transverse scattering geometry (see figure 4.14 (a)). The materials used

Figure 8.3: The high P -T assemblies used for in situ high P -T ND using the PEARL
diffractometer. (a) Cut-away view (not to scale) of an assembly with gasket A. (b)-(c)
Sample-furnace arrangements (not to scale) used with gasket A. The dimensions and
labels in (b) also hold in (c) unless indicated otherwise. (d) Cut-away view (not to
scale) of an assembly with gasket B. (e)-(f) Sample-furnace arrangements (not to
scale) used with gasket B. The dimensions and labels in (e) also hold in (f) unless
indicated otherwise. Each sample-furnace arrangement is assigned an experiment

code, which will be used for reference. Note that assemblies A-PRL-1, A-PRL-2 and
B-PRL-1 were made by C. Ridley at ISIS.

to construct these gaskets are given in table 42, along with their dimensions. Gasket A
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has a simple conoidal design with a Teflon support ring. Gasket B has a toroidal design
with two pyrophyllite gaskets and a copper-beryllium (CuBe) split gasket, which must
be separated by a ceramic adhesive to prevent an electrical pathway that would bypass
the heating system. The gasket design defines the available sample volume, which is
≈ 40mm3 for assemblies employing gasket A and ≈ 12mm3 for assemblies employing
gasket B. The design of the sample-furnace arrangements used with gasket A and B
are shown in figure 8.3 (b)-(c) and (e)-(f), respectively.

Component Material Grade Source I.D.
(mm)

O.D.
(mm)

t
(mm)

Support ring Teflon - RS
Online 12.0 18.0 2.0

Bicone
gasket Pyrophyllite C10 Ceramic

Substrates 5.0 12.0 6.5/2.5*

Split
gasket CuBe B25 NGK

Alloys 10.0 15.5 1.2

Adhesive Resbond 919 - Cotronics - - -

Gasket Pyrophyllite C10 Ceramic
Substrates 6.0 9.5 1.95

Bicone
gasket Pyrophyllite C10 Ceramic

Substrates 3.5 5.9 5.0/2.0*

Table 42: Materials and dimensions for the components of gasket A (upper) and B
(lower). The symmetry allows components to be defined by their inner diameter

(I.D.), outer diameter (O.D.) and thickness t. Note that the dimensions given for the
split gasket are for one half, before any preparation or preforming. *This gives the

thickness at the inner/outer edge.

Previous studies employing gasket A with a graphite furnace have shown that the
assemblies can provide access to sample pressures 0 ≤ P . 7GPa and temperatures
300 ≤ T . 2000K [225]. Assemblies employing gasket B with a graphite furnace can
provide access to sample pressures 0 ≤ P . 10GPa and temperatures 300 ≤ T .

1000K [226]. It is desirable to extend the range of P -T space accessible for in situ ND
experiments.

In this work, two experiments with each gasket were preformed. The purposes of these
experiments were to investigate the performance of assemblies employing gasket A or
B with new furnace designs and their ability to map out structural transformations in
P -T space. The latter was achieved by the inclusion of a quartz GeO2 sample and the
results relating to this will be presented in section 8.3.
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Experiments Using Gasket A

The first set of experiments, labelled A-PRL-1 and A-PRL-2, used assemblies that
employed gasket A. For both, the conventional graphite furnace was replaced with a
Re furnace, as detailed in figure 8.3. The Re furnace has the potential to operate up
to its melting point (3458K at ambient pressure), and, therefore, could extend the
accessible P -T range. For each experiment, the assembly was loaded into a V4 PE
press mounted on the PEARL diffractometer (see section 4.2.3), and then compressed
at room temperature by applying a load L to the piston of the PE press. The power
W delivered to the furnace was then gradually increased with the load held constant
until the furnace stopped working. Diffraction patterns and transmission spectra were
measured at selected points during this process with both L and W fixed. The diffrac-
tion patterns contained Bragg peaks originating from the MgO components contained
within the gasket, allowing a Rietveld refinement of the MgO crystal structure. The
MgO unit cell volume obtained from this method was then used to calculate the pres-
sure according to the equation of state (EoS) for MgO [227]. The transmission spectra
provided information on the resonant absorption of neutrons by the Hf foil located
within the sample, which was used to measure the sample temperature by neutron
resonance spectroscopy (NRS) [225, 228]. Rietveld refinements were performed using
GSAS [229] and EXPGUI [230] with the PEARL instrument parameters [231]. The
NRS analysis was performed using the Transfit program available on the PEARL com-
puter [232].

To assess the performance of each assembly, it is necessary to investigate the (i) loading
curve (P vs. L); (ii) power curve (T vs. W ); and (iii) P -T pathway. A comparison
of the results obtained from assemblies with the same gasket can be used to construct
calibration curves, provided some degree of reproducibilty is found.

Figure 8.4 shows the loading curves for the experiments using gasket A. The data
show reproducible loading curves, with L = 52 tonnes and P = 2.8(5)GPa in both
experiments. However, a lack of data precludes the construction of a reliable calibration
curve. The pressure calibration curve for gasket B (see below for details of this curve)
is shown in figure 8.4 for comparison. Given the larger sample size for assemblies
employing gasket A, the fact that the P values are close to the curve for gasket B
indicates good "pressure efficiency", that is, the ability of an applied load to create
high pressure at the sample position. This behaviour is expected to be different at
larger L, where the loading curve usually plateaus for conoidal assemblies [11, 225].

Figure 8.5 shows the power curves measured for assemblies employing gasket A. A weak
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Figure 8.4: Sample pressure P vs. the load L applied to the piston of a V4 PE press
equipped with WC anvils and assemblies employing gasket A. The black and red

squares give the data for experiments A-PRL-1 and A-PRL-2, respectively. The solid
black line gives the pressure calibration curve for assemblies employing gasket B (see

figure 8.7), for comparison of the pressure efficiency.

Figure 8.5: Sample temperature T vs. the power W supplied to the furnace in
assemblies employing gasket A inside a V4 PE press equipped with WC anvils. The
black and red squares give the data points for experiments A-PRL-1 and A-PRL-2,
respectively, where T was measured using NRS. The legend indicates the furnace

material and the load L.

dependence of the T -W relationship on load can be identified, although this could be
due to the different contact rods used for each experiment (see figure 8.3). Although
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the load applied to the piston is fixed during a high temperature run, the sample
pressure is likely to change. If the power curve depends strongly on pressure then the
relationship could become complex and unpredictable, especially in situations where
the sample passes through a phase transition with a large volume change. More data is
needed before any attempt can be made to construct a temperature calibration curve
for this type of assembly. Nevertheless, the data presented here do provide a useful
way of estimating the temperature ranges that can be expected for assemblies using a
Re furnace.

Figure 8.6 shows the sample pressures and temperatures measured during the high P -T
experiments using gasket A, which exhibit a complex P -T pathway. For experiment A-

Figure 8.6: Sample pressure P and temperature T measured during the high P -T
experiments with assemblies employing gasket A. The black and red squares give the

data points for experiments A-PRL-1 and A-PRL-2, respectively.

PRL-1, the pressure increased from 2.8(5)GPa at 290(1)K to 4.9GPa at 1147(46)K.
For experiment A-PRL-2, a less significant increase of pressure from 4.3(5)GPa at
290(1)K to 4.7GPa at 1202(44)K was achieved, although the P -T path taken involves
a significant drop in pressure down to 2.1GPa. This behaviour could result from (i) a
transformation of the GeO2 sample (see section 8.3) or (ii) plastic flow of the insulating
gasket and Teflon support ring upon increasing the temperature. The drop in pressure

260



is dissimilar for both experiments, so the difference in behaviour is more likely to be
caused by plastic flow, which is an unpredictable process. Both experiments were
terminated when the furnace stopped working, which happened after the last P -T
point shown in figure 8.6. The P -T conditions accessed did not extend to temperatures
outside the range that has previously been reported for assemblies using gasket A
with a graphite furnace [225]. However, these tests have shown that Re furnaces are
compatible with the existing experimental configurations without the need for any
significant adaptations.

Experiments Using Gasket B

In the second set of experiments, labelled B-PRL-1 and B-PRL-2, a toroidal gasket
B was used to construct assemblies with new furnace designs, as shown in figure 8.3.
These assemblies offer the possibility of reaching higher pressures, and the new furnace
designs aim to extend the accessible temperatures beyond the current 1000K limit.
For experiment B-PRL-1, a modified graphite furnace was used in which the top and
bottom were absent, so that it had the form of a tube. This allowed more MgO to be
included between the furnace and anvil, thereby providing better thermal insulation
and the potential for access to higher temperatures. For experiment B-PRL-2, the con-
ventional graphite furnace was replaced by a Re furnace, where the aim was to access
an enhanced temperature regime. The experimental procedures were the same as those
described for the experiments using gasket A.

