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Abstract
Free volume is a topic of great discussion in the field of polymers and whilst there are a
number of techniques available to measure such a property, positron annihilation lifetime
spectroscopy (PALS) is seen as the preferred choice. Free volume has been shown in several
studies to highly influence properties concerning permeability and diffusion. The work pre-
sented in this research concerns chemically resistant protective coatings based on DGEBF
epoxy resins and as such, free volume is an important property to study.

Positron beam techniques were utilised in order to measure free volume properties such as
Doppler broadened annihilation energies using variable energy positron spectroscopy (VEPS).
Whilst VEPS indicated free volume defects, mono energetic positron spectroscopy yields a
direct measure of free volume. This latter technique was used to measure free volume as a
function of implantation depth in epoxy networks.

In addition positron beam studies, a digital PALS system was successfully constructed for
the study of free volume at the University of Sheffield. The system is based on fast plastic
scintillators and a timing resolution of 470 ± 26 ps was achieved. This system was then
ultimately used throughout this research.

Both PALS and positron beams studies showed that when similar chemistries are probed
for free volume, only minimal changes are witness regardless of the preparation method.
However, changes in chemistry see significant changes in free volume with PALS and MEPS
showing similar free volume trends

A wide range of diffusion studies were performed on epoxy resins by means of methanol
ingression. Studies concerning the production of epoxies were carried out in addition to
varying the chemical formulations. Industrial applicability was considered with pigmenta-
tion and solvation of epoxies employed.

Ultimately, this research compared the glass transition temperature (Tg) to free volume and
the effects on the diffusive nature of methanol in epoxy networks were observed. Overall
findings showed that whilst both free volume and Tg are sensitive to changes in diffusion on
many occasions, it is free volume which can detect changes in free volume between chemistries
and due to strong correlations, indicate properties of diffusion.
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1.1 Background
1.1.1 Polymer coatings
Generally, we paint or coat objects either to decorate or to protect. The most widely used
decorative paints are wall and artistic paints(i.e oil, acrylic, watercolour etc.). While wall
paints provide basic protection, when referring to protective coatings this concerns more
specialist coatings such as anti-corrosive or chemically resistant coatings. The research pre-
sented here, concerns the latter protective coating. When chemical cargoes are transported
worldwide on chemical shipping tankers, the cargo is stored inside a number of individual
cargo tanks. The interior walls are coated with a protective coating to prevent degradation
of the container walls. A materials ability to resist this degradation due to aggressive chemi-
cals is known as its chemical resistance. Chemically resistant coatings are generally polymer
based and as such it is important to first consider the fundamentals of polymeric materials.
Polymers, also referred to as macromolecules, are molecules, which comprise of several units
of small molecules called monomers. If all the monomers are the same, then the polymer
is referred to as a homopolymer (Figure 1.1.1). If there are more than one monomer then
the polymer is called a copolymer1. To produce a polymer, a polymerisation reaction must
take place. There are two mechanisms by which a polymer is formed; chain and step growth
polymerisations.

A A A A A A B A B A

Homopolymer Copolymer

Figure 1.1.1: The structure of a homopolymer compared to that of a copolymer. The letters
A & B represent two different monomer units whilst solid lines are the bonds connecting the
monomers.

Polymerisation in which chain growth is achieved only by the reaction of a monomer with a
reactive end group on a polymer chain is known as chain-growth polymerisation. Generally,
an initiator is reacted with the monomer to begin chain growth. At low monomer conversion
a high degree of polymerisation is achieved and the monomer is reacted at a constant, steady
rate. After the initial chain growth, polymer chains form rapidly by a succession of molecule
addition to the functional chain end. Step growth polymerisations refers to chain growth in
a step-wise manner due to reactions between any two molecular components. In contrast
to chain growth, the monomer is heavily consumed in the initial stages of reaction with the
degree of polymerisation increasing steadily throughout the reaction. Chain growth continues
throughout as the conversion of functional groups to chain links increases. Table 1.1 depicts
the differences bewteen step and chain growth.2
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Table 1.1: Polymer chain growth for chain and step polymerisations where I is an initiator
and O refers to monomer units.

Figure 1.1.2: The comparison of molecular weight evolution for step and chain growth
polymerisations. Image obtained from polymerdatabase.com
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1.1.2 Thermoplastics and thermosets
Polymers can be classified into two categories; thermoplastics and thermosets. These cate-
gories are based on a polymeric materials response to temperature variation. Monomers which
produce branched and linear polymers are generally classified as thermoplastics. Above cer-
tain temperatures, the polymer will break up into small molecules, which causes the material
to flow. This is known as the melt temperature and occurs due to weak Van der Waals forces
binding the monomers. On cooling, the smaller molecules will solidify and retains its previous
mechanical properties. This behaviour makes thermoplastics ideal for many manufacturing
processes including; extrusions, post-die processing, forming and injection moulding.3 Some
common thermoplastics are high & low density polyethylene (HDPE & LDPE), poly-amides
and polyvinyl-chloride (PVC). Monomers which produce crosslinking structures are gener-
ally thermosets. Unlike thermosets, they do not flow at any temperature. However, at high
temperatures, the polymer will break down by disintegration. This is because the monomers
form one large molecular structure by means of chemical reaction. As such, this structure
effectively has infinite molecular weight. In the initial stages of polymerisation , the structure
is in a fluid state called the “sol” phase. As the reaction progresses, the monomers functional
groups are converted. At a certain conversion level, gelation occurs i.e. a large structure
which moves through the sol forms. The point of conversion at which this structure forms
can be roughly calculated using equation 1.1.1.4,5

Pgel =
[

mafa
mefe(fa − 1)(fe − 1)

]1/2

(1.1.1)

Where m is the number of moles, f is the functionality. In this case, subscripts a and
e refer to amine and epoxy components respectively. The functionality is the number of
times which a molecule can react. This model assumes that the reactivity of each functional
group is equal, all possible reactions between components occur and finally there are no
intramolecular interactions. As the reaction progresses, more monomer is converted until the
sol fraction diminishes. At this point a final crosslinked network is produced. Thermosets
are used in a wide range of applications due to their strong mechanical properties and ability
to resist chemical degradation. An example of a thermoset is produced by the reaction of an
epoxy and an amine.6

1.1.3 Epoxy - amine reaction
Epoxy resins are polymers, which contain an epoxide group, (Figure 1.1.3). This epoxy group
is the reactive component of the resin and opens upon reaction. Even though this product
no longer contains an epoxy group, it is still referred to as an epoxy resin.7

O

R

Figure 1.1.3: The chemical structure of an epoxy functional group. R refers to the rest of
the molecule which the epoxy is attached to.
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When an epoxy resin is combined with a hardener, a crosslinked polymer will eventually be
produced. A crosslinked polymer is a network of polymer chains, bonded together at sites of
reactive functional groups. They have infinite continuation in three possible directions.6 The
graphic shown (Figure 1.1.4) depicts the difference between linear, branched and crosslinked
polymers where the red dots represent junctions at which individual polymers have combined.

Figure 1.1.4: Graphical representation linear, branched and crosslinked polymer networks.
The red dots represent fixed reaction junctions.

The reaction begins with the primary amine group reacting with an epoxide group. This
produces a secondary amine group which is also free to react with other epoxide groups in the
mixture (Figure 1.1.5). The ring opening mechanism also results in hydroxyl groups which can
cause auto-catalysis which causes the rate of reaction to increase. As the reaction progresses
and the number of crosslinks increases, the molecular weight and therefore the viscosity
increases. This causes a reduction in mobility and hence the rate at which crosslinks are
produced decreases. Eventually, the mobility is negligible and this gives rise to dangling chain
ends which do not contribute to the mechanical properties of the network. It is suggested
that at these ends, free space occurs called free volume due to the constant motion of the
chain end.2,8

O

R R

H
N

OH

R'

O

R R'

H
N

R''
R

N
R'

R''OH

H2N
R'+

+

Figure 1.1.5: The reaction mechanism for an epoxy amine reaction. The bi-functionality
results in a secondary and tertiary amine forming. Eventually, a single molecule consisting
of connected tertiary amines is produced.

1.2 Free volume
This section will introduce a fundamental property present in polymeric materials called free
volume. The factors which affect free volume and methods of to measure it will be discussed.

1.2.1 Introduction
Origins
The works of Van der Waals and then later Fowler and Glasstone et al are probably account
for the origin of free volume theory.9–11 A liquid is imagined to be a group of molecules
moving within a confined space. Other molecules of liquid surround the molecular group.
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The molecules occupy an intrinsic volume, VO and the space needed for molecular group
thermal motion is the free volume, FV. For a liquid, the total specific volume and fractional
free volume are calculated by equations 1.2.1 and 1.2.2.12 These are the most common ways
of simply calculating free volume properties. VO is equal to the reciprocal of the polymer
density (1/ρ in g/cm3).

V = VO + FV (1.2.1)

FFV = FV

V
= 1− VO

V
(1.2.2)

Basic definition
Free volume in polymers can be thought of as defects, on a nanosacale. It occurs in polymers,
due to the random arrangement of polymer chains during polymerisation. This random
arrangement produces free “gaps” throughout the polymer matrix.13 Free volume has been
shown to have a great affect on a molecules ability to diffuse through a material.14 If the
van der Waals volume of the diffusing molecule is similar to the average free volume of the
material, then its mobility will become hindered.15,16

1.2.2 Properties affecting free volume
The glass transition temperature
The glass transition temperature (Tg) is defined as the temperature at which a polymer tran-
sitions from a rubbery to a glass and more brittle state.17 Studies have shown18,19 free volume
increases when a polymer is above it glass transition temperature. In particular, Duda et al 18

showed the variation in free volume with increasing temperature for polystyrene (PS)/Toluene
mixtures. It was shown that as the temperature increases, FV gradually increases. In pure
PS, the FV increases rapidly above its glass transition temperature whereas a mixture of
toluene and PS exhibited two stages in which the FV increase rate changed. The first stage
corresponded to the Tg of the combined mixture and the second stage occurred at the Tg
for pure PS. Their free volume measurements were based on thermal expansion coefficients
of the polymer and concluded that this coefficient is history dependant. This suggest that
the same material may exhibit differing thermal expansion coefficients and therefore differing
free volumes. A study of gas separating polymer membranes by Recio et al 20, showed an
increase in segmental mobility in terms of Tg, corresponded to an increase in inter-segmental
spacing with regards to free volume.

Factors affecting the measured Tg

The measured Tg can be affects by a number of factors which include Humidity/moisture
content, heating rates, sample thickness and the addition of plasticisers to name a few as
shown by the studies of Drake, Yang and Yong et al in addition to the review by Jadhav et
al.21–24

An increasing amount of moisture has been shown to cause the Tg to decrease consider-
ably.22,25–27 In particular the study by Yang et al 22 focussed on how moisture effects the
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Tg in polyurethanes filled with nano-carbon powder. It was found that the absorption of
moisture causes a reduction in the Tg until saturation occurs due to water interacting with
polymer chains which leads to improved mobility. They also noted how the reduction in Tg

can be reversed by the removal of moisture by heating cycles due to the physical nature of
the process.

Patial et al 23,28, used DSC and DMA respectively to study the effects of heating rate on the
measured Tg. Both showed that that increasing the heating rate leads to a higher measured
Tg. Furthermore, Yong et al 23 showed that as the rate of heating increased during DMA
measurements, the measured glass transition temperature increased. They also showed how
this effect is more prominent when the sample is thicker. For the thickest sample (3.5 mm),
a high heating rate resulted in a much higher measured Tg than the thinnest (0.25 mm).