Figure 8.7 shows the loading curves for the experiments using gasket B. The results
are compared with the loading data from a series of experiments using the same gasket
design [233], and with the data obtained from in-house calibrations (see section 8.2.3).
A clear trend emerges and a straight line fit to the data for L ≥ 10 tonnes gives a
calibration curve for this region, which takes the form

P [GPa] = 0.105(3)L[tonnes]− 1.7(2). (106)

The anomalous data set from experiment A-PRL-2 was excluded from this fit and is
thought to originate from a low sample packing fraction of ≈ 35% in the assembly.
Indeed, a low sample packing fraction often results in a slower take-off of pressure with
load [167].

Figure 8.8 shows the power curves measured for assemblies employing gasket B. The
T -W relationships are strongly dependent on the furnace material and geometry. The
graphite furnace produces higher temperatures for a given power, and the last successful
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Figure 8.7: Sample pressure P vs. the load L applied to the piston of a VX4 or V4
PE press equipped with WC anvils and assemblies employing gasket B. The black
squares and chained red curve give the data sets for experiments B-PRL-1 and

B-PRL-2, respectively, and the blue, green and magenta squares give the data sets for
three separate in situ ND experiments [233]. For the in situ data, P was determined
using the EoS of MgO. The black and red circles give the data sets for experiments
B-BTH-P-1 and B-BTH-P-2, respectively, where the sample pressure was determined
using the phase transitions of bismuth (see section 8.2.3). The solid black line shows

the pressure calibration curve.

measurement using this setup was at T = 1269(96)K with W = 120W. The power
curve for experiment B-PRL-2 shows a similar trend to that obtained for the same
furnace material (Re) used in gasket A, but extends to T = 2166(173)K with W =
700W. The furnace stopped working during the last measurement, where the setup
survived for ≈ 10 minutes. This short run time could have lead to an inaccurate
temperature measurement, but the result is in line with the general trend seen at lower
W . The performance is likely to be pressure dependent and more data are needed
before any reliable attempt of temperature calibration can be made.

The P -T pathways followed during experiments B-PRL-1 and B-PRL-2 are shown in
figure 8.9. For fixed loads, increasing the temperature caused the sample pressure to
increase. For experiment B-PRL-1, the pressure increased from 4.9(5)GPa at 290(1)K
to 8.5(5)GPa at 1269(96)K, and for experiment B-PRL-2, the pressure increased from
2.5(5)GPa at 290(1)K to 9.9(5)GPa at 2166(173)K . During heating with the load
fixed, both P -T pathways exhibit a gradient of ∆P/∆T ≈ 0.004GPaK−1. Although
heating the assembly causes a dramatic change in pressure, the increase is gradual
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Figure 8.8: Sample temperature T vs. the power W supplied to the furnace in
assemblies employing gasket B inside a V4 PE press equipped with WC anvils. The
black and red squares give the data points for experiments B-PRL-1 and B-PRL-2 ,
respectively, and the chained black curve shows the data set for experiment A-PRL-1.
The legend indicates the furnace material and the load. For all experiments, T was

measured using NRS.

and predictable. The temperatures reached during the experiments using gasket B
represent a significant extension to the accessible range of P -T conditions accessible
using the PE press for in situ high P -T ND, which are shown in figure 8.1.

In summary, in situ high P -T ND experiments were performed with different assem-
blies and furnace designs. The results were used to provide insight into the pressure
and temperature ranges accessible, and construct calibration curves where possible.
Assemblies employing gasket A were operational, but the new furnace designs did not
extend the region of accessible P -T space. In addition, large pressure drops during
heating were identified. The pressure drops are thought to originate from the plastic
deformation of the pyrophyllite gasket when exposed to high P -T conditions, a process
that is unpredictable. Assemblies employing gasket B revealed a high degree of re-
producibility and the available data allowed the construction of a pressure calibration
curve. The power curves measured for these assemblies showed a strong dependence
on the furnace material and geometry, and more data are needed before attempting to
make temperature calibration curves. Both graphite and Re furnaces in gasket B have
enabled access to P -T conditions that have not previously been explored using that
type of assembly. The experiments performed using PEARL were used to study the
high P -T structure of GeO2 and the results are presented in section 8.3.
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Figure 8.9: Sample pressure P and temperature T measured during high P -T
experiments with assemblies employing gasket A. The black and red squares give the
data points for experiments B-PRL-1 and B-PRL-2, respectively. The shaded box
shows the accessible P -T ranges for the original design of assemblies using gasket B

(0 ≤ P . 10GPa, 293 ≤ T . 1000K [226]). The solid black line shows the
approximate P -T conditions within the Earth, at the depth below the Earth’s surface

given by the label [12].
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8.2.2 High P-T Assemblies for XRD on Beamline I15 at DLS

In situ high P -T XRD experiments require assemblies that have been designed for this
probe. The materials used to construct high P -T assemblies must be carefully chosen
to avoid unnecessary attenuation of the incident/scattered beam and contamination of
the diffraction pattern. XRD experiments are usually performed with the PE press
oriented for in-plane scattering (see figure 4.14), with the incident and scattered beam
passing through the gasket material. For this reason, high P -T assemblies for XRD
almost exclusively use a gasket made of boron-epoxy (BE) [3, 11, 234], which does not
significantly attenuate the beam. Unlike ND applications, large sample volumes are
not necessary because of the much larger flux available at synchrotron X-ray sources.

In this work, the assemblies developed for in situ high P -T XRD experiments on beam-
line I15 at Diamond Light Source (DLS) were based on the design of Morard et al. [11].
The assembly is similar in form to the conoidal design presented in section 8.2.1 and
uses gasket C, which is composed of a BE gasket and Teflon support ring with the
dimensions listed in table 43.

Component Material Purity or
Grade Source I.D.

(mm)
O.D.
(mm)

t
(mm)

Support
Ring Teflon - RS

Online 5.0 11.0 1.5

Bicone
Gasket Boron-Epoxy - - 1.5 5.0 4.0/1.5*

Table 43: Materials and dimensions for the components of gasket C. The symmetry
allows components to be defined by their inner diameter (I.D.), outer diameter (O.D.)

and thickness t. *This gives the thickness at the inner/outer edge.

The BE gaskets made for this project were produced during time spent at the European
Synchrotron Radiation Facility using the following procedure [235]. Amorphous boron
powder (95-97%, Fluka) was dried at 393K for 12 hours. 3.0 g of epoxy (EpoFix,
Struers) was added to a glass beaker with 35ml of acetone, which was then thoroughly
mixed. 5.0 g of dry boron powder was added to the beaker and mixed thoroughly.
Another 5.0 g of boron powder was then added and mixed, giving a total of 10.0 g
of boron and 3.0 g of epoxy in the beaker, i.e., a boron:epoxy ratio of 3.33:1. This
mixture should be a thick paste as shown in figure 8.10 (a), if it’s too dry acetone can
be gradually added. 1.0 g of this mixture was placed into a high-density polyethylene
bag (approx. 50× 75mm2) and spread across the inside to maximise surface area, this
was then repeated for the rest of the mixture. The bags were then left open and put in
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Figure 8.10: Photographs taken during the synthesis of BE gaskets. (a) Boron
powder, epoxy and acetone mixed to form a thick paste. (b) BE paste spread across
the inside of bags, then put in a desiccator to dry. (c) BE rod after forming. (d) BE
rod after high P -T treatment, still wrapped in Teflon. (e) BE gasket machined by Ets

Canaple.

a desiccator to dry for 30 minutes (see figure 8.10 (b)). The dry BE was then broken up
into a coarse powder whilst in the bag and then 2.0 g was poured into a steel forming
die with inner/outer diameter 7.5/40.0mm and a height of 95.0mm. A hydraulic press
(PW10, Weber) was used to apply a load of 0.82 tonnes to the BE in the forming die
to produce a BE rod with a diameter of 7.5mm and a height of ≈ 27mm, as shown in
figure 8.10 (c). The BE rod was then wrapped in Teflon tape and stored in a fridge
for between 6 and 20 hours. A total of six BE rods were made using this forming
process. Each rod, whilst still wrapped in Teflon, was then treated at high pressure
and temperature using the hydraulic press and a heating die (10H, Weber) with an
inner/outer diameter of 8.0/60.0mm and a sample height of 30.0mm. The die was
pre-heated to 433K then the BE rod was placed under a load of 3.1 tonnes and treated
at high P -T for 45 minutes. The system was then decompressed slowly and the BE
rod was extracted (see figure 8.10 (d)) and placed in a desiccator for storage. The high
P -T treatment was repeated for each rod. The rods were then shipped to Ets Canaple
to be machined into BE gaskets. Figure 8.10 (e) shows a BE gasket.

Experiments Using Gasket C

Since the functionality of the BE gaskets and the high pressure apparatus at I15 had
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not been tested, it was necessary to begin with simple experiments to demonstrate their
capabilities. Bismuth pressure calibrations were used to fulfill both of these tasks. This
calibration is possible because bismuth undergoes phase transitions at the pressures lis-
ted in table 44, which produce a measurable change of its resistivity.

Transition Pressure (GPa) Ref.
Bi(I-II) 2.550(6) [236]
Bi(II-III) 2.6899(42) [237]
Bi(upper) 7.7(2) [236]

Table 44: The ambient temperature phase transitions of bismuth used for fixed-point
pressure calibrations.

Four experiments, labelled C-DLS-x (x = 1, 2, 3, 4), were performed using the assembly
shown in figure 8.11 (a) with the the sample and furnace parts replaced with bismuth.
Figure 8.11 (b) shows the sample arrangement used for experiment C-DLS-1, which

Figure 8.11: The high P -T assemblies developed for in situ XRD experiments. (a)
Cut-away view (not to scale) of an assembly with gasket C. (b) Cross-sectional view
(not to scale) of the sample arrangement for experiment C-DLS-1, which was an

offline pressure calibration using the phase transitions of bismuth.

was made by packing bismuth filings into the gasket. This method achieved a sample
packing of ≈ 60% and all other experiments used a nominally identical assembly. Each
assembly was loaded into a VX4 PE press and compressed by applying a load L to the
piston. The phase transitions of bismuth were monitored by delivering a 1.0A direct
current to the sample via the anvils and recording the voltage using a data logger for
voltage measurements (TC08, PicoTech, or 2110, Kiethley). The load at which the
transitions occurred was noted. Experiment C-DLS-1, -2 and -3 were performed using
the high pressure apparatus at the University of Bath (see section 8.2.3) and experiment
C-DLS-4 was performed using the high pressure apparatus at I15, shown in figure 8.12.
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Figure 8.12: The high pressure apparatus at I15, highlighting the key components.
(1) VX4 PE press. (2) Aluminium and polycarbonate safety box. (3) Power supply

unit and data logger for voltage measurements.

The results from the bismuth pressure calibrations are listed in table 45 and the voltage
data measured during experiment C-DLS-1 are shown as an example in figure 8.13.

Figure 8.13: Resistance R = V/I of a bismuth sample in an assembly employing
gasket C during compression. The load L applied to the piston at the onset of each

transition was noted during the experiment and is indicated by the arrows.
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Expt. Code L (tonnes) P (GPa)
C-DLS-1 11 2.550(6)

13 2.6899(42)
41 7.7(2)

C-DLS-2 5 2.550(6)
8 2.6899(42)
48 7.7(2)

C-DLS-3 12 2.550(6)
C-DLS-4 10 2.550(6)

12 2.6899(42)
44 7.7(2)

Table 45: The load L applied to the piston of a VX4 PE press and the corresponding
sample pressure P , determined using the phase transitions of bismuth. The PE press
was equipped with WC anvils and the bismuth sample was contained in an assembly

employing gasket C.

Figure 8.14 shows the loading curves for all experiments. A calibration curve was
constructed using the relation proposed by Principi et al. [238]:

P [GPa] = Plim[GPa]
(

1− exp
[−L[tonnes]
L0[tonnes]

])
, (107)

where Plim = 11.4(5)GPa and L0 = 40(2) tonnes are fitting parameters that were
optimised using a least-squares method.

The results obtained from the bismuth pressure calibrations confirmed that the BE
gaskets and high pressure equipment at I15 were functional. In situ XRD experiments
were planned to test the equipment and procedures designed to manoeuvre and orient
the PE press, calibrate detectors and to measure the diffraction pattern for a NaCl
pressure calibrant under compression. Figure 8.15 shows the PE press mounted on
a x-y-z stage in the I15 part of the DLS experiment hall. The stage is fitted with a
safety box to protect the detectors in the event of mechanical failure. Unfortunately,
issues relating to the wiggler X-ray source and then the coronavirus pandemic prevented
this project from taking any further steps toward the goal of in situ high P -T XRD
experiments using the PE press on the I15 beamline.

In summary, high pressure experiments were performed to demonstrate the functional-
ity of the PE press and associated high pressure apparatus at the I15 beamline. Room
temperature pressure calibrations using the phase transitions of bismuth were used to
construct a pressure calibration curve and, in doing so, demonstrate the stability of
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Figure 8.14: Sample pressure P vs. the laod L applied to the piston of a VX4 PE
press equipped with WC anvils and assemblies employing gasket C. The black, red,
blue and green circles give the data points for experiments C-DLS-1, C-DLS-2,
C-DLS-3 and C-DLS-4, respectively. The solid black line gives the pressure

calibration curve, which has the form described by equation 107.

Figure 8.15: Photograph of the VX4 PE press mounted on the x-y-z stage in
preparation for in situ high P -T XRD experiments on the I15 beamline. Key

components are highlighted: (1) VX4 PE press, (2) aluminium/polycarbonate safety
box, (3) x-y-z stage.

BE gaskets synthesised using the method presented in this section. The equipment
and procedures necessary to perform in situ high P -T XRD experiments are under
development.
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8.2.3 High P-T Assemblies for Lab-Based Experiments

High P -T assemblies for laboratory-based experiments must be designed for their ap-
plication. For example, the in-house development of an assembly for in situ diffraction
must use materials and methods that are compatible with the requirements of those
experiments. Likewise, if the purpose of the assembly is to prepare densified samples by
recovery from high P -T conditions then the materials and assembly should be designed
to make that possible. Existing techniques for lab-based experiments [238–240] favour
the simple conoidal design of gaskets A and C, and use pyrophyllite or BE gaskets on
account of their high P -T characteristics and proven record of applications. However,
the assemblies most commonly used are limited to pressures P . 7GPa and are sus-
ceptible to plastic flow at high temperatures, which can lead to a significant drop in
sample pressure (see section 8.2.1). For these reasons, the developmental work carried
out at the University of Bath (UoB) focused on assemblies employing gasket B (see
figure 8.3). The rest of this subsection is dedicated to a description of the high pressure
apparatus and techniques used to perform high P -T experiments at the UoB.

High Pressure Apparatus

A substantial amount of equipment is required to construct and safely operate high
P -T assemblies for the PE press. The apparatus at the UoB is based around a VX4
PE press with a manually operated hydraulic hand pump (P2282, Enerpac) connected
to the press via high pressure tubing and hoses (SITEC ). A series of valves between sec-
tions of the tubing allow the PE press and pump to be isolated from each other, which
is required for a controlled decompression. The hydraulic pressure at the pump and
PE press is monitored continuously by pressure transducers (u600P, Terwin) located at
these positions and an alarm is set to prevent an experimenter inadvertently increasing
the load beyond the limits of safety. In addition, a burst disc rated to 1500 bar is in-
stalled as a fail-safe. The press is contained in an aluminium/polycarbonate safety box
for protection in the rare event of mechanical failure leading to e.g. gasket blowout.
The key components of the apparatus are highlighted in figure 8.16 and a technical
drawing of an anvil designed to accommodate assemblies employing gasket B is shown
in figure 8.17.

The equipment detailed above provided a way of generating high pressures, but ad-
aptations were necessary to enable high P -T studies. Firstly, a direct current power
supply unit (PSU) was required to generate high temperatures using a resistive heating
furnace, as described in section 8.2.1. The apparatus at the UoB employed a 3.3 kW
PSU (GEN10-330, TDK Lambda) with 4/0AWG copper wires connected to the anvils

271



Figure 8.16: Overview of the high pressure apparatus in the liquid and amorphous
materials laboratory at the University of Bath. Key components are highlighted. (1)
Aluminium/Polycarbonate safety case. (2) VX4 PE press. (3) Pressure transducer

readout. (4) Data logger. (5) Hydraulic hand pump.

via copper rings, as shown in figure 8.18. The copper rings were hollow and served
as electrical contacts and as a cooling system. A refrigerated fluid circulator (FP-50,
JULABO) was used to pump cooling fluid through the copper rings and, therefore,
help to prevent the PE press and hydraulic fluid from overheating during high P -T ex-
periments. Even with cooling measures in place, it was necessary to monitor the state
of the apparatus. In particular, the temperature of the PE press should not exceed the
limit of the steel from which it is made (573K [10]) so its temperature was monitored
at all times. Figure 8.18 indicates the locations of thermocouples used to monitor the
PE press during high temperature experiments.