A study by Honary et al 29 concerned the addition of the plasticiser hydroxypropylmethyl-
cellulose (HPMC) to polyethlene glycol (PEG). Increasing the amount of plasticiser caused
the Tg to decrease. The plasticiser increases the distance between polymer chains which
increases the free volume and in turn increases the polymer mobility24.

Thermal history
A number of papers30–32 have shown that the thermal history can affect the free volume
of polymers. A study by Cheng and Sun30 showed that the thermal history affects the free
volume measured using PALS in semi-crystalline membranes. Samples were melted at 170 ◦C
before being compression moulded and cooled by three different methods: 1) Rapid cooling
– quenched to 0 ◦C in an ice box; 2) step cooling – cooled to 120 ◦C in a period of 30
minutes and then cooled to ambient in 10 minutes; and 3) slow cooling – cooled to ambient
temperature at an average rate of 0.3 ◦C min−1. Each sample was then tested using PALS
over a temperature range of 25 – 90 ◦C. The fractional free volume (FFV) was shown to
increase with PALS measurement temperature. Rapidly cooling samples generally resulted
in the largest FFV whilst slow cooling samples had the lowest. The high level of fractional
free volume when cooled rapidly can be explained due to trapping of excess free volume.
Over time, this would decrease due to physical ageing.33 Figure 1.2.1 illustrates the kinetic
effects and the process of physical ageing16

Figure 1.2.1: Figure reproduced from the work of Budd et al16. An illustration on kinetic
effects and the process of physical aging in a polymer.
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Crosslink density
The crosslink density is defined as the density of chains or segments that connect two infi-
nite parts of the polymer network34. As a crosslinking reaction progresses, the number of
crosslinks increases. A higher crosslink density will result in a stronger polymer network
which corresponds to an increase in the glass transition temperature35–39 and hence why the
Tg is a good indication of reaction conversion.

Pressure
Studies have shown40,41, increasing pressure will cause a decrease in free volume. Dlubek
et al 41 showed this by performing positron annihilation lifetime spectroscopy (PALS) under
pressure on a number of polymer materials. Free volume was found to decrease in an expo-
nential manner with increasing pressure. As PALS has been mentioned, it is worth briefly
introducing this measurement technique along with other measurement types.

1.2.3 Measuring free volume
Positron annihilation lifetime spectroscopy
Positron annihilation lifetime spectroscopy (PALS) is the most used technique for determining
free volume properties42–47 This technique utilises the annihilation event between a positron
and an electron inside a free volume void. Effectively, the time between positron implantation
and annihilation with an electron is measured by fast timing detection48,49. The positron’s
lifetime is related to the size of free volume defects in matter50,51. A detailed overview of this
technique is given in Section 1.4. and examples of the measurement are found in Chapter 4
in which the construction of the instrument used is shown.

Xenon NMR Spectroscopy
The shift in Xe NMR spectroscopy is highly sensitive the free volume in materials where
xenon gas is absorbed. Essentially a large free volume element (FVE), the smaller the shift
Xe chemical shift relative to the chemical shift characteristic of the gas phase52.

Inverse gas chromatography
This technique compares the rate at which carrier gases (commonly helium, argon and ni-
trogen) pass through a sample of interest which is attached to a solid porous substrate. The
retention times of the gas through the materials can can yield information on various prop-
erties such as free volume.52,53. Results using IGC are in fairly good agreement with PALS
as shown in Figure 1.2.2
Lipson et al 54 brought attention to the many definitions of free volume and how they are
confusingly interchanged throughout the literature. In the research presented here, free
volume is determined using the Tao-Eldrup model50,51 which involves positron annihilation
theory and voids are considered spherical. This model is detailed in 1.4.4. Before moving on
to positron annihilation, it is a good idea to introduce diffusion as this is a key focus of the
work presented in this thesis.
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Figure 1.2.2: Free volume results compared between (a) inverse gas chromatography and (b)
positron annihilation lifetime spectroscopy. This figure was reproduced from the publication
by Yampolskii et al52.

1.3 Diffusion
1.3.1 Introduction
As this research is focussed on diffusion in polymer networks and how it relates to free
volume, some fundamental concepts of diffusion will be introduced. The properties which
affect diffusion will be discussed and some experimental techniques will be described.

1.3.2 Fickian diffusion
Diffusion is the movement of particles from a region of high concentration to regions of low
concentration.55 Where research concerns diffusion, Fick’s laws of diffusion are considered
(equations 1.3.1 and 1.3.2).

J = −D δc

δx
(1.3.1)

δc

δt
= δJ

δx
(1.3.2)

In other words, the flux (J) of matter through a system is proportional to the concentration
(c) gradient measured normal to the system with a known proportionality constant called
the diffusion coefficient (D). The flux measures the amount of matter that will flow through
a unit area during a period of time. The diffusion coefficient or diffusivity is defined as the
magnitude of flux through a surface per unit concentration gradient. The diffusion coefficient
will increase with increasing temperature as shown in other studies56–58. Fick’s second law
(equation 1.3.2) relates the concentration at a time, (t) to the flux relative to position.
This model is an example of positive diffusion but negative diffusion can also occur. In
this instance the particles move from regions of low concentrations to high concentrations.59

Spinodal decomposition is an example where negative diffusion occurs.60
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1.3.3 Solvent diffusion in polymers
A key area of study is diffusion in polymers and in particular, the ability to prevent the
ingression of solvents. The diffusion of small molecules in polymers is a complex process
which is not perfectly described by any single theory61. This is due to the fact that on
ingression, polymer chains will rearrange and swelling can occur. This can ultimately cause
the Tg to decrease and polymers become rubbery and leads to large parts of the polymer
to rearrange through chain rotations, translations and vibrations.61 Whilst polymers are in
a glass like state (below Tg), ingression is hindered because the polymer will be hard and
brittle. In this state free volume is smaller in comparison to the rubbery phase.
Figure 1.3.1 shows the mass uptake profiles for four types of diffusion which are; (a)classical
Fickian, (b) sigmoidal, (c) two-step and (d) Case II. These terms are generally used to de-
scribe absorption which is (a) linear with the square root of time, (b) has an S-shape with
the square root of time, (c) is initially linear before an S-shape profile occurs or (d) is linear
with linear time.62

Figure 1.3.1: Four different types of diffusion: (a) Fickian, (b) sigmoidal, (c) two-step
and (d) case II.63
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Crank’s computations showed that an exponentially increasing surface concentration gives
rise to sigmoidal diffusion profiles64 whilst other researchers showed this behaviour experi-
mentally.65–67 Rossi et al determined that Fick’s laws can still be used as a simple diffusion
model for sigmoidal diffusion.61,68–70 Two-step occurs when a system consisting of two regimes
is present such as in a polymer blend. The heterogeneous structure provides regions with
differing accessibility for penetrants.71 Case II is an interesting scenario, as the typical de-
crease in rate of diffusion is not observed. This mechanism is dependent on the mechanical
response of the polymer due to swelling of the penetrant. Plasticisation of the polymer due to
sorption of the penetrant causes a decrease in relaxation times which causes a glassy polymer
to behave in a rubbery manner which in turn drives diffusion.63,72,73

1.3.4 Properties affecting diffusion
Temperature
Increasing the temperature of the system containing a solvent and polymer can result in a
large increase in diffusion. This was demonstrated by Billing et al 58 in which the study of
MEK passing through viton/chlorobutyl rubber and also the diffusion of methylene chloride
through a Teflon/Nomex composite. Hajiagha et al also showed the effects of increasing
temperature for water passing through TFX. Increasing the temperature to 40◦C saw a
slight increase in the rates of diffusion (i.e. the diffusion coefficient) and when exceeding the
glass transition temperature, diffusion was greatly enhanced.57

Solubility
In terms of diffusion, the solubility concerns the miscibility of the polymer network with
the penetrant. Generally, this is governed by the polarity similarities of the ingressor and
the polymer network . Solubility can be quantified in terms of solubility parameters such as
Hansen solubility parameters. These are physiochemical parameters used to estimate the type
of interactive forces responsible for the compatibility between materials.74,75 It fundamentally
assumes that the cohesive energy can be divided into three distinct components which concern
molecular interactions. The first component is the atomic dispersion, the second is the
molecular dipole interactions and the third is hydrogen bonding. The solubility can similarly
be divided into three solubility parameters, one for each component. The total cohesive
energy(E) and solubility(δ2

T ) are shown in Equations 1.3.3 and 1.3.4 respectively. Where
Ed−h and δd−h correspond to the individual components of cohesive energy and solubility
respectively.74,75

E = Ed + Ep + Eh (1.3.3)

δ2
T = δ2

d + δ2
p + δ2

h (1.3.4)

When materials have similar solubility parameters, mixing is favourable and diffusion en-
hanced. Whilst’ solubility is mainly governed by polarity, it will increase when the temper-
ature of the environment increases. Another key factor which affects diffusion is the free
volume along with molecular size.
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Free volume and molecular size
The size of free volume in polymers has be shown in several instances to enhance the diffusion
in polymers15,20. Recio et al showed an increase the diffusion of gas (except in CO2) which
corresponded to an increase in fractional free volume20. Jackson et al also showed that as
the size of the ingressing molecule approaches the size of the free volume, the diffusion will
become hindered.15

1.3.5 Measuring diffusion
Solvent ingression
Solvent uptake is a simple way of obtaining information relevant to a materials chemical
performance. A traditional gravimetric technique determines solvent uptake over time for
a substance of interest. Immersing the sample in a liquid/gas for a long period (days to
years) results in solvent uptake. Recording the mass of the sample as a function of time and
comparing to the dry sample mass, the solvent percentage uptake is determined. Shen and
Springer’s76 analytical work led to the derivation of a simple model for mass uptake at short
immersion times.

Mt

M∞
= 4
L

√
Dt

π
(1.3.5)

Where (Mt), is the mass uptake at a time (t), M∞ is the ultimate uptake, (L) is the sample
thickness and (D) is the diffusion coefficient. The ultimate uptake is the mass at which no
further ingression occurs. The diffusion coefficient has two values, one concerning desorption
(DEGR)and the other absorption (DING). Desorption describes the rate at which solvent is
released from the material whereas absorption concerns rate of solvent ingression. Figure
1.3.2 is an example of how ingression and egression curves might appear. At short times, a
linear fit is applied and the gradient is used to determine (D) in Equation 1.3.5.
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Figure 1.3.2: An example of how absorption and desorption curves appear. At short times
a linear fit is used to determine diffusion coefficients. This graph was produced in origin and
does not represent any experimental data.
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Ultimately, diffusion in polymers has a number of contributing factors to its behaviour which
also affect one another. Changes in crosslink density corresponds to changes in Tg which
in turn affects the ability to prevent ingression. On ingression, this leads to plastisication
which reduces Tg and promotes ingression. Additionally, studies at temperatures above Tg

accelerate the rate of diffusion and so on. Experimentation throughout the work will involve
traditional gravimetric studies, the glass transition temperature and free volume. The latter
being the fundamental measurement which will be determined using positron annihilation
lifetime spectroscopy (PALS). As such, the theory of positron annihilation techniques must
be presented.
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1.4 Positron annihilation
This sections covers the fundamental theory regarding positron annihilation studies. Back-
ground theory and experimental techniques will be introduced followed by an assessment of
literature.

1.4.1 Introduction
Discovery of the positron
The positron is an elementary particle,which is the anti-matter counterpart to the electron; it
has an intrinsic spin of 1

2 and is therefore a fermion. Properties such as the mass, magnitude
of charge and gyromagnetic ratio are equivalent to that of an electron however, the positron
is positively charged, hence the name.77 Anderson discovered it in 1933 whilst capturing
images of cosmic-ray tracks in a vertical Wilson chamber. Whilst capturing these images,
Dr. Anderson noticed a strange curvature to some of the tracks (Figure 1.4.1). He deduced
that this could only be characteristic of a particle which has a positive charge with mass
equal to that of an electron78. It was later confirmed the following year by Blackett and
Occialina79.

Figure 1.4.1: Anderson’s cloud chamber picture of cosmic radiation from 1932 showing
the existence of the “anti-electron” for the first time.78 (Copyright permission granted by the
American Physical Society 2019 ).

Positronium
When a positron interacts with an electron, a quasi-stable bound system called Positronium
(Ps) may form (Figure 1.4.2). It is similar to a hydrogen atom but with a much lower mass
due to the substitution of a proton for a positron. This results in a binding energy of 6.8 eV80.
Its existence was proposed in 193481 and given the name positronium in 194582. Several years
later, Ps was experimentally discovered in 1951.83 It can exist in two spin states; one where
S = 1 and another where S = 084. The singlet state (S = 0) involves the spins of the electron
and positron which are anti-parallel; this state is called parapositronium(pPs). The triplet
state involves spins which are parallel; this is called orthopositronium(oPs)50. Positrons are
present in cosmic radiation as Anderson discovered but positrons can be produced artificially
and utilised in a number of ways.
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Figure 1.4.2: Depiction of a positronium atom. The electron and positron orbit about their
combined centre of mass before an annihilation event occurs.

1.4.2 Positron sources
Positrons (e+) are produced in the form of positron beams, or from point sources. Positron
beams are usually the product bombarding a target, such as graphite with protons or
deuteron. Positrons are emitted as a by-product and are guided using magnetic fields to
a sample target chamber. Point sources emit positrons radially from the centre of the
source.48,85,86 Radioisotopes are generally utilised in positron studies and the majority pro-
duce positrons as a by product of a decaying element.15,87–89. Some commonly used radioiso-
topes are listed in Table 4.1.

Table 1.2: Half-life decays of commonly used isotopes for positron annihilation studies.90

Isotope Half-Life
22Na 2.6 years
68Ge 271 days
58Co 70.86 days
64Cu 12.7 hours

Sodium-22 (22Na) is normally the preferred choice as it is easy to manufacture in the labo-
ratory and economically favourable. 22Na comes in the form of salt solutions such as sodium
chloride (NaCl) and sodium carbonate (NaCO3), which allows for easy handling capabili-
ties.91 In the case of 22Na, it decays to form Neon (Ne) alongside a positron (Figure 1.4.3).

Figure 1.4.3: The three reaction mechanisms of sodium-22 (22Na) decaying to Neon-22
(22Ne). Two of which result in the emission of a positron.
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The most probable decay is positron decay, which occurs 90.4% of the time. The emission
of a positron and electron neutrino leaves an unstable neon atom. Rapidly (3.7 ps), Ne
stabilizes by releasing a gamma photon of approximately 1.27 MeV. It is possible, although
unlikely (0.1% of the time), that the Na atom will directly decay to Ne releasing a high-energy
gamma photon in the process. Finally, electron capture occurs 9.5% of the time. During the
decay, an electron is picked up by the Na nucleus and an electron neutrino is emitted. A
characteristic gamma photon of 1.27 MeV is produced.

1.4.3 Implantation and annihilation
When a positron is implanted into a microporous material, it quickly reaches a thermalised
state due to energy loss during inelastic collisions with molecules43. When sufficient energy
is lost, the positron will become trapped due to repulsion of nuclei and subsequently anni-
hilate with a localized electron. During thermalisation, ionisation of the media will produce
secondary electrons. These electrons can then form the bound state atom positronium of
either singlet or triplet state (pPs or oPs)92. The rate of annihilation is dependent on the
electron density of the local region. Free annihilation between positrons and electrons typi-
cally have lifetimes of between 0.1 – 0.5 ns. In a vacuum, pPs and oPs have lifetimes of 0.125
ns and 142 ns respectively. In matter, the pPs lifetime remains relatively unchanged due to
self-annihilation. oPs on the other hand does not experience self-annihilation. Instead, it
annihilates through collisions in the local environment, which drastically reduces the lifetime
(1-5 ns). This mechanism is referred to as pick-off annihilation and the reduction in lifetime
is dependent on the void size in which the oPs resides in.93Figure 1.4.4 is a representation of
these three annihilation types. The annihilation event predominantly translates the momen-
tum of the annihilating pair into two gamma photons travelling in opposite directions with
energies of 0.511 MeV. Positrons and Ps atoms will ‘seek out’ voids in the material as they
are more stable in the vacuum than the bulk. This is due to the positive nuclei repelling the
positively charged positron or the highly polarisable positronium.94

Figure 1.4.4: The three annihilation types which can occur when a positron is implanted
into a material. oPs annihilation occurs inside free volume voids.

The oPs annihilation component concerns annihilations which occur in free volume voids.
The size of the voids can be determined using the Tao-Eldrup model.
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1.4.4 Tao-Eldrup bubble model
The Tao-Eldrup model is a quantum mechanical model which relates the lifetime of oPs to
the size of the void in which it annihilates.50,51 The voids are assumed spherical and as such
the model considers oPs to become trapped inside an infinite potential well with spherical
symmetry. In order for oPs to interact with the surrounding electrons and annihilate, the
wave-function of oPs and the electrons must overlap (Figure 1.4.5).

R

V

dR
R + dR

R¥

y(r)

Figure 1.4.5: The wave function of positronium in a infinitely deep spherical potential well.
δR is the electron layer thickness and R is the free volume radius of the void in which the
annihilation has occurred.

The overlapping electron layer has a thickness δR. The radius in which the oPs atom can
probe is R. This is the free volume radius. The rate of annihilation of oPs , τoPs is proportional
to the overlapping integral of the oPs and electron layer wave-functions. The model assumes
the electron density at this overlapping layer is the same as the bulk of the material. This
means the annihilation rate in the layer and the bulk are also proportional. With these
assumptions in mind, the relation for the annihilation rate and the free volume radius is
derived (Equations 1.4.1 - 1.4.3 ). The value of δR is generally accepted to be 1.66 nm based
on experimental data and the value for λBulk is set to 2 ns−1 based on the average rates of
decay of oPs and pPs.50 , 51

ψ(0 ≤ r ≤ R∞) =
sin

(
πr
R∞

)
√

2πR∞r
, ψ(r ≥ R∞) = 0 (1.4.1)

λoPs = λBulk

∫ R∞

R

∣∣∣∣ψ(r)
∣∣∣∣24πR2dr (1.4.2)

1
τoPs

= 2
1− R

R + 1.66 + 1
2πsin

 2πR
R + 1.66

 (1.4.3)

The relationship is shown in Figure 1.4.6 for the range relevant for the epoxy resins studied
in this research. Generally, a larger free volume results in a longer lifetime. This relationship
diminishes at much higher void sizes (>100 nm).
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Figure 1.4.6: The relationship between average oPs lifetime, free volume radius and free
volume. An increase in lifetime results in a higher free volume although this is not a linear
relationship.

1.5 Annihilation techniques
This section will describe the positron annihilation techniques which are used in this research.
The first concerns free volume measurements by positron annihilation lifetime spectroscopy
(PALS), the second is based on Doppler broadening spectroscopy (DBS) which measures
annihilation energies and finally mono energetic positron spectroscopy (MEPS) which is a
combination of both lifetime and energy measurements.

1.5.1 Positron annihilation lifetime spectroscopy
Positron annihilation lifetime spectroscopy (PALS) utilizes the “birth” gamma photon, pro-
duced in the decay mechanism of 22Na to 22Ne, and the subsequent “annihilation” gamma
photon, which is a consequence of an electron-positron interaction. As we know, the 22Na
source emits a positron effectively simultaneously (≈ 3ps delay) with a gamma photon of
1.27 MeV. On implantation, the positron undergoes thermalisation through inelastic colli-
sions. During thermalisation, the positron may form orthopositronium which can become
trapped inside a free volume void. The positron in the oPs atom can interact with a valence
electron with an opposing spin and annihilate in the form of two gamma photons of 0.511
MeV in opposite directions (Figure 1.5.1). By measuring the time between the emission
photon and either of the annihilation photons, the positron lifetime is determined.93,95,96
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Figure 1.5.1: After implantation, the positron is repelled by positive nuclei and can become
trapped in regions of free volume. An annihilation event occurs in the form of two gamma
photons as a result of the interaction of an electron and positron.

The reason the gamma photons produced have an energy of 0.511 MeV can be shown using
Einstein’s famous equation from his theory of special relativity (Equation 1.5.1);

E = mc2

= (9.11× 10−31kg)(3.00× 108ms−1)2

= 8.14× 10−14J ≈ 511keV
(1.5.1)

To measure the positrons lifetime, two gamma detectors are implemented. Figure 1.5.2 shows
the equipment configuration used for this research. A detailed description of the individual
components can be found in Section 4.2.

Figure 1.5.2: The setup of a digital PALS system. Consisting of; photomultiplier tubes
(PMTs) powered by high voltage power supplies (HV); scintillation materials (SM) coupled
to PMTs; A positron source, sandwiched between two test sample; a discriminator unit and;
a digital oscilloscope which transfers relevant signals to a PC for analysis.
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Effectively, the photomultiplier tube and scintillation material combine to function as a
gamma radiation detector. One detector will detect the initial gamma photon and transmit
an electrical pulse to the coincidence unit. This electrical pulse indicates the start time. The
other detector will detect either of the corresponding annihilation photons and transmit an
electrical signal to the coincidence unit. This pulse indicates the stop time. The time between
these two values is the positron lifetime (an example measurement can be found in Section
4.3.2. Repeating this lifetime measurement results in a positron lifetime distribution (exam-
ple in Figure 1.5.3). It is necessary to record at least one million measurements to obtain
reasonable statistics. Each spectrum consists of a number of exponential decay components
corresponding to each annihilation type.
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Figure 1.5.3: PALS spectrum for a polymeric material. The experimental data is fitted
using an exponential model containing three components corresponding to each annihilation
type. (This data was obtained during a beam line experiment at HZDR, Dresden. Further
details of this experiment is found in Chapter 3).

The distribution can be described by Equation 1.5.2. Where A,B and C are y intercepts at
a time, t = 0 and correspond to the annihilations due to pPs, free e+ and oPs respectively.
λi is the annihilation rate with respect to the three annihilation components.

y(t) = Ae−(λ1t) +Be−(λ2t) + Ce−(λ3t) (1.5.2)

The third exponential decay component corresponds to the formation of oPs inside a free
volume void. The reciprocal of the annihilation rate λ3 gives the average lifetime τ3 of the
component in question (Equation 1.5.3)

τ3 = 1
λ3

(1.5.3)
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The free volume radius which is determined as previously discussed (Equation 1.4.3) is used
to calculate the free volume with the assumption the void is spherical (Equation 1.5.4). By
multiplying FV by the intensity I3, the fractional free volume, FFV is calculated (Equation
1.5.5). This gives an indication of the total free volume present in the test specimen97. The
intensity is a relative measure of the amount of annihilations occurring from each annihilation
component.