The assemblies used to perform high P -T experiments served two purposes: (i) to
provide loading and power curves to construct pressure and temperature calibration
curves useful for in situ diffraction applications and (ii) to provide a means of recovering
samples from high P -T experiments for further investigation. Since both pressure and
temperature calibrations require electrical access to the sample position, the assemblies
were modified either for pressure calibration at room temperature or for temperature
calibration at ambient and high pressure. Figure 8.19 shows an example of the modified
assemblies used in this work. For the temperature calibration assemblies, holes were
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Figure 8.17: Cross-sectional view of a WC anvil [241] used at the UoB for internal
heating setups employing gasket B.

drilled through the gasket materials to provide access to the sample position.
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Figure 8.18: Photograph of the VX4 PE press at the University of Bath during a high
P -T experiment. Adaptations of the standard PE press assembly are highlighted and
include: (1) 4/0AWG copper wires leading from the PSU; (2) connections between
the copper wires and the copper rings that surround the anvils; and (3) cooling fluid

circulated through the copper rings. The arrows indicate the locations of
thermocouples placed on the PE press assembly to monitor the temperature of: (a)
the side of the press; (b) the anvil; (c) the piston; and (d) the hydraulic fluid inlet.
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Figure 8.19: The high P -T assemblies developed for lab-based experiments. (a)
Cut-away view (not to scale) of an assembly with gasket B. (b) Cross-sectional view
(not to scale) of the assembly used for experiment B-BTH-P-1, which was an offline
pressure calibration using the phase transitions of bismuth. (c) Cross-sectional view
(not to scale) of the assembly for experiment B-BTH-T-3, with a close-up view of the

sample-furnace arrangement.
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Initial experiments were unsuccessful due to the deformation of the CuBe split gasket
resulting in an electrical short at its outer edge. The cause of this was found to be the
hardness of the CuBe split gasket, which is dependent on its thermal and deformation
history, and may change during e.g. machining. To produce CuBe split gaskets with
the correct hardness and shape, the following procedure was used [242]. The starting
material was CuBe (B25, NGK Alloys), which had been machined to form rings with
an inner/outer diameter of 10.00/15.50mm and a thickness of 1.20mm.

1. Solution Anneal
Place the gasket in a hot furnace at 1033K for 2 hours. This creates a homogen-
eous solid solution of CuBe.

2. Quench
Quench the gasket in water to "freeze" the alloy in its homogeneous state.

3. Preform
Place half of the split gasket between a toroidal anvil and a hard flat surface (e.g.
steel plate), then apply a load of 20 tonnes. This can be done using a suitable
pellet press or in the PE press itself. Repeat for the other half so that each piece
has one flat face and one face that matches the profile of the anvil.

4. Age Harden
Place the gasket in a hot furnace at 561K for 30 minutes, then remove it and
allow to cool in air.

5. Clean
Clean the flat surface of each half of the gasket using sandpaper (600 grit).

The functionality of CuBe split gaskets prepared in this way was tested by preparing
an assembly with an electrically insulating sample within the pyrophyllite gasket. The
assembly was loaded into the press and a multimeter was used to monitor the resistance
across the anvils as the load was increased to L = 83 tonnes. A reading of ∼MΩ
throughout the experiment confirmed that there was no electrical short created by the
deformation of the CuBe split gasket.

Pressure Calibrations

To begin with, focus was placed on performing a pressure calibration using the method
described in section 8.2.2, wherein the phase transitions of bismuth are used to relate
the load L applied to the piston to the sample pressure P . Two pressure calibration
experiments, labelled B-BTH-P-1 and B-BTH-P-2, were performed. The experimental
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assembly for B-BTH-P-1 is shown in figure 8.19 (b) and is nominally identical to the as-
sembly used for B-BTH-P-2. During these experiments, the assembly was loaded into a
VX4 PE press and compressed by increasing the load applied to the piston. The phase
transitions of the bismuth sample were monitored by delivering a 1.0A direct current
to the sample via the anvils, and recording the voltage using a data logger (TC08,
PicoTech). The data logger was also connected to the pressure transducer readout and
used to monitor L throughout each experiment. Figure 8.20 shows an example of the
data recorded during these experiments, and the results for both are listed in table 46.
The stepping in the data originates from the experimental procedure, which involves
compressing in steps of 50 bar, waiting 5mins per step, up to 900 bar, then in 25 bar
steps. The results obtained from the bismuth pressure calibrations are shown in figure
8.7 and were used in the construction of the pressure calibration curve for assemblies
employing gasket B.

Figure 8.20: Resistance R = V/I of a bismuth sample in an assembly employing
gasket B, measured during the compression experiment B-BTH-P-1. The load L
applied to the piston at the onset of each transition is indicated by the arrows.

The maximum pressure Pmax achieved during a compression experiment can be estim-
ated from the recovered gasket dimensions by assuming a parabolic pressure distribu-
tion [10]. This assumption gives

Pmax[GPa] = 2gL[tonnes]
πR2

g[mm2] , (108)

where g = 9.80665ms−2 is the acceleration due to gravity and Rg is the radius of the
gasket. The average diameter for each recovered gasket was calculated from 10 meas-
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Expt. Code L (tonnes) P (GPa)
B-BTH-P-1 45 2.550(6)

53 2.6899(42)
93 7.7(2)

B-BTH-P-2 39 2.550(6)
43 2.6899(42)
81 7.7(2)

Table 46: The load L applied to the piston of a VX4 PE press and the corresponding
sample pressure P , determined using the phase transitions of bismuth. The PE press
was equipped with WC anvils and the bismuth sample was contained in an assembly

employing gasket B.

urements and converted to Pmax using equation 108. The results are shown in figure
8.21, where they are compared with the pressure calibration curve for assemblies using
gasket B. At the highest loads, this method does not provide an accurate estimate of
pressure. However, a suitable correction factor was established by taking the differ-

Figure 8.21: Sample pressure P vs. the load L applied to the piston of a V4 or VX4
PE press equipped with WC anvils and assemblies employing gasket B. The red
squares give the pressure estimated from the recovered gasket dimensions and the
dashed black line gives a straight line fit to these data points, which takes the form

P [GPa] = 0.052(4)L[tonnes] + 1.2(3). The solid black line gives the pressure
calibration curve established for these assemblies (see figure 8.7).

ence between the pressure calibration curve (see figure 8.7) and the straight line fit to
the data originating from the recovered gasket dimensions. The maximum achieved
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pressure can, therefore, be calculated as

Pmax[GPa] = 2gL[tonnes]
πR2

g[mm2] + 0.053(5)L[tonnes]− 2.9(4), (109)

which is valid over the range 50 ≤ L ≤ 100 tonnes.

High Temperature Experiments with a Graphite Furnace

Once the pressure calibration was established, the focus of this project shifted to the
high temperature setups. The experiments were designed to provide data for tem-
perature calibrations that are useful for both in situ diffraction experiments, and for
lab-based experiments where samples are processed under high P -T conditions. The
internal heating system required the use of WC anvils to supply a current to the fur-
nace, meaning that access to the sample position had to be through holes drilled in
the gasket material, as shown in figure 8.19 (c). Thermocouple wires (K-type, Omega)
were inserted through the gaskets allowing the temperature at the sample position to
be measured.

The developmental nature of this work meant that the parts of the assembly and the
experimental procedures evolved over time. In particular, the number of thermocouples,
grade of pyrophyllite and the internal heating system was changed. Table 47 lists
the details of the high temperature experiments using a graphite furnace. The most
successful assemblies took the form shown in figure 8.19 with Mo contact rings and
grade C10 pyrophyllite. For temperature calibrations, the addition of alumina sheaths
with an inner/outer diameter of 0.5/0.2mm to protect the thermocouple wires was
necessary.

Expt Code Furnace
Material

Contact
Ring

Material

Pyrophyllite
Grade

No. of
T’couples

Alumina
Sheaths

B-BTH-T-1 Graphite Steel C14 2 No
B-BTH-T-2 Graphite Steel C14 2 No
B-BTH-T-3 Graphite Steel C14 2 Yes
B-BTH-T-4 Graphite Mo C14 2 Yes
B-BTH-T-5 Graphite Mo C10 1 Yes

Table 47: Details of the high temperature graphite furnace experiments performed at
the UoB. Each graphite furnace had a thickness of 0.25mm. The number of

thermocouples (T’couples) gives the number inserted into the assembly, which may be
more than the number that were operational during the experiment.
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For each experiment, the assembly was loaded into the PE press and a small load
of 5 − 16 tonnes was applied to ensure the assembly was seated properly and there
was good electrical contact between the anvils and the internal heating system. The
cooling system was then switched on and allowed to run for 10minutes. The PSU was
then switched on and the power delivered to the furnace was gradually increased up
to a user-determined maximum. The power was then decreased to zero and the PE
press was left for ≈ 1 hour to cool. The load was then increased and the procedure
was repeated, provided the thermocouple was still active. The data logger was used
to monitor and record the temperature at the sample position and at the locations
indicated in figure 8.18. The power delivered to the furnace was also recorded.

The precise location of a thermocouple cannot be easily controlled during an experiment
and may change when a load is applied. The first set of experiments were, therefore,
designed to included two thermocouples located at the sample position and provide
information on the temperature distribution inside the furnace. The thermocouples
were separated vertically by a ≈ 1mm thick MgO spacer. Figure 8.22 shows the power
curve for experiment B-BTH-T-3, in which two thermocouples remained active under
a load of L = 16 tonnes. According to the pressure calibration curve for gasket B (see
figure 8.7), this corresponds to ambient pressure at the sample position when held at
ambient temperature. A difference of ≤ 8% between temperature measurements was
found, which is larger than the error associated with K-type thermocouples (2.2K or
0.75%) [243]. This result should be considered when interpreting the consistency of
sample temperature measurements because the precise location of the thermocouple
may be different for each experiment, and may change during compression.