FV = 4
3πR

3 (1.5.4)

FFV = I3 × FV (1.5.5)

Whilst PALS concerns lifetime measurements used to determine free volume and vacancy
defects, Doppler broadening spectroscopy (DBS) measures the energy of the annihilation
which yields useful information with regards to the annihilation site.

1.5.2 Doppler broadening spectroscopy
Doppler broadening spectroscopy (DBS) involves a magnetically guided positron beam bom-
barding a sample material. The material is surrounding by a number (at least two) of highly
sensitive gamma radiation detectors, which obtain an energy spectrum of the subsequent
annihilations. A schematic of this setup is shown in Figure 1.5.4.

Figure 1.5.4: DBS instrument set-up. Magnetic fields produced by copper solenoids accel-
erate and guide positrons towards a test sample. Highly sensitive gamma detectors surround
the sample chamber to measure annihilation energies. The energy distribution produced can
be analysed to give information on the annihilation environment.

The central peak of the spectrum corresponds to the 511 keV annihilation with the spectrum
deviating from this peak by a few eV. The reason for this spectral broadening is the Doppler
Effect. In the rest frame, the annihilations occur in opposite directions with energies of
511 keV. However, in the laboratory frame the annihilation energies are Doppler shifted
due to the centre-of-mass motion of the electron-positron pair relative to the direction of
annihilation98. Motion directed towards the detector will result in a higher energy due to
wavelength reduction (Figure 1.5.5). This is shown by the equation for the energy of a photon
(Equation 1.5.6).
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Figure 1.5.5: An oPs atom entering a void and annihilating with a surrounding electron.
The direction of motion of the annihilating pair causes the energy of the gamma photons to
be Doppler shifted.

E = hc

λ
(1.5.6)

The energy distribution varies depending on the number of high or low momentum electrons
that are available. Core electrons have a relatively high momentum in comparison to valence
electrons which have a lower momentum. If a material is microporous, then it is likely that
a positron will become trapped inside a pore and interact with a valence electron. If a
material is completely free of defects, then only high momentum events occur. This produces
a very broad and shallow distribution. If a material is microporous, then predominantly low
momentum events will occur. This produces a sharp peak. It can be shown that valence
electrons have lower momentums by considering the orbit of the electrons as that of the
Bohr model. Equating the centripetal force of an electron in orbit to the Coulomb force
between the orbiting electron and proton in the nucleus (equation 1.5.7). Rearranging the
equation such that momentum, P (where P = mv) is the subject shows the inverse square
root relationship between momentum and orbital radius (equations 1.5.8 & 1.5.9).

F = mv2

r
= keq

2

r2 (1.5.7)

P =
√
keq2m

r
(1.5.8)

P ∝ 1√
r

(1.5.9)

An example of the measured energy distribution is shown in Figure 1.5.6. Region 1 is due to
Compton scattered photons which are produced alongside the emission of the positron(1.27
MeV). There is then a decrease in counts called the Compton edge. Region 2 involves a
combination of Compton scattered photons from outside the detector volume i.e. inside the
test samples, sample chamber and detector casing. The final region shows the photo-peak
which is due to the annihilation photons with energies of 0.511 MeV.
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Figure 1.5.6: A positron energy spectrum corresponding to detected gamma photons. Re-
gions 1 and 2 are due to Compton scattered photons. The sharp peak present in region 3 is a
consequence of electron-positron annihilations and as such is centred about 511 keV. The inset
image shows this peak in more detail. (The data obtained during positron beam experiment
at HZDR, Dresden).

To quantify the Doppler broadening energy distribution, S and W parameters are commonly
used. The S parameter emphasises the number of low momentum annihilation events. The
W parameter concerns the number of high momentum annihilation events. Equations 1.5.10
and 1.5.11 show how to calculate the S and W parameters. Figure 1.5.7 helps to understand
these calculations more clearly.

S = As
Atot

(1.5.10)

W = AW1 + AW2

Atot
(1.5.11)

Where, As is the area of the small window centred on 511 keV, AW1+2 are areas of the wing
regions of the distribution and Atot is the total area of the distribution.
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Figure 1.5.7: Analysis of a Doppler broadened peak. The regions of the distribution used
to determine S and W parameters are highlighted blue and red respectively.
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The S and W parameters are essentially ratios of low and high momentum events with re-
spect to all the annihilation events in the distribution. If the number of voids in a material
increases, this will result in a higher S value. A decrease in voids leads to more high momen-
tum interactions and therefore W increases. The choice of parameter windows differ from
researcher to researcher. These regions should be consistent when directly comparing spectra
of different materials.

A relatively new technique based on a variable energy positron beam called mono energetic
positron spectroscopy (MEPS) has the advantage of measuring both free volume and Doppler
broadened energies as a function of depth. It is likely the first instrument of its type and
Chapter 3, details experiments carried out using this instrument.

1.5.3 Closing remarks
The key annihilation techniques used in this work have been introduced and described, Stud-
ies presented in literature with a relevance to free volume and epoxies will now be discussed.
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1.6 Some relevant studies in epoxy resins
1.6.1 Introduction
1.6.2 Free volume and diffusion
As mentioned previously, Recio et al studied permeability of gas vapours through polymer
membranes. It was shown that the fractional free volume (FFV), correlated with permeabil-
ity in that an increase in FFV corresponded to an increased permeability. Interestingly, they
showed that the glass transition temperature (Tg) also increased with FFV.

Masoumi and Valipour99 studied the effects of moisture exposure on crosslinked epoxy net-
works which comprised of DGEBA and the amine hardener, Jeffamine. They calculated the
free volume based on segragational analysis and it was seen that water molecules tended to
reside in large hydrophilic voids. They showed that increasing the water content increases
the number of voids but void sizes on average decreased. Further increasing water content
causes the Tg to decrease and concluded that this was due to hydrogen bonds breaking which
ultimately increase network mobility.

Patil et al 36 compared Tg, crosslink density , diffusion and free volume in DGEBA-Jeffamine
based epoxies. They showed that Tg decreased with decreased crosslink density and free
volume, measured using PALS, increased. The increase in free volume and fractional free
volume also corresponds somewhat with the chain length of the curing amine. When com-
paring free volume and FFV with the water content after 48 hours, it was shown that water
content increases with increased free volume properties. This was by no means in a linear
fashion (as seen in Figure 1.6.1) and it was concluded that not only free volume influences
the uptake of water but also the chemical structure and segmental relaxation between chains.
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Figure 1.6.1: Study of water uptake by Patil et al36. Connecting solid lines are present as a
guide for the reader only. The graph produced is based on data included in the publication36.

Jackson et al carried out experiments which is probably the closest in relation to the work
presented in this thesis. They performed ingression studies on epoxy samples consisting
of DGEBA, DGEBF and TGDDM which were cure with amine isomers 3,3 and 4,4 DDS.
The profiles of diffusion were compared to free volume measurements made by PALS. They
concluded that when the size of the ingression molecule becomes similar to the average free
volume, diffusion becomes hindered. The summary of results is depicted in Figure 1.6.2
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where light grey curves correspond to ingression where the Van der Waals (VdW) radius is
greater than free volume. The darker curves correspond to solvents in which VdW volume is
lower than the average hole size.

Figure 1.6.2: The uptake data for various solvents in a number of epoxy materials by
Jackson et al15.

1.6.3 General observations
A number of traditional PALS studies have been carried out involving epoxy resins, gener-
ally DGEBA based resins. Lifetime measurements range from 1.5 to 2 ns at room tempera-
ture.36,100,101 Suzuki102 showed that as a monomer is consumed, the intensity of annihilation
increases and τ3 decreases. When both intensity and lifetime are constant the polymerisa-
tion is assumed to be completed. This is expected when considering that as monomer is
consumed, the gel increases and more crosslinks are formed. This reduces free volume. It
was also shown that when heating the sample after curing, the lifetime increases rapidly at a
specific temperature. This temperature is assumed to be the glass transition but was shown
to be lower than that obtained by other methods.102 Methods such as DMA generally report
tanδ values as the point of Tg

103–106. This value generally occurs later than measurements
made which use the point at which short relaxations occur on a molecular level such as the
loss modulus (Section 2.4.1). As PALS is a direct measure of defects on a molecular level,
it could be argued that one would expect Tg to occur earlier than that measured by a tanδ
response.

1.6.4 Positron beam studies
There are few positron beam studies on neat epoxy resins. Where epoxy resins are concerned,
they are generally thin films on a substrate. A study which involved epoxies on steel surfaces
was carried out by Galindo et al. The resin used in this study is assumed to be a DGEBA
based resin as the EEW quoted is 190 and referred to as ’type 828’. This matches the DGEBA
based resin Epikote828. The epoxy was dissolved in acetone and reacted with MDEA. The
liquid was spin coated onto steel before curing. The S values of pure steel and epoxy coated
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steel were made over a range of implantation energies. The S values of coated steel increase
initially before decreasing to a value similar to that of pure steel. The W values obtained
are then plotted against the S values (Figure 1.6.3). A data clump is observed in the bottom
right of the graph which is attributed to pure epoxy. S then decreases with increasing W
which is attributed to an inter-facial region between steel and epoxy. A slight change in
gradient indicates the beginning of the substrate.

Figure 1.6.3: The SW plot from Doppler broadening spectroscopy as measured by Galindo
et al for epoxy resin on a steel substrate. Arrows show the direction corresponding to deeper
implantation of positrons and therefore deeper probing. Lines added represent liner fits which
emphasise changes in gradients. This change corresponds to a change in annihilation type
which ultimate indicates a change in environment.

27



1.6.5 Closing remarks
Now that some of the relevant literature has been discussed, the outline of the thesis will be
presented before moving on to some methodological details required for other researchers to
repeat the work carried out in this thesis.

1.7 Thesis structure
1.7.1 General aims and objectives
Construction of a PALS system
The first objective, it the construction of a positron annihilation lifetime spectroscopy (PALS)
system in order to study free volume on polymer networks. The quality of instrumentation,
safety and financial constraints must be considered. The second overall objective is to study
diffusion of methanol in epoxy network and compare to free volume.

1.7.2 Thesis outline
Chapter 1: Introduction to the project covering relevant literature and basic concepts.
Chapter 2: Detailed information on the various techniques, instrumentation and sample
preparation used through this work. This section includes all information necessary for re-
searchers to perform the same investigations as presented in this work.
Chapter 3: This chapter presents the results and conclusions based on two positron beam
studies. DBS and PALS data are obtained as a function of implantation depth for a number
of epoxy resin samples.
Chapter 4: This chapter concerns solely the construction of the PALS system used in this
work. Decisions made such as equipment selection are discussed and initial testing shown.
The finances of producing PALS are also outlined in detail.
Chapter 5: This chapter presents the results and discussion of diffusion and free volume
experiments. Correlations are shown for several studies in which the chemistry and produc-
tion methods of epoxies are varied.
Chapter 6: The final chapter which summarises the findings in this work. Potential future
work is also discussed.
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2.1 Introduction to chapter
This chapter describes the range of methods and techniques used throughout this work. This
includes details of the materials used, sample production, and techniques used. This chapter
intends to give enough detail such that the reader could reproduce samples and perform
experiments in the same manner.

2.2 Sample production
2.2.1 Materials
The key materials used in this research are epoxy resins and amine hardeners which produce
a cross-linked network. The epoxy and amines will be described and suppliers listed. Other
materials which were used throughout this research will also be listed.

Epoxy resins
The majority of epoxy resins used in this research are listed in Table 2.1. The epoxies
referred to as “diluent” are not intended to be reacted solely with an amine hardener but are
incorporated into the formulation to reduce the viscosity of the mixture without reducing
chemical resistivity. This reduction in viscosity is necessary for coating applications such as
spray coating.

Table 2.1: List of epoxy resins used in this research along with their suppliers. (*supplied
by AkzoNobel).

Name Epoxy Supplier
DER354 Diglycidyl ether of bisphenol F (DGEBF) The Olin Corporation
BDDGE Diluent 1,4-butanediol diglycidyl ether Original supplier unknown*
PGE Diluent phenyl glycidyl ether Original supplier unknown*
DEN431 Novalac polyglycidyl-2-methylphenyl ether (PGMP) The Dow Chemical Company
Epikote 828 Diglycidyl ether of bisphenol A (DGEBA) Delta Resins

Hardeners
The curing hardeners used in this work are listed in Table 2.2 along with their suppliers.

Table 2.2: List of hardeners used in this research along with their suppliers. (*supplied by
AkzoNobel).

Name Amine Supplier
MXDA m - xylylene diamine Sigma Aldrich
1,3-BAC 1,3 -bis (amino methyl) cyclohexane Sigma Aldrich
1,4-BAC 1,4 -bis (amino methyl) cyclohexane Tokyo Chemical Industry Ltd
PACM 4,4-Methylenebis(cyclohexylamine) Original supplier unknown*
DMP30 2,4,6-Tris ((dimethyl amino) methyl) phenol The Dow Chemical Company
DMPDA 3-(diethylamino)-1-propylamine Delta Resins
IPD Isophorone diamine Delta Resins
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Other materials
Several other materials were used in various parts of this research. Cleaning grade xylene
was used as a diluent for DER354 in the solvated epoxy study ( Section 5.4). Methanol was
used in all ingression studies described in Chapter 5. N2 gas is used in sample preparation to
produce an inert atmosphere during cure as described in Section 2.2.2. Octamethyl trisilazane
(OMTS) and deuterated chloroform were used for NMR sample preparation. Barytes was
used as the pigment which was incorporated into epoxy networks as presented in Section 5.3.

2.2.2 General sample preparation
Determination of stoichiometry
A typical sample produced in this work comprises of an epoxy and an amine hardener in
which there is an equivalent number of amine hydrogens and epoxide groups. This is a
stoichiometric ratio of 100 %. To determine how much amine needs to be added to the epoxy
to reach a stoichiometry of 100 % Equation 2.2.1 can be used.

ASM = AHEW

EEW
(2.2.1)

Where ASM is the amine stochiometric multiplier, AHEW is the amine hydrogen equivalent
weight and EEW is the epoxide equivalent weight. The AHEW and EEW are determined
using the molecular weights (MW ) and the component functionality (Equations 2.2.2 and
2.2.3 respectively).

AHEW = MW

Amine functionality
(2.2.2)

EEW = MW

Amine functionality
(2.2.3)

They mass of the epoxy (Mepoxy) is then multiplied by the ASM value to give the amount
of amine to be added (Amass) in order to achieve a stoichiometric ratio of 1:1 between the
amine hydrogens and epoxide groups (Equation 2.2.4).

Amass = ASM ×Mepoxy (2.2.4)

Mixing of epoxy and amine
Approximately 30g of epoxy is poured from a glass decanter into a sample tube. The liquid
amine is added via a pasteur pipette until until a stoichiometric ratio is reached. The epoxy-
amine mixture is stirred thoroughly by hand for 5 minutes using a glass stirring rod. The
sample tube is covered with parafilm with the stirring rod still in the mixture. Parafilm is
used to prevent contamination from dust and to reduce carbamation and oxidation effects.
The stirring rod remains as to not remove material which reduces stoichiometric errors. The
mixture is stirred 3 more times at 15 minute intervals to prevent separation of epoxy and
amine and encourage maximum cross-linking. This persistent mixing inevitably induces air
bubbles. As samples will be used for solvent ingression studies, it is necessary to remove
these bubbles. Ultrasonication is performed at this stage using a Fisherbrand FB15051 on
degas mode for 20 minutes. After sonication, the mixture is left at room temperature for
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45 minutes before stirring again. At this point, stirring should be gentle as to avoid large
bubbles forming. The mixture is left at room temperature for a further 45 minutes before
being transferred to a PTFE mould. However, the time between the final stir and transfer
to mould is dependent on the laboratory temperature. At temperatures of ≈ 30 ◦C, this
time can be reduced to as low as 15 minutes. At cooler temperatures (12 ◦C) the time may
increase to 1 hour 30 minutes. This is due to the rate of reaction being increased and the
gel point shifting as a consequence. Following sample preparation, the moulds are placed
in an oven to cure. The reason for a seemingly lengthy mixing time is to allow for some
initial crosslinking to occur which should reduce amine evaporation because of an increase in
molecular weight.

Cure regime
The oven is preheated to 60 ◦C and the samples placed inside. Before commencing a tem-
perature ramp, the oven is purged with nitrogen gas to create an inert atmosphere to reduce
oxidation and carbamation71. The oven is ramped up in temperature to 160 ◦C at a rate
of 1 ◦C min−1. Once the target temperature is reached, it remains constant for 3 hours.
The samples are then removed from the oven and allowed to cool before being removed from
the moulds. Samples are typically contained inside a desiccator over phosphorous pentoxide.
The oven used for the majority of this work was a Vacucell vacuum drying oven line comfort
22L model supplied by MMM Group.

2.2.3 Pigmented epoxy networks
In many applications, pigments are added to epoxy resins for reasons such as aesthetics or
mechanical reinforcement. The pigment added to the epoxy networks in this work is barium
sulphate which is also known as barytes or barites. This was supplied by AkzoNobel.

Preparation adjustment
The ratio of epoxy to amine in the formulation of pigmented epoxy networks is kept at 1:1.
The pigment is incorporated into the epoxy before adding the amine hardener using a VM1-
DETZMANN Dispermat mixer. Approximately 60 g of epoxy is added to an empty paint tin
and mixed for 15 minutes. Approximately 96 g of pigment is added slowly whilst the mixing
continues. After 5 minutes, a further 30 g of epoxy resin is added and stirring continues for
15 minutes. The amount of pigment added is dependent on the desired weight percentage
of pigment to total mass (inclusive of amine). The amine hardener is added and the typical
sample preparation and cure regime are carried out as described in Section 2.2.2.

2.2.4 Epoxy blends
Several epoxy blends were are studied in this work. The blends were formulated in terms
of epoxide equivalent weight (EEW%) rather than weight percentage. The ratio of epoxide
functionality and amine functionality remained at 1:1 for all cases.

DGEBF-DGEBA blends
DER354 (DGEBF) was added to Epikote828 (DGEBA) and then heated to 50 ◦C. This was
done to reduce the viscosity of Epikote828 and promote good mixing between the two resins.
The mixture is continually stirred and cooled to room temperature. The amine hardener is
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added until a stoichiometric ratio is reached. Following this, the typical sample preparation
and cure regime are carried out as described in Section 2.2.2.

Diluent epoxies
Diluent epoxies are used in industry to reduce viscosity depending on the application method
such as spray coating. The epoxies used here were butanediol digycdyl ether (BDDGE) and
phenyl glycidyl ether (PGE). The diluent epoxies were added to DER354 in ratios depending
on EEW. The amine is added and the general sample preparation outlined in Section 2.2.2
is carried out. The final pot-time was left at an hour regardless of lab conditions as the fluid
nature of the epoxies made viscosity a poor judgement of reaction progression.

2.2.5 Solvated epoxy networks
Where epoxy diluents are unwanted, solvents maybe incorporated to adjust viscosity as
desired. Once the coating is applied, the solvent is expected to evaporate. However, the
industrial sponsor of this research (AkzoNobel) suggest that solvent will remain locked in the
coating once dry. As such, solvent is purposely locked into epoxy networks and ingression
and free volume studies carried out.

Preparation adjustment
In this work, cleaning grade xylene is added to DER354 at 20 w% and mixed well. The
amine is added and mixed as per Section 2.2.2. However, the rate of reaction was hindered
greatly and as such the mixture was kept in a refrigerator for 14 hours. Once the mixture
reached room temperature, it is poured into PTFE moulds and placed into an oven.

Cure adjustment
The typical cure regime outlined in Section 2.2.2 was attempted but samples produced were
discoloured and cracked. This is most likely due to the cure temperature being higher than
the boiling point of xylene. The boiling point of xylene is 138 ◦C therefore the cure regime
was changed to a ramp from ◦ 60 to 135 ◦C at 1 ◦C min−1.

2.2.6 Industrial cure
The typical cure used in this work is not practical in real-world scenarios. The materials
produced are intended to coat the inside of large chemical storage tanks and it is unlikely
that they would be heated to 160 ◦C. As such, a comparison of an industrial cure regime to
an “ideal” cure regime is studied in Chapter 5.

Cure adjustment
Epoxy amine samples are mixed as stated in Section 2.2.2 but are poured into moulds in-
stantly. The samples were then left in a nitrogen environment for 24 hours at room temper-
ature. The samples are then put in an oven for 16 hours at 80 ◦C.
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2.3 Sample processing
2.3.1 Dynamic mechanical analysis
Samples used for dynamic mechanical analysis (DMA) were in the form of resin sealed in
aluminium material pouches supplied by Perkin Elmer. Approximately 1g of uncured resin
is deposited in the centre of the pouch and spread across the crease. The pouch is sealed
and cured according to the type of sample that is being produced. For each measurement, a
minimum of two samples were prepared.

2.3.2 Positron annihilation lifetime spectroscopy
Samples used for positron annihilation lifetime spectroscopy (PALS) studies can effectively
be any dimension provided that the thickness is at least 1 mm to absorb a large amount of
positrons. In this work, samples were produced in PTFE moulds with dimensions of 40 x 20
mm with a minimum 2 mm thickness. The sample is then cut in half using a circular water
saw. The samples are left in a desiccator for one week to dry. The samples are combined using
Kapton tape and the positron source is placed in between the samples. The source-sample
sandwich is then positioned with tweezers between detectors.

2.3.3 Diffusion study
Samples used for diffusion studies were polished to a thickness of approximately 0.9 mm using
a rotational grinder/polisher (ECOMET brand). As water is used as a coolant, samples were
left in a desiccator for one week before diffusion studies commenced. For each sample, three
samples were prepared.

2.3.4 Nuclear magnetic resonance
Nuclear magnetic resonance (NMR) was used in the determination of EEW for the epoxy
resins used in this work. The EEW is an important property to determine especially when
isomers are present in the material used. Samples used for NMR studies consisted of 0.02
g of octamethyltrisilazane (OMTS), 2 g of deuterated chloroform (d-chloro) and 0.05 g of
epoxy resin. The OMTS and d-chloro were added to the resin in a sample tube and sonicated
for 10 minutes on sweep mode (Fisherbrand FB15051) to ensure good mixing. The solution
was transferred to an NMR vial via a plastic pipette. For each sample, three solutions were
prepared.