After gaining information on the temperature distribution inside the furnace, atten-
tion was set on acquiring temperature calibration curves. Figure 8.23 shows the power
curves measured for assemblies using gasket B with a graphite furnace under a load
of 16 tonnes, i.e., ambient pressure at the sample position. The data for all experi-
ments, excluding B-BTH-T-3 and the last two data points for experiment B-BTH-T-2,
are within the range that would be expected for identical assemblies, where the dif-
ferences may arise from the location of the thermocouple. Surprisingly, the presence
of two or four holes for thermocouple wires, which could act as heat sinks, does not
produce any significant changes to the power curve. A temperature calibration curve
was constructed from a straight line fit to the data, given by

T [K] = 2.39(3)W [W] + 305(5), (110)
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Figure 8.22: Results from the temperature calibration of an assembly employing
gasket B and a graphite furnace, measured during experiment B-BTH-T-3. All data
points were measured with the assembly inside a VX4 PE press equipped with WC
anvils and under a load of 16 tonnes. (a) Sample temperature T vs. the power W

supplied to the furnace. The solid and open black squares give the data measured by
the two thermocouples, T1 and T2, located at the sample position, separated by

≈ 1mm. (b) The temperature difference
∆T = [T (T1)− T (T2))]/[{T (T1) + T (T2)}/2] between the two measurements.

and was made by excluding the data from experiment B-BTH-T-3 and the last two
data points for experiment B-BTH-T-2. The reasons for the large difference between
the power curves shown in figure 8.23 are not yet clear.

During compression, the geometry and physical properties of the materials that con-
stitute the high P -T assembly change. It is, therefore, necessary to perform measure-
ments to characterise the effect this has on the performance of the heating system.
Challenges associated with preserving the thermocouple wires under high loads resul-
ted in a limited amount of information, and only two experiments provided data for
L > 16 tonnes. The power curves for these experiments are shown in figure 8.24, along
with the temperature calibration curve for data measured with L = 16 tonnes. No cor-
rection for the effect of pressure on the thermocouple measurement was made; studies
have shown that operating thermocouples under pressure could result in a reading that
is between ≈ 3 to 28K lower than the true value [244, 245]. The data measured with
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Figure 8.23: Sample temperature T vs. the power W supplied to the furnace in
assemblies employing gasket B with a graphite furnace. All data points were

measured for the assemblies inside a VX4 PE press equipped with WC anvils and
under a load of 16 tonnes. The black, red, blue green and magenta squares give the
data points for experiments B-BTH-T-1, B-BTH-T-2, B-BTH-T-3, B-BTH-T-4 and
B-BTH-T-5, respectively. Experiment B-BTH-T-3 used two thermocouples located at
the sample position, both of which were active, and the closed and open blue squares
show the data points for this experiment. The green circles give the data points for
the second high temperature run at L = 16 tonnes for experiment B-BTH-T-4, which
was performed three days after the first. For all experiments, T was measured using
one or two thermocouples located at the sample position. The solid black line gives

the best estimate of a temperature calibration curve. Errors on the power and
temperature are ±1% and ±0.75%, respectively, and are omitted for clarity of

presentation. The legend indicates any differences in assembly that may effect the
power curve.

L = 26, 31, or 36 tonnes show little variation and are described well by a straight line
given by

T [K] = 1.99(2)W [W] + 282(6). (111)

According to the pressure calibration curve (see figure 8.7), these measurements were
recorded at ambient-temperature sample pressures between 1 and 2GPa; the agreement
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Figure 8.24: Sample temperature T vs. the power W supplied to the furnace in
assemblies employing gasket B with a graphite furnace. All data points were

measured for the assemblies inside a VX4 PE press equipped with WC anvils. The
black squares give the data points measured for experiment B-BTH-T-4, and the red
squares and circles give the data points measured for experiment B-BTH-T-5. The
legend indicates the load during each experiment and any experimental details that
may cause the performance of the furnace to be different. The chained black line

gives the temperature calibration curve obtained by fitting a straight line to all the
data shown here. The solid black line gives the temperature calibration curve

obtained for data measured with L = 16 tonnes (see figure 8.23). Errors on the power
and temperature are ±1% and ±0.75%, respectively, and are omitted for clarity of

presentation. No correction for the effect of pressure on the thermocouple
measurements was applied.

between the data sets indicates that the effect of pressure is negligible over this interval.
However, comparison with the data measured with L = 16 tonnes, which corresponds
to ambient pressure at ambient temperature, would suggest that pressure does have
some effect. The differences observed here could originate from the changes of geometry
that take place during the initial stages of compression, which are likely to become less
severe as the load increases. More data is required to further investigate the effect of
pressure.

The experiments using gasket B with a graphite furnace provided useful data for con-
structing temperature calibration curves and demonstrating the capabilities of the high
P -T apparatus at the UoB. However, it became clear that recovering a sample from
these assemblies was going to be challenging due to the carbon left in and around the
sample, as shown in figure 8.25. An alternative furnace material or sample enclosure
was, therefore, necessary if recovering samples from high P -T conditions was going to
be possible.
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Figure 8.25: Photograph of the graphite furnace and MgO sample recovered from
experiment B-BTH-T-2, which was exposed to a maximum temperature 1219K. The

sample was covered in carbon.
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High Temperature Experiments with a Nickel Furnace

In light of the findings from the experiments detailed above, the graphite furnace was
replaced by a nickel furnace, which offers the advantages of a larger sample volume
and the possibility of recovering samples. In addition, a fixed-point temperature cal-
ibration can be obtained by monitoring the current I and voltage V supplied to the
furnace as it passes through its Curie temperature TC during heating [246] because
the magnetic transition changes the electrical resistivity of the material. At ambient
pressure and temperature in the range 0 ≤ T ≤ 631.28(4)K, nickel is ferromagnetic.
For T > 631.28(4)K, however, it is paramagnetic [247]. The Curie temperature of Ni
increases with pressure according to [248]

TC,Ni[K] = 631.28(4) + 3.6(2)P [GPa], (112)

for P ≤ 8GPa.

The techniques and procedures developed for running high P -T experiments with a
graphite furnace were easily transferred to the new experiments using a nickel furnace,
meaning that a methodical approach could be taken and useful results could be ac-
quired relatively quickly. The first experiment, labelled B-BTH-T-6, was designed to
determine the functionality of a nickel furnace and the potential of using the Curie
temperature as a fixed-point calibration. Figure 8.26 shows photographs taken during
the construction of the assembly for this experiment. The assembly is similar to the
one detailed in figure 8.19 (c), with differences only in the internal heating system that
consisted of a 0.05mm thick nickel furnace and contact rings made from Mo.

Figure 8.27 shows the power curves measured for experiment B-BTH-T-6. The results
from this experiment show that (i) the nickel furnace can be used to access high tem-
peratures, (ii) a feature relating to the magnetic transition of nickel can be identified at
500 . T . 700K, and (iii) the performance of the furnace may be strongly dependent
on the load.

The findings of experiment B-BTH-T-6 showed that constructing a temperature cal-
ibration curve for a nickel furnace is complicated by a load-dependent performance.
Nevertheless, the magnetic transition can still be used to provide information on the
sample temperature, provided the power delivered to the furnace is not increased once
the transition temperature has been reached. The second experiment using a nickel
furnace, labelled B-BTH-T-7, was designed to test the viability of this method. The
assembly was identical to that used for experiment B-BTH-T-6. The goal was to gradu-
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Figure 8.26: Photographs taken during the construction of the high P -T assembly for
experiment B-BTH-T-6, employing gasket B with a nickel furnace. Access to the

sample position was obtained through holes in the gasket and furnace. (a) Overview
of the components. (b) Pyrophyllite gaskets and half of the CuBe split gasket on an
anvil. The alumina sheaths have been inserted to keep the parts aligned. (c) Ceramic
adhesive placed onto the CuBe split gasket. (d) The second half of the CuBe split
gasket glued in place. (e) K-type thermocouple wires inserted through the alumina

sheaths and twisted to form a joint at the sample position. (f) The complete assembly.

ally increase the power delivered to the furnace and to stop this increase on observation
of the signature of the magnetic transition. At this point, the measured sample tem-
perature can be compared with the expected temperature TC,Ni to test the efficacy of
the technique. Since the data logger provides measurements of I and V as a function
of time t, and the PSU was controlled by changing I, it was necessary to look for the
Curie point in a plot of V vs. t.