2.4 Sample characterisation
2.4.1 Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) is commonly used to determine the glass transition
temperature (Tg) of polymers. The Tg is a key property of polymers which affects how a
material can be effectively used in it final form. The Tg is defined as the temperature at which
a transition from a glassy to a rubbery state occurs or vice versa. Above this temperature,
materials are more flexible due to increased molecular mobility. DMA works by applying a
constant sinusoidal force to a material whilst the sample is heated. The stiffness or modulus
(E’) and the damping (tan δ) are measured and large changes in these two components signal
the Tg.
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Tg determination
To determine Tg, DMA measurements were performed using a Pyris Diamond DMA by
Perkin Elmer in single cantilever mode. Samples were cooled to 0 ◦C using liquid nitrogen
and then heated from 0 to 180 ◦C at a rate of 3 ◦C per min whilst a constant sinusoidal force is
applied at a frequency of 1 Hz. The Tg is determined by two analytical methods in this work;

1. The peak of the tan δ profile
This is the ratio of the loss modulus to the storage modulus. It is measure of the energy
dissipation of a material.
2. The onset of the storage loss
This is calculated by the intersection of the two linear regions before and after a large drop
in storage modulus.

The calculation of both methods are shown in Figure 2.4.1. Generally, the peak of the tanδ
is used as the point at which the glass transition occurs but it could be argued that a more
accurate representation of Tg is the onset of the drop in storage modulus as this is when
short range relaxations of bonds occurs and effectively the material become rubbery. In this
work both the Tan δ and E’ are reported. The peak measurement was determined using
the Gaussian fit function in Origin software. The onset of the drop in storage modulus was
determined by equating the two linear equations of the dashed lines and calculating the value
for X which corresponds to the temperature at the intersection. For each material, two DMA
samples were tested and the result averaged.
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Figure 2.4.1: The storage modulus and tan δ profiles for an epoxy material. Both profiles
can be used to determine the glass transition temperature of a material with the storage
modulus usually yielding a much lower value.
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2.4.2 Nuclear magnetic resonance
Topspin NMR sofware was used for data analysis. The signal peaks recorded were compared
to that of the OMTS reference.

2.4.3 Density measurement
The density of materials were determined using helium pycnometry. This technique works
by pressurising two chambers with helium gas; one empty and one chamber which contains
the sample. The pressure differential is then used in conjunction with the ideal gas law to
determine the true density of the sample. In this work, a MicrometricsAccupye1330 was
used. Approximately 0.5 g of material (powder or bulk) were added to the sample chamber
of 1 cm3 volume. For each sample, 10 density measurements were made which were then
averaged. Standard deviation is used to determine the standard error.

2.5 Experimental
This section describe how some of the key experiments were carried out including instruments
and materials used.

2.5.1 Diffusion studies
Diffusion studies were carried out on several epoxy samples using traditional gravimetric
techniques. These were performed to give a measure of chemical resistance of each material.

Ingression
For the study of ingression diffusion, samples prepared as described in Section 2.3.3 were
placed in glass staining jars. Slots inside the jars ensure samples remain separated and
upright. The slot position was used as an identifier of the samples to prevent the need
of marking the sample itself and subsequently effecting measurements. The masses and
thickness of each sample were measured before HPLC grade methanol is added such that the
samples are completely submerged. Over time, the samples are removed and weighed. Masses
were frequently monitored in the first week before measurements were taken less frequently as
diffusion rate decreased. For each mass measurement, a sample is removed, placed on paper
towel and patted down until touch dry. After weighing, the sample is immersed once again.
This is repeated until the mass uptaken becomes constant which signals that the maximum
amount of methanol has been uptake by the sample. This is referred to as the ultimate
uptake/ingression throughout this work. Once the ultimate uptake is reached, egression
studies can commence.

Egression
Egression studies concern the rate at which the methanol is released from the sample once
removed from the jars. The initial mass is measured once removed and the sample is then
placed in a dry clean staining jar. The mass is monitored over time in the same manner as
ingression studies. Studies were performed at room temperature unless specified otherwise.
Some studies which saw the egression mass stabilise were re-immersed for a second ingression
cycle.

36



2.5.2 Variable energy positron spectroscopy
Variable energy positron spectroscopy (VEPS) was used for Doppler broadening spectroscopy
(DBS) studies. Experiments were carried out at the Reactor institute in Delft, Netherlands.
The instrument details are listed in Table 2.3.

Table 2.3: Instrument details for the variable energy positron spectrometer used at The
Reactor Institute, Delft.

Specification Information
Positron source 22Na isotope (1Gbq activity) magnetostatic beam transport
Beam intenisty 1 × 105 e+ s−1

Beam diameter at target 8 mm
Maximum beam energy 30 keV
Detectors High purity Ge solid-state detector (resolution of 1.8 keV)
Temperature range 20 - 1700 K

This study compares the Doppler broadened annihilation energies of two epoxy samples
prepared as described in Section 2.2.2 with one of the samples being cured at 120 ◦C and
the other at the standard cure temperature of 160 ◦C. Energies from 0 - 25 keV were probed
for each sample and 6 million annihilation events recorded. Data was analysed using the
program “SP”.

2.5.3 Mono energetic positron spectroscopy
Mono energetic positron spectroscopy (MEPS) was used for positron annihilation lifetime
spectroscopy (PALS) as well as simultaneous Doppler broadening spectroscopy (DBS) studies.
Experiments were carried out at the Helmholtz Zentrum in Dresden-Rossendorf, Germany.
The instrument details are listed in Table 2.4.

Table 2.4: Instrument details for the mono energetic positron spectrometer used at
Helmholtz Zentrum in Dresden-Rossendorf.

Specification Information
Positron source Pair production by electron bombardment of tungsten target
Beam intensity 10 × 105 e+ s−1

Beam diameter at target 4 mm
Maximum beam energy 15 keV
Detectors High purity Ge solid-state detector (resolution of 1.09 keV)
Temperature range Unknown

Several epoxy samples were studied as described in Chapter 6. Energies of 1 - 10, 12 and
15 keV were probed. At each energy, 5 million counts were collected. A further 25 million
counts were collected at energies of 2, 5 and 10 keV for high statistics.
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2.5.4 Positron annihilation lifetime spectroscopy
Positron annihilation lifetime spectroscopy (PALS) was performed using a digital system
which was constructed as part of this research. It consists of two EJ232 fast plastic scintilla-
tors, two H1919-X Hammatsu photomultiplier tubes, a four-fold coincidence unit (supplied
by Rehberg Technology) and a DRS4 evaluation board. Full details of this instrument are
presented in Chapter 4. For each measurement, a minimum of 1 million counts were ac-
quired in approximately 10 hours. Two identical sample pieces surround the source and are
placed between both detectors. A combination of MATLAB code and QTPALS software
were used for data acquisition. The analysis of lifetime spectra was performed in the fitting
software “LTPOLYMERS” with lifetime distributions determined using the MELT MATLAB
program.

2.6 Summary
This chapter has given information for the various techniques and methods required to per-
form the research which is outlined in the following chapters. From this point on, this chapter
will be referred to where necessary but methods and techniques will be reintroduced where
deemed necessary for ease of the reader.
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3

Positron beam studies of epoxies
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3.1 Introduction to chapter
This chapter concerns studies of epoxy resins using positron beam instruments. Section 3.2
discusses experiments performed using The Variable Energy Positron (VEP) Beam at the
Reactor Institute, TU Delft. This instrument is used for Doppler broadening spectroscopy
(DBS) which measures the energy produced in the annihilation event between positrons and
electrons. This produces a broadened spectrum as described in Section 1.5.2. This data can
then be used to indicate free volume as a function of depth. This experiment was an initial
small scale test to see whether a change in cure temperature affects the free volume which
can be indicated by measuring S values.

Section 3.3 is themed around experiments carried out at the Helmholtz-Zentrum Dresden-
Rossendorf (HZDR), ELBE center for high-power radiation sources. This involved the use of
a positron beam which is used for mono energetic positron spectroscopy (MEPS). This instru-
ment measures positron lifetime measurements whilst DBS measurements can be collected
simultaneously. The key aim of this experiment is to measure the free volume as a function
of implantation depth for several epoxy samples. Different sample production methods and
chemical compositions were studied and are discussed.

3.2 Doppler Broadening Spectroscopy at TU Delft
3.2.1 Experimental brief
Doppler broadening spectroscopy (DBS) was performed on two epoxy samples consisting of
Diglycidyl ether of bisphenol F (DGEBF) cured with the amine hardener m-xylyldiamine
(MXDA). These samples were produced as described in Section 2.2.2. but with one sample
being cured at a higher temperature of 160 ◦C (labelled 160 ◦C cure) and the other cured
at a lower of 120 ◦C (labelled 120 ◦C cure). S and W parameters are determined using the
program ”SP” for implantation energies up to 25 keV. The data is presented as a function of
mean implantation depth which is calculated as per Section 3.3.2.

3.2.2 S and W implantation profiles
Figure 3.2.1 shows the S and W parameters as a function of Depth. S increases as positron
implantation increases in both samples. The sample cured at 120 ◦C plateaued at a lower S
value than the 160 ◦C. This is depicted by coloured dashed lines corresponding to the colour
of their respective data points.
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Figure 3.2.1: S and W values as a function of mean implantation depth for two samples
of DGEBF-MXDA which were cured at temperatures of 160 ◦C and 120 ◦C. Linear fits
emphasise the difference between in S and W between the two samples in the plateau region
(0.5 - 3µm). Standard error is shown using error bars.

W decreases from the surface to a depth of ≈ 0.4µm for both 160 ◦C and 120 ◦C cures. The
120 ◦C plateaus at a lower level than 160 ◦C. The 160 ◦C appears to increase in W from 0.5
µm but in general, the 160 ◦C sample has a higher W. Again, linear fits are shown to depict
the difference in W. The higher S parameter in the 120 ◦C means that a higher number of
the total annihilations were due to valence electron interactions than in the 160 ◦C sample.
This implies that curing at a lower temperature causes a higher number of free volume
(FV) voids or larger amount of FV in general. This could be explained by the nature of
the reaction between the resin (DGEBF) and amine harderner (MXDA). As the reaction
progresses, viscosity increases as monomer is used up as crosslinks form. During the latter
stages of reaction, the mobility of molecules becomes hindered and a fraction of functional
groups will not react (< 1% as shown by NIR71). A higher temperature increases the mobility
and therefore allows a higher percentage of functional groups to react. This increases the
number of cross links and theoretically reduces free volume36 which in turn decreases the S
value.

Positron implantation issue and repeat experiment
A calibration check was performed due to the small peak in W for the 160 ◦C sample. During
the calibration/adjustment, a strange effect was observed. Figure 3.2.2 represents the rate
of positron annihilations at low energies (< 1 keV) for both samples. The 120 ◦C samples
required a higher energy before a considerable number annihilations were recorded. Given
that, each count corresponds to a positron implanting into the material and annihilating with
an electron, this implies that positrons in the 120 ◦C sample are being re-emitted or deflected
and hence the annihilation event is not recorded. This behaviour is seen in potential barriers
where particles are repelled by repulsive forces, such as coulomb forces and therefore this
may have been due to static charge.
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Figure 3.2.2: The rate of positrons detected at low beam energies for the 160 ◦C and 120
◦C samples. In the sample cured at a lower temperature, positrons required a higher energy
before implanting and subsequently annihilating in the material. This is for visual purposes
only and values shown are not accurate.