During experiment B-BTH-T-7, the assembly was compressed and the power was in-
creased so that nickel passed through its magnetic transition. The results revealed the
complete transition in a plot of V (t), which is shown in figure 8.28 for the measurement
at L = 12 tonnes. A clear sign of the transition is visible as a change in slope of V (t),
showing that this method could be used to provide a fixed-point temperature calibra-
tion, provided the sample temperature at this point was correlated with the value of
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Figure 8.27: Sample temperature T vs. the power W supplied to the furnace in an
assembly employing gasket B with a nickel furnace. All data points were measured
during experiment B-BTH-T-6 with the assembly inside a VX4 PE press equipped
with WC anvils under the load indicated in the legend. The dashed green line
indicates the point at which the form of the power curves change, which can be

attributed to the change in furnace properties caused by the magnetic transition of
nickel. Errors on the power and temperature are ±1% and ±0.75%, respectively, and
are omitted for clarity of presentation. No correction for the effect of pressure on the

thermocouple measurements was applied.

TC,Ni.

To investigate the application of the method, a series of high temperature measurements
were made where the power supplied to the furnace was increased at a rate of 1A per
minute. The increase was halted when the signature of nickel’s magnetic transition
was observed in a plot of V (t). Figure 8.29 shows the measured voltage and sample
temperature as a function of time. For reasons unknown, the thermocouple did not fail
allowing data collection up to a load of L = 83 tonnes. The feature in V (t) relating to
TC,Ni could be identified by the change in slope of V (t), and the increase in power was
stopped at this point. The sample temperature changes rapidly as the Curie-point is
approached. The temperature then plateaus because the power is held constant when,
as assessed by the V (t) plot, the Curie temperature is reached. The sample temperature
for all high temperature runs remained in the range 620 ≤ T ≤ 700K for the ≈ 1 hour
dwell period after the power was halted. The sample temperature quickly dropped to
≈ 300K when the power was reduced to zero.

The opportunity to acquire more data was taken during experiment B-BTH-T-7, and
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Figure 8.28: Voltage V supplied to a nickel furnace vs. time t, measured for an
assembly employing gasket B. All data points were measured during experiment

B-BTH-T-7 with the assembly inside a VX4 PE press equipped with WC anvils under
a load of L = 12 tonnes. The red line shows a straight line fit to the data after the
Curie-point and serves to emphasise the change in the form of the V (t) curve, which
can be attributed to TC,Ni. The arrow indicates the point at which the data and this

line deviate, which is assumed to be at TC,Ni.

the power curves are shown in figure 8.30. These results allow the conclusion that the
behaviour of the nickel furnace is strongly dependent on pressure. A temperature cal-
ibration curve would, therefore, require detailed information of the pressure-dependent
performance of the furnace and its validity would require accurate knowledge of the
sample pressure.

The results obtained for experiment B-BTH-T-7 show the potential for a nickel furnace
to be used for high P -T material processing, where knowledge of the sample temperat-
ure is necessary to understand any changes that occur. Figure 8.31 shows an example of
a sample recovered from an assembly employing gasket B with a nickel furnace, which
was easily separated from the assembly.

In summary, the apparatus necessary to safely perform high P -T experiments at the
UoB has been assembled and its capabilities have been demonstrated. The techniques
and procedures developed to perform calibration experiments have provided valuable
information on the performance and stability of high P -T assemblies employing gasket
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B. The results obtained for experiments using a graphite furnace provided data used
to produce a temperature calibration curve. It became clear that recovering a sample
from these setups is challenging, so the use of new furnace materials was explored. This
led to the development of an assembly with a nickel furnace, which has the advantage
of a larger sample volume and the provision of a non-invasive Curie-point temperature
calibration. The Curie-point can be accessed by simply monitoring the current and
voltage supplied by the PSU to the furnace. A technique was developed for material
processing, with an emphasis on its application to situations where information on the
conditions from which a sample is recovered is important. This technique is particularly
useful for high P -T treatment of glassy materials, where excessive heating can lead to
crystallisation.
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Figure 8.29: Measurements of (a) sample temperature T and (b) the voltage V
supplied to a nickel furnace in an assembly employing gasket B. All data points were
measured during experiment B-BTH-T-7 with the assembly inside a VX4 PE press
equipped with WC anvils under the load indicated in the legend. In (a), the dashed
horizontal line shows the ambient pressure value of TC,Ni = 631.28(4)K. In (b), the
arrows indicate the times during the run at L = 51 tonnes at which the increase in
power was stopped, and where the power was reduced to zero. No correction for the

effect of pressure on the thermocouple measurements was applied.
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Figure 8.30: Sample temperature T vs. the power W supplied to the nickel furnace in
an assembly employing gasket B. All data points were measured during experiment

B-BTH-T-7 with the assembly inside a VX4 PE press equipped with WC anvils under
the load indicated in the legend. Errors on the power and temperature are ±1% and
±0.75%, respectively, and are omitted for clarity of presentation. No correction for

the effect of pressure on the thermocouple measurements was applied.

Figure 8.31: Photographs of an assembly employing gasket B and a nickel furnace
recovered from high P -T conditions. (a) The sample and furnace inside part of the

pyrophyllite bicone gasket. (b) The nickel furnace cut away to reveal the
Na-aluminoborate sample, which was easily separated from the furnace.
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8.3 Application of the High P-T Assem-
blies

8.3.1 In Situ High P-T ND Study of GeO2

To demonstrate the capabilities of the high P -T assemblies discussed in section 8.2.1,
ND experiments were performed using the PEARL diffractometer. GeO2 was chosen
for investigation because Ge has a relatively large neutron coherent scattering length
and the crystalline structure is well characterised. Of particular interest is the trans-
formation of metastable quartz GeO2 (q-GeO2) to denser rutile modifications (r-GeO2),
which is analogous to the quartz-stishovite transition seen for SiO2 [249]. This trans-
formation in GeO2 occurs at pressures P . 10GPa and temperatures T . 1200K [250],
so is within the range of conditions accessible using the high P -T setups introduced in
section 8.2.1.

q-GeO2 was prepared by C. Ridley at ISIS. GeO2 powder (99.99%, Aldrich) was heated
at 1400K overnight then quenched in air. X-ray diffraction measurements confirmed
the presence of a single quartz phase. Prior to the ND experiments, the sample was
annealed at 673K for 4 hours to remove atmospheric water that may have been ad-
sorbed. The sample was then loaded into the assembly using gasket A or B and diffrac-
tion patterns were measured under high P -T conditions during experiments A-PRL-1,
A-PRL-2, B-PRL-1 and B-PRL-2 (see section 8.2.1 for assembly details). For all exper-
iments, the sample pressure was determined by the EoS of MgO and the temperature
was measured by NRS. The quality of the diffraction data prevented a Rietveld refine-
ment of the GeO2 structure, so the transition was identified by the disappearance of
the q-GeO2 (101) peak with lattice spacing d ≈ 3.4 Å and the appearance of the r-GeO2

(110) peak at d ≈ 3.1 Å. These peaks appear in a d-range that is not contaminated by
the presence of peaks originating from other materials that contribute to the diffraction
pattern (e.g. WC, MgO).

Figures 8.32, 8.33, 8.34 and 8.35 show the diffraction patterns measured during ex-
periment A-PRL-1, A-PRL-2, B-PRL-1 and B-PRL-2, respectively. Each diffraction
pattern is accompanied by a label describing the sample conditions and the length of
the diffraction measurement, given as the charge transferred by protons to the spalla-
tion target during that measurement. For each experiment, the q-GeO2 phase persists
at high pressure. The q-GeO2 (101) peak is broad due to inhomogeneous strain origin-
ating from non-hydrostatic pressure conditions; this effect is less noticeable for MgO
because of its different crystal structure. Upon heating, the quartz-rutile transforma-
tion proceeds and is accompanied by the disappearance of the q-GeO2 (101) peak and
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the appearance of the r-GeO2 (110) peak. For all diffraction patterns, the counting
statistics get worse at large d values because of the wavelength-dependent attenuation
of the incident neutron beam by the WC anvils [53].