The samples were grounded, and the effect was reduced but still remained in some capacity.
No conclusion could be reached about this barrier effect. S and W measurements were
repeated following the instrument adjustment and the results are shown in Figure 3.2.3. The
small peak previously seen in 160 ◦C sample is no longer present but in general the results
are similar with respect to one another. Average values of S and W were calculated from
data beyond 1 µm for both experiments as shown in Figure 3.2.4. Both samples showed the
same changes in S and W after the instrument calibration and the difference between the
two was unchanged.
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Figure 3.2.3: The repeated Doppler broadening spectroscopy measurement after beam cali-
bration. Similar results were recorded for S and W as a function of mean implantation depth.
Linear fits are shown from the point of plateau to clearly show the difference in S and W
between the two samples. Standard error bars are shown.
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Figure 3.2.4: Average values in S and W from 1 µm onwards. Experiments 1 and 2 refer
to measurements made before and after the instrument was adjusted. Standard errors are
shown.

3.2.3 SW plot
S-W plots can be used to determine layer thickness (if layers are present) and the depth of
transitional phases from one layer to the next. The S-W plot for the two epoxy samples is
shown in Figure 3.2.5. There is no definition of layers here which implies free volume sites
are similar. If layers were present, a change in gradient of S vs W would be seen and data
points would shift in a continuous fashion107. This is an expected result as the samples have
effectively identical chemistry and only the production method varies. The linear fits show
that where S is high, W is generally lower which is also expected.
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Figure 3.2.5: The S-W plot for DGEBF-MXDA epoxies cured at 120 ◦C and 160 ◦C. Both
show a similar downward trend overall but there is no trend as a function of implantation
depth. Linear fits are included to emphasise the downward trend and standard errors are
shown.

Conclusion
The key conclusion from DBS measurements using the VEP beam is that differences in S
and W were observed between samples cured at different temperatures. Before and after
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an instrumental adjustment, W was determined to be lower in the 120 ◦C cure sample.
S was found to be higher in the 120 ◦C cure sample which suggests that curing at lower
temperatures increases the free volume or the total number of free volume voids present.
Table 3.1 summarises the results of this study.

Table 3.1: Average S and W values determined by Doppler broadening spectroscopy. The
numbers 1 and 2 refer to measurements made before and after instrumental adjustment re-
spectively.

Sample S1 W1 S2 W2
120◦ C 0.5697 ± 0.0003 0.0351 ± 0.0002 0.5678 ± 0.0004 0.0353 ± 0.0002
160◦ C 0.5631 ± 0.0003 0.0361 ± 0.0001 0.5617 ± 0.0004 0.0365 ± 0.0003

3.3 Mono energetic positron spectroscopy
This section presents results obtained using the mono energetic positron spectroscopy (MEPS)
instrument at the ELBE centre, HZDR in Dresden. Doppler broadening spectroscopy (DBS)
and positron annihilation lifetime spectroscopy (PALS) measurements were made simultane-
ously for implantation energies up to 15 keV on several epoxy (DGEBF) based resins. The
results are grouped into different studies which will be described at the beginning of each
subsection. To begin, a “defect-free” (i.e. lack of free volume) reference sample is compared
to a sample of DER354-MXDA (produced as described in Section 2.2.2. The defect free
sample is based on yttria-stabilized zirconia supplied by the user facility. In this first study,
each aspect of DBS and PALS data are introduced and discussed. For the following studies,
only figures concerning S, W , free volume and fractional free volume are presented.

3.3.1 Introductory results
Positron lifetime spectrum
Figure 3.3.1 illustrates the difference in lifetime spectra between DER354-MXDA (labelled
MXDA) and yttria-stabilized zirconia (labelled YSZ) for an implantation energy (E) of 5
keV. As expected, YSZ has a much narrower lifetime distribution than MXDA due to the
lack of oPs annihilations occurring in free volume (FV) voids.
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Figure 3.3.1: Positron lifetime spectra for yttria-stabilized zirconia (YSZ) and an epoxy
resin comprising of DGEBF and MXDA sample. The epoxy has a much shallower decay than
YSZ due to the presence of orthopositronium annihilations which occur inside free volume.

Doppler broadened spectrum
In addition to PALS measurements, DBS measurements were made simultaneously using this
instrument. An example distribution for an implantation energy of 5 keV for both MXDA
and YSZ is shown in Figure 3.3.2. Taking into account the central area and the wing regions
(AS and Aw respectively), this broadening follows theory described in Section 1.5.2. In brief,
YSZ has a lower S value due to a smaller fraction of counts corresponding to valence electron
interactions whilst W is high as a higher fraction of annihilations are resultant of core electron
interactions. The region used for determining S is shaded in blue whilst the regions used for
the calculating W is shaded black and red for YSZ and MXDA respectively.

506 508 510 512 514

400

800

1200

1600
 YSV 
 MXDA

C
ou

nt
s

Energy (keV)

AS

AW (YSV)

AW (MXDA)

Figure 3.3.2: Doppler broadened energy distributions for DGEBF-MXDA epoxy (MXDA)
and the reference sample, yttria-stabilised zirconia (YSZ). The region highlighted in blue shows
the area used in the calculation to determine S. The regions highlighted black and red show
the areas used to determine W for YSZ and MXDA respectively.

Comparison of results
The values for S and W in addition to the lifetimes of parapositronium, free positron and
orthopositonium (τpPs, τe+ and τoPs respectively) are shown in Table 3.2. Lifetime results
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were determined using the program “LTPOLYMERS”. A three component model was used
for fitting analysis of MXDA with (τpPs) fixed to 0.125 ns which is a common fitting con-
straint.108, 46 YSZ was fitted using a two component method with τpPs also fixed to 0.125 ns.
YSZ has been shown to be freely fitted in other studies109 but here for a direct comparison,
τpPs was constrained.

Table 3.2: S and W values for the YSZ reference sample and a DGEBF epoxy cured with
MXDA. Standard errors in S and W were produced by the program SP. Standard error of
positron lifetimes were produced by the program “LTPOLYMERS”.

Sample S W τpPs(ns) τe+(ns) τoPs(ns)
MXDA 0.57 ± 0.003 0.0016 ± 0.0005 0.125 (fixed) 0.369 ± 0.002 1.58 ± 0.02

YSZ 0.48 ± 0.002 0.0032 ± 0.0006 0.125 (fixed) 0.234 ± 0.002 N/A

S and W implantation energy profiles
S and W values for MXDA and YSZ are shown in Figure 3.3.3 as a function of positron
implantation energy. As expected, S is significantly higher in the MXDA sample. In both
samples, the S value is relatively unstable throughout. Usually, DBS results are seen to show
some form or continuity110, 111and often stabilise once the bulk of the material is reached.47, 112

The same inconsistency is seen for W which is highlighted by the sharp rise in W at 4 keV
in the YSZ sample. A high W value is expected in the defect free samples with a higher
fraction of high momentum annihilations (i.e. core versus valence electron interactions).
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Figure 3.3.3: S and W values as a function of positron implantation energy obtained by
Doppler broadening spectroscopy for DGEBF-MXDA epoxy resin and yttria-stabilised zirconia
(YSZ). Standard error is shown using error bars.
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SW plot
By plotting S against W, information regarding the annihilation site can be obtained. Gen-
erally, S should increase with a decrease in W and where a change in gradient occurs, this
indicates a transition between layers.44, 107 Where a transition between layers is not the case,
then there should be a direction of change in SW which is fairly continuous, such as increasing
fatigue test cycles.113 This was not seen in either YSZ or MXDA as shown in Figure 3.3.4
where connecting lines emphasise the randomness of direction. Red dotted lines represent
linear fits which show that the expected downward trend of W with S is present but poor as
suggested by R2 values. The lack of trend here begins to cast doubt over the reliability and
usefulness of this data.
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Figure 3.3.4: The S-W plots for yttria-stabilised zirconia (YSZ) and DGEBF-MXDA epoxy
(MXDA). The red dashed lines represent linear fits which show that overall as W decreases, S
increases. However, the low R2 values highlight that the correlation is poor. Connected lines
show how the data varies with changing energy. The arrow is intended to guide the reader in
the direction of increasing implantation energy. This was not possible for MXDA.

However, a study by Galindo et al.107 which showed the transition from a layer of epoxy to
steel in terms of S vs W did show that measurements in the pure epoxy resulted in a data
clump. As implantation energy was increased and therefore implantation depth, the SW
value shifted to the top left of the plot in a smooth manner due to a combination of epoxy
steel measurements.
Figure 3.3.5 shows Galindo’s results along side an SW plot which contains both the MXDA
and YSZ samples collected with MEPS. Measurements are made with increasing positron
energies which corresponds to an increased implantation depth. The increase in energy is
indicated by an arrow for YSZ but this was not possible for the MXDA sample as the data
overlaps considerably.
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(a) SW plot presented by Galindo et al.
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Figure 3.3.5: A comparison of SW plots produced by Galindo et al. and those obtained
using MEPS for MXDA and YSZ. The dashed red line in Figure (b) shows a good linear
fit for all data points present. Error bars in Figure (b) represent standard errors of three
samples.

A data clump for the epoxy in the bottom right is similar to that of Galindo’s. The spread of
data points for YSZ are most likely attributed to the fact that there is no epoxy contribution
here (i.e no layers). To conclude, the expected relationship between S and W is seen when
comparing all the data for each sample (i.e two data clusters). However, as a function of
implantation energy, this trend is not observed and the relationship is random. This shows
that there are no significant differences in void annihilations with increasing implantation
energy or that the measurement is insensitive to changes in a single component material
without any changes to the environment (temperature and humidity).
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Lifetime and annihilation intensity implantation energy profiles
As discussed in previous chapters, the positron lifetime yields information which is related to
the site in which the annihilation occurs. In polymers, at least three annihilation types are
present; parapositronium (pPs), free positron (e+) and orthopositronium (oPs) annihilation.
Each component has a respective annihilation intensity which is a measure of how frequent
a specific annihilation occurs. All three lifetimes and their respective annihilation intensities
are shown in Figure 3.3.6 as a function of implantation energy for the MXDA sample.
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Figure 3.3.6: The average lifetimes of each annihilation component (a) alongside their
respective annihilation intensities (b) for a DGEBF-MXDA epoxy sample. Standard error
bars are included but are smaller than the data point on this scale. The lifetime of τpPs was
fixed to 0.125 ns.

Annihilations due to oPs concern free volume annihilations, e+ is due to positron trapping in
the bulk or mono-vacancy defects and pPs is due to bulk anihillations.94, 114 Near the surface,
pPs intensity is almost 0% before increasing to levels around 6% as you move deeper into
the sample. Backscattering of pPs at the surface may account for this. Changes in IpPs
are mirrored by Ie+ whilst IoPs is relatively stable. By plotting the intensities against one
another, it can be determined whether the correct number of components have been chosen
for fitting analysis. If two components correlate well (R2 > 0.9 ) then it is probable that the
two components could be described by a single component instead. Figure 3.3.7 shows the
Ie+ plotted against IpPs and IoPs.
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Figure 3.3.7: The comparison of intensities over the full range of implantation energies
for MXDA. A good correlation is seen when comparing (a) Ie+ and IpPs which implies that
pPs is not only due to bulk annihilations but also positron trapping. We can conclude this
as pPs and e+ generally concern annihilations due to bulk annihilations and defect trapping
respectively. Therefore, as the intensity of e+ changes in an opposing manner to pPs then
they must not be independent of one another. The correlation between (b) Ie+ and IoPs is
poor which means IoPs is mainly due to free volume annihilations as changes in IoPs do not
change in tandem with Ie+

.

The relationship between Ie+ and IpPs is linear which implies that the short lifetime intensity
is not only due to bulk annihilations but actually has a proportion which are due to positron
trapping in the bulk or mono vacancy defects. There is no true trend between Ie+ and IoPs
which implies that that changes in IoPs are associated with the number of free volume anni-
hilations only. There is a potential case to fit lifetime data with only one short component
which would combine both intensities but in this research, the three component model suf-
fices as the main focus is free volume annihilation i.e oPs annihilations.

Figure 3.3.8 shows the lifetimes τe+ and τoPs as a function of implantation energy for MXDA
on a scale which allows small difference to be observed. It can be seen that a small decrease
in τ3 is observed as a function of energy. This implies that free volume is larger near the
surface of the material. τ2 shows a small increase as a function of implantation energy which
means that there is a small decrease in electron density.
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Figure 3.3.8: The measured lifetimes of orthopositronium (a) and free positron (b) in the
DGEBF-MXDA sample as a function of implantation energy. Standard errors are shown
which were generated in the program “LTPOLYMER”.

Free volume and fractional free volume
For this research, the key component is the the oPs lifetime, τ3. As mentioned previously,
oPs resides in FV before annihilating and the duration from positron birth to annihilation
is related to the size of the void. For these reasons, only the oPs lifetime will be considered
from this point on and will also be converted to average free volume. The average free volume
is the free space between polymer chains and has been shown to effect the rates of solvent
diffusion in epoxies15. In this work, the free volume is calculated using the Tao-Eldrup model
previously shown in Section 1.4.4. The average free volume can then by multiplied by the
oPs annihilation intensity to give the fractional free volume. The fractional free volume gives
an indication of the free volume per specific volume of the polymer.95

Figure 3.3.9 shows that FV decreases in general over the full range of implantation energies
in MXDA. It appears as though there are regions of free volume: 1 - 4 keV, 6 - 8 keV and 10
keV onwards. However this is based on single data points being a transition between reigons.
The FFV is seen to show a slight increase with increasing implantation energy.
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Figure 3.3.9: Free volume (FV) and fractional free volume (FFV) as a function of positron
implantation energy for MXDA. Standard errors are shown and connected lines are intended
as a guide for the reader.

Thus far, free volume and DBS results have been presented as a funtion of implantation en-
ergy. However, it is also common to assign a finite implantation depth to each energy.44, 96, 115

In addition to this general representation, a novel analytical approach is used in this work.
This considers both the probability of a positron annihilating at a depth, Z and the average
free volume, FV measured with respect to implantation energy.

3.3.2 Convolution depth profile derivation
This section outlines a novel representation of positron annihilation measurements as a func-
tion of depth. The calculation of depth profile distributions will be shown and an example
convolution shown.

Positron implantation depth profile
If the positron implantation energy is increased, then it can be expected that the depth of
implantation increases. This is generally true, however the depth is not well defined and the
energy has an affect on the probability of a positron annihilating at a specific depth. This
probability can be described by the Makhov model which is shown by Equations 3.3.1 and
3.3.2.? , 116

P (Z) = mZm−1

Zm
0

exp
[
− Z

Z0

m
]

(3.3.1)

Z0 = AE

ρ 1
m
ln2 (3.3.2)

Where P is the probability, Z is the implantation depth with Z0 determined by Equation
3.3.2. m and A are material dependent parameters determined by Monte-Carlo simula-
tions117, E is the implantation energy of the positrons in eV and ρ is the density of the test
material. This work concerns DGEBF based resins, the values for A, m and ρ are 2.17,
2.94 and 1.22 kg m−3 respectively. The value of ρ was determined by helium pycnometry as
described in Section 2.4.3. Figure 3.3.10 shows how the probability density function becomes
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broader with increased implantation energy. One might expect the probability of annihilation
to decrease exponentially from the surface as with the Beer-Lambert law. However, due to
the thermalisation of the positron, the probability of annihilation at at a depth Z is described
by a Gaussian distribution.
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Figure 3.3.10: The evolution of the implantation depth probability distribution generated
using the Makhov model.

Mean implantation depth and probability density function
The probability of an annihilation occuring at the mean implantation depth does decrease
exponentially while the mean implantation depth increase in a linear fashion as shown in
Figure 3.3.11.
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Figure 3.3.11: The change in mean implantation depth and the corresponding probability of
annihilation occurring at said depth. The mean implantation depth increases linearly whereas
the probability decays exponentially due to broadening of the distribution.
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Convolution example
The distributions which describe the implantation depth profiles can be used to estimate how
free volume or DBS values vary with depth in a continuous fashion. Free volume measure-
ments at all mean implantation depths for a sample of DGEBF cure with MXDA (labelled
MXDA) are shown in Figure 3.3.12. Each value of free volume represents the free volume for
a distribution of implantation depths.
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Figure 3.3.12: Average free volume as a function of implantation depth for MXDA. Stan-
dard errors are included but are smaller than the data point size.

Let us consider the implantation profiles and free volume values which correspond to the
implantation depths of 0.06 and 0.29 um . These depths were determined by profiles obtained
for implantation energies of 1 and 4 keV respectively. Figure 3.3.13 shows these profiles in
blue and turquoise with the average free volume noted for their respective profiles. The
profiles overlap which means the free volume measurements which correspond to each profile
cannot be mutually exclusive of one another. At each depth, only a fraction of the total
annihilations occur. This fraction is dependent on the probability density function, P(z,E).
Where two profiles overlap, the fraction of counts at each depth in the overlapping region can
be used to determine the average by considering both individual FV values. This combination
is shown in red. Either side of the overlapping region, FV is completely attributed to either
the 1 keV profile (left) or the 4 keV profile (right). This explains the constant values of
convolved FV either side. At the point of intersection, the fraction of annihilations of both
profiles are equivalent. Therefore, each profile has a 50% contribution to the actual FV value
at this specific depth.
Mathematically, this convolution can be described by Equation 3.3.3;

FV (z, E) =
∑(

P (z, E)× FV (E)
Ptot(z, E)

)
(3.3.3)

Where, FV is the average free volume, z is the implantation depth, E is the implantation
energy, P is the annihilation probability and Ptot is the total annihilation probability. By
using this for all energies, a continuous profile of FV can be obtained as shown in Figure
3.3.14. This can also be used for S, W and FFV. From this point onwards, the convolved
profile will be presented alongside the original results.
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Figure 3.3.13: An example convolution of free volume measurements made at two different
implantation energies. At each energy, the depth of implantation is described by a Makhov
distribution. These distributions overlap which means the individual free volumes for each
energy must also overlap and a new average is calculated. This overlap is shaded in grey and
the convolution of free volumes is shown in red over a range of depths.
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Figure 3.3.14: The average free volume at each mean implantation depth and the convolu-
tion of all free volume measurements. This produces a smooth, continuous curve which takes
into account the overlapping implantation depth probabilities at each implantation energy.
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3.3.3 Amine hardener variation
This study considers how DBS measurements and free volume are affected by varying the
amine hardener used in an epoxy-amine reaction. Three samples based on the epoxy DGEBF
were reacted with the amines MXDA, PACM and 1,3 - BAC.

S and W depth profiles
Figure 3.3.15 shows the S and W values as a function of mean implantation depth for each
sample. It is difficult to distinguish between S and W values and therefore lines connecting
each value have been included to guide the reader. From the surface to a depth of 0.11 µm
implantation depth that PACM has the highest S value, with BAC second and MXDA having
the lowest. This implies that nearer the surface there is a lower average free volume in MXDA
when compared to BAC and PACM samples. Beyond this point it is difficult to distinguish
between S values for each sample especially when taking into consideration the error bars.
The W values appear indistinguishable. Statistical analysis can be implemented to determine
whether results are significantly different from one another. Tests such as ANOVA or t-tests
are common methods.
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Figure 3.3.15: S and W values as a function of mean implantation depth for three DGEBF
epoxy samples with differing amine hardeners (MXDA, PACM, 1,3 - BAC). Connecting lines
are intended to guide the reader as the results overlap frequently. Standard errors are shown
which were given in the program “SP”.

Example ANOVA analysis
Hypothesis tests can be implemented to show whether significant differences between results
are present. In this work, an ANOVA one-way test was applied to data using Origin software.
If a significant difference is registered between two results the number “1” is returned. As
an example of how significance (SIG) values work, the S values over all mean implantation
depths are shown in Figure 3.3.16 for MXDA and BAC samples. To give some definition to
areas below the surface, the data has been separated into regions which are highlighted.
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Figure 3.3.16: S values from DBS measurements for MXDA and BAC. The four regions
used for statistical analysis are highlighted. Standard errors in S are shown.

Average S values for the full range and each region in Figure 3.3.16 were statistically compared
using ANOVA. The results are shown in Table 3.3. R1 and 2 both returned a SIG value of 1
whilst both regions 3 and 4 returned a SIG value of 0. Regions 1,2 and 3 are reasonably easy
to interpret in terms of whether there is a difference in results. Region 4 is more difficult to
assess and this is where the hypothesis test proved to be useful. Significant differences were
reported for the full range of depth with BAC having a higher S value than MXDA.

Table 3.3: Results from one way ANOVA hypothesis testing performed in origin. Each
region was analysed for MXDA and BAC samples and compared to one another. The full
range of mean implantation depth was also statistically analysed. Where the number “1”
features, there is a significant difference between S values.

Significance values with respect to S values
Comparison R1 R2 R3 R4 Full range
MXDA - BAC 1 1 0 0 1
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S values
To fully demonstrate ANOVA tests, the parameters S, W ,FV and FFV will be presented
in their entirety alongside average values and significance results. Figure 3.3.17 shows the S
values as a function of mean implantation depth for three epoxy samples each comprising of
DGEBF epoxy and one of three amines (MXDA, 1,3BAC and PACM). Over the full range,
PACM has the highest S value with MXDA the lowest. As S is a relative measure of the
fraction of annihilations occurring with electrons likely to be found in voids (i.e valence),
this implies MXDA has the least amount of free volume annihilations whilst PACM has the
highest. In R1, PACM has the highest S value near the surface with MXDA showing the
lowest. Statistically, S for MXDA was lower in R2 whilst BAC and PACM were similar. The
fluctuation of PACM suggests BAC is more stable in R2. R3 sees MXDA increase in S to a
value which is similar to BAC. PACM however has a higher S value in this region. In R4,
MXDA and BAC are considered to have similar S values with PACM being higher than both.
ANOVA results are shown in Table 3.4. These results correlate with diffusion studies carried
out in Section 5.8.3. in that PACM and 1,3 BAC do not resist the ingression of methanol as
well as MXDA does. With S being lower in MXDA then the ingression characteristics could
be explained by a reduction in free volume.
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Figure 3.3.17: (a) S values as a function of mean implantation