The results from the diffraction experiments are summarised in figure 8.36, which
shows the transition diagram of q-GeO2. The thermally induced transformation from
the metastable quartz phase to the rutile phase proceeds at a rate that is dependent
on the P -T conditions. For ND, where measurements typically last ≈ 1 hour, this rate
becomes significant for temperature T & 1000K at ambient pressure and decreases
with increasing pressure. For P & 3GPa, the transformation rate becomes significant
for T & 500K.
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Figure 8.32: Diffraction patterns measured under high P -T conditions using the
PEARL diffractometer during experiment A-PRL-1. The high P -T assembly used

gasket A with a Re furnace. The label above each pattern gives the pressure,
temperature and measurement length in µAhours. The arrows indicate peaks

originating from MgO, q-GeO2 and r-GeO2.
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Figure 8.33: Diffraction patterns measured under high P -T conditions using the
PEARL diffractometer during experiment A-PRL-2. The high P -T assembly used

gasket A with a Re furnace. The label above each pattern gives the pressure,
temperature and measurement length in µAhours. The arrows indicate peaks

originating from MgO, q-GeO2 and r-GeO2.
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Figure 8.34: Diffraction patterns measured under high P -T conditions using the
PEARL diffractometer during experiment B-PRL-1. The high P -T assembly used
gasket B with a graphite furnace. The label above each pattern gives the pressure,

temperature and measurement length in µAhours. The arrows indicate peaks
originating from MgO, q-GeO2 and r-GeO2.
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Figure 8.35: Diffraction patterns measured under high P -T conditions using the
PEARL diffractometer during experiment B-PRL-2. The high P -T assembly used

gasket B with a Re furnace. The label above each pattern gives the pressure,
temperature and measurement length in µAhours. The arrows indicate peaks

originating from MgO, q-GeO2 and r-GeO2.
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Figure 8.36: Transition diagram of metastable q-GeO2. The green, magenta, blue and
black symbols correspond to the quartz, mixed, rutile and liquid phases. The dashed

black line indicates the boundary above which the transformation rate becomes
significant with respect to an observation time t ≈ 1 hour. The red dashed line

indicates the boundary above which the transformation takes a matter of seconds.
The data used to construct the diagram are from this study (t ≈ 1 hour, points), and
refs [251] (t ≈ 1 hour, stars), [252] (t ≈ 1 hour, circles), [250] (t ≈ 3minutes, crosses),

[253] (squares) and [254] (triangles)
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8.3.2 Densified GeO2 Glass

A series of experiments were performed to demonstrate the capability to make densified
glass under high P -T conditions at the UoB (see section 8.2.3). Here, an assembly with
gasket B and a nickel furnace was used and an estimate of the sample pressure and tem-
perature was provided by (i) the pressure calibration curve shown in figure 8.7 and (ii)
the Curie-point of nickel, which can be identified by monitoring the voltage V supplied
to the furnace. GeO2 glass was chosen as the sample for these experiments because
(i) its ambient and high pressure structure has been characterised by ND [18, 34], (ii)
the density and structure of GeO2 glass recovered from high P -T conditions has been
characterised [255–257], and (iii) it is analogous to SiO2, but structural transformations
tend to occur at significantly lower pressures [249]. The results will also be used to
investigate the similarities with SiO2 glass densified under high P -T conditions [258].

GeO2 glass was prepared from GeO2 (99.9999%, Alfa Aeser) powder using the method
described in ref. [18]. Two identical high P -T assemblies were constructed, which
used gasket B with grade C10 pyrophyllite. The internal heating system consisted of a
0.05mm thick nickel furnace and Mo contact rings. GeO2 glass was loaded directly into
the furnace and gave a sample packing fraction of 59% and 68% for the first and second
experiment, respectively. For each high P -T experiment, the assembly was loaded into
the VX4 PE press and compressed to L = 52 or 88 tonnes, then the power delivered
to the furnace was increased until a signature of TC, Ni was observed in a plot of V
vs. time. The time taken to reach the Curie-point was ≈ 30minutes. After a 5minute
dwell at high P -T , the power was quickly decreased to zero. The assembly was left
to cool for 30minutes, then the pressure was released gradually and the sample was
recovered, and stored in a glove box. A. Zeidler and Y. Onodera have investigated the
as-prepared and recovered glasses using ND and XRD and measured their densities.
Analysis of the diffraction results is underway.

The conditions under which the samples were prepared are presented in table 48. The
maximum pressure Pmax was estimated using the pressure calibration curve for gasket
B (see figure 8.7). The maximum temperature Tmax was estimated using the results
from the temperature calibrations with a load of either 52 or 83 tonnes, measured
during experiment B-BTH-T-7 (see figure 8.29), by taking the temperature measured
5minutes after the power increase was stopped. The average sample temperature 〈T 〉
over this period for the calibration experiment was used to estimate the value for the
densification experiment.

Figure 8.37 shows the densification of the samples recovered from pressure Pmax and
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Sample Pmax (GPa) Tmax (K) 〈T 〉 (K)
Number
Density
(Å−3)

Densification
(%)

As-prepared - - - 0.062457 -
Rec4 3.9(5) 641(5) 630(8) 0.063633 1.88
Rec8 7.5(5) 655(5) 644(8) 0.069936 11.97

Table 48: Estimate of the maximum pressure Pmax and temperature Tmax that GeO2
glasses were exposed to during the densification experiments. 〈T 〉 gives the average
and standard deviation of T over the 5minute dwell period, estimated from the

calibration experiment B-BTH-T-7. The densities of the as-prepared and recovered
glasses measured by Y. Onodera are given, along with the densification.

temperature Tmax, along with data from other compression experiments on GeO2 glass.
It is difficult to interpret these data without information on the errors associated with
the density measurements. Assuming they are accurate, the degree of densification
increases with pressure, reaches a peak at Pmax ≈ 6GPa, then decreases down to
≈ 11% for Pmax ≥ 7GPa. Interestingly, the glass compacted at room temperature is
densified by approximately the same amount as the glasses treated at high temperature
and similar pressure.

Figure 8.37: Densification of GeO2 glass recovered from high pressure Pmax and
temperature Tmax. The black, blue and red squares show the data points from this

study, ref. [257] and ref. [255], respectively.
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A. Zeidler has analysed the ND data. The total structure factors for the as-prepared and
recovered glasses are shown in figure 8.38. The absence of any Bragg peaks confirms

Figure 8.38: Total structure factors F (q) measured at ambient pressure and
temperature using the D4c diffractometer. The labels identify the as-prepared glass,

and the high P -T conditions from which the other glasses were recovered. The
vertical red dashed line gives qFSDP for the as-prepared glass.

the samples had no measurable amount of a crystalline impurity. The densification
manifests itself by a shift of the first sharp diffraction peak (FSDP) at qFSDP ≈ 1.55 Å−1

to a higher q value and a sharpening of the principal peak at q ≈ 4.75 Å−1. The shift
of the FSDP is related to a compaction of the germanate network, which could be the
result of a reduction in the average Ge-Ge distance and Ge-O-Ge bond angle [25].
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8.4 Conclusion
High P -T assemblies designed for ND, XRD and lab-based experiments have been
constructed and used to generate high P -T conditions. The materials used for the
assemblies were tailored to suit their application, and the techniques and procedures
associated with performing experiments were established and refined.

The high P -T assemblies used for in situ ND applications featured two different gasket
types and the use of new furnaces designed to extend the accessible P -T range. Ex-
periments investigating the transformation of GeO2 were used to (i) characterise the
performance of each assembly and (ii) construct a transition diagram for metastable
quartz GeO2. The conoidal gasket A with a rhenium furnace successfully produced the
high P -T conditions necessary to induce the transformation of GeO2. The maximum
achieved temperature did not, however, exceed the range currently accessible using
a conventional graphite furnace. Large drops in the sample pressure during heating
indicated some instability of these assemblies, which was attributed to the thermally
induced deformation of the gasket. The toroidal gasket B with a graphite or rhenium
furnace also produced the high P -T conditions necessary to induce the transformation
of GeO2. The loading curves from these experiments were combined with data for
similar assemblies, which revealed a high degree of reproducibility, allowing the con-
struction of a pressure calibration curve for ambient temperature compression. The
sample pressure for the assemblies employing gasket B increased significantly during
heating to high temperatures, however, it proceeded in a predictable way. The as-
sembly employing gasket B with a rhenium furnace reached a maximum temperature
of 2166(173)K at 9.9(5)GPa. This result represents a significant extension to the P -
T conditions made accessible by assemblies employing gasket B, which are commonly
used with a graphite furnace and were limited to T . 1000K.

Further investigation of the stability of assemblies using gasket B with a rhenium fur-
nace were planned through its application to investigate the garnet-perovskite trans-
ition in CaGeO3. Two assemblies were constructed. However, issues caused by the
coronavirus pandemic prevented the experiment from taking place. Future work on
high P -T assemblies for ND experiments should include these experiments.

High P -T assemblies in most common use for in situ XRD experiments use BE gaskets.
The procedure for synthesising BE was learned during time spent at the European
Synchrotron Radiation Facility. The BE gaskets were used to perform bismuth pressure
calibrations using the VX4 PE presses at the UoB and I15 at DLS. The results were used
to (i) produce a pressure calibration curve for these gaskets and (ii) demonstrate the
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functionality of the high pressure equipment at I15. The equipment and procedures
necessary to load and manoeuvre the PE press for in situ XRD experiments were
established. The work carried out in this project should allow the realization of a
working high P -T assembly using the PE press on beamline I15 in the near future.

The high pressure apparatus for lab-based experiments was assembled at the UoB. High
P -T assemblies employing gasket B were modified to allow (i) pressure calibrations at
room temperature or (ii) temperature calibrations at ambient and high pressure. A
room-temperature pressure calibration curve was established using the phase trans-
itions of bismuth. After this, a focus was placed on temperature calibrations. Results
obtained using a graphite furnace provided useful data for the construction of temper-
ature calibration curves. However, they also revealed that it would be challenging to
separate a sample from the assembly after recovery to ambient conditions. Assemblies
using a nickel furnace resolved this issue. In addition, the magnetic transition of nickel
at T ≈ 630K provided a way of estimating the sample temperature by monitoring
the current and voltage delivered to the furnace. This technique was used to produce
densified GeO2 glass samples recovered from high P -T conditions. Future work should
include using the high P -T assemblies for materials processing. This may include a
study of Na-aluminoborate glasses, for which in situ high pressure ND experiments
have already been carried out by the Liquid and Amorphous Materials group.
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9 Overall Conclusions
Presented in this thesis are the results obtained from a set of projects designed to char-
acterise the structure and properties of materials at ambient and extreme conditions.
These projects have made extensive use of neutron diffraction to obtain structural in-
formation, and have focused on geologically and technologically relevant oxide glasses.

Chapter 5 described the structure of Mg-aluminosilicate glasses as investigated by neut-
ron diffraction PDF analysis. The results were combined with the Al speciation meas-
ured by 27Al magic-angle spinning NMR spectroscopy to extract structural informa-
tion on the local coordination environments of the Si, Al and Mg atoms. The results
were interpreted with the aid of a structural model developed for M -aluminosilicate
glasses, where M is an alkali or alkaline-Earth metal, that delivers the composition-
dependent abundance of structural species. The network connectivity predicted by
the model was compared with experimental results and discussed within the context of
the composition-dependent density, hardness and viscosity ofM -aluminosilicate glasses
and liquids.

The results obtained from in situ high-pressure neutron diffraction experiments on
Ca-aluminosilicate glasses are reported in chapter 6. A Paris-Edinburgh (PE) press
was employed with the D4c and PEARL diffractometers to perform measurements at
pressures up to 8.2(5) and 17.5(5)GPa, respectively. During compression, the glass
structure evolves from a network comprised almost entirely of Si- and Al-centred tet-
rahedral units to a structure involving primarily tetrahedral SiO4 and octahedral AlO6

units. The Al-centred tetrahedral units resist any significant structural changes at
pressures up to 3.0(5)GPa. The transformation of Al-centred units from tetrahedral
to octahedral occurs over the pressure range 3.0(5) - 14.4(5)GPa and is accompanied
by an increase in density of ≈ 37%. An investigation of the glasses recovered from
high pressure conditions showed that significant structural relaxation takes place dur-
ing decompression, although they do not recover their as-prepared ambient-pressure
structure. A linear relationship between the average Al-O coordination number n̄OAl
and the reduced density ρ′ was discovered for Ca-aluminosilicate glasses with tecto-
silicate compositions. This relationship also gave an accurate description for hot com-
pressed aluminosilicate glasses recovered to ambient, provided the glasses do not exceed
a threshold densification of ≈ 10%. The linear relationship did not hold for the hot
compressed aluminosilicate glasses with densification & 10%. The cause of this devi-
ation was explored with the aid of the structural model presented in chapter 5 and by
rationalising the effects of the thermal history. The findings led to the hypothesis that
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aluminosilicate glasses compressed at room temperature exhibit a similar n̄OAl vs. ρ′

relationship, irrespective of composition. However, aluminosilicate glasses with a sig-
nificant fraction of NBO atoms in their as-prepared state can densify to give materials
that retain a large Al-O coordination number when recovered to ambient from high
P -T conditions, but this only takes place for pressures and temperatures above some
threshold.

In chapter 7, the structure of crystalline and amorphous Na1+aAlaGe2−a(PO4)3 (NAGP)
materials, with a = 0, 0.4 and 0.8, was investigated by neutron diffraction PDF ana-
lysis. The results for the alumina-free crystalline material were used to develop a
fitting routine to extract structural information from the PDFs, which was needed to
account for a distribution of nearest-neighbour P-O distances that extends beyond the
region of the main P-O peak in the PDF. To characterise the structural changes that
occur during the early stages of crystallisation, the same fitting procedure was used
for all NAGP crystals and the corresponding (i) as-prepared and (ii) annealed glasses.
For the Al containing glasses, the results from 27Al magic-angle spinning NMR spec-
troscopy were used to constrain the average Al-O coordination numbers used in the
fitting procedure which, in turn, allowed the average Ge-O coordination number n̄OGe to
be measured. The results for the amorphous materials revealed a significant fraction of
sub-octahedral Ge/Al-centred units, meaning that substantial structural reorganisation
must take place during crystallisation such that all Ge atoms are given an octahedral
coordination environment. A structural model based on the formation and growth of
Na2P6GeO18 super-structural units within a tetrahedral GeO2 network was used to
develop a self-consistent description of the glass structure.

Chapter 8 described the experimental setups developed for high pressure - high temper-
ature (high P -T ) experiments using a PE press. These included high P -T assemblies
designed for in situ neutron and X-ray diffraction and for lab-based experiments. The
assemblies were constructed using materials and designs that were tailored to their
application. For neutron diffraction experiments, existing assemblies were modified to
include new furnace geometries and materials, which extended the range of accessible
P -T space to cover conditions similar to those found in the deepest part of the Earth’s
upper mantle. The application of these assemblies to study the phase transitions in
crystalline materials was demonstrated by in situ neutron diffraction experiments to
investigate the quartz-to-rutile transformation of GeO2. The assemblies in most com-
mon use for X-ray diffraction experiments require boron-epoxy (BE) gaskets, and the
synthesis procedure for these was learned during time spent at the European Syn-
chrotron Radiation Facility. The functionality of these gaskets was demonstrated by
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performing offline bismuth pressure calibrations. For lab-based experiments, the high
P -T assemblies were modified to provide electrical access to the sample position. Tech-
niques to measure the sample pressure and temperature were developed and used to
create calibration curves that provide a useful estimate of the sample conditions. A
modified assembly included a nickel furnace, which allowed a non-invasive fixed-point
temperature measurement and was used to perform high P -T experiments on GeO2

glass. The permanently densified glasses recovered from conditions of ≈ 640K and
pressures up to 7.5(5)GPa are being investigated by neutron and X-ray diffraction.
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10 Future Perspectives
The results presented in this thesis have given a detailed account of the structure of
particular glasses from the aluminosilicate family. For Mg-aluminosilicates, the res-
ults were interpreted by the use of a structural model that delivers the composition-
dependent abundance of different structural species. For Ca-aluminosilicates, which
were investigated under pressure, the results were used to construct an empirical rela-
tionship between the density and structure, and to formulate a hypothesis that explains
the effect of composition and glass preparation method on the recovered glass struc-
ture. In both cases, the proposed relationships would benefit from the provision of more
data to test their validity. The high pressure studies highlighted significant differences
between the structure of Ca-aluminosilicate glasses under compression vs. glasses re-
covered from high pressure to ambient conditions. This feature undermines the use of
recovered glasses as a proxy for the investigation of magmatic fluids, which are found
at pressures P & 1GPa. Further work to measure the structure of glasses during and
after compression is necessary to investigate the scale and details of the structural
differences.

The structural model developed for Na1+aAlaGe2−a(PO4)3 (NAGP) materials provides
the foundation for more investigations. For example, the short measurement time for
diffraction experiments at synchrotron X-ray facilities could be exploited to perform
a time-resolved study of the structure of NAGP glasses during thermal treatment. A
PDF analysis of the data sets would provide a complete picture of how the atomic-scale
structure evolves during crystal nucleation and growth.

The experimental techniques developed for high pressure - high temperature (high
P -T ) experiments using the Paris-Edinburgh (PE) press have provided: (i) access to
previously unexplored regions of P -T space for neutron diffraction experiments using
the PEARL diffractometer; (ii) a demonstration of the functionality of the high pressure
apparatus on the I15 beamline at Diamond Light Source; and (iii) the ability to perform
high P -T materials processing at the University of Bath. The assemblies designed
for PEARL should be used for more high P -T experiments to explore their stability.
Two assemblies have been constructed for the investigation of the garnet-perovskite
transition in CaGeO3, but restrictions due to the coronavirus pandemic prevented
the experiments from taking place. At I15, the apparatus and procedures for in situ
high P -T X-ray diffraction experiments using a PE press are under development and
should be tested when the opportunity arises. The materials processing setup at the
University of Bath is now operational and could be used for the production of densified
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glasses. Given the results obtained for Ca-aluminosilicate glasses recovered from high
pressure and room temperature (see chapter 6), it would be interesting to produce a
set of densified Ca-aluminosilicate glasses recovered from high P -T conditions. Initial
measurements of the density would provide information on the degree of densification,
and follow-up diffraction and 27Al magic-angle spinning nuclear magnetic resonance
spectroscopy experiments could be used to quantify the extent of permanent structural
change.
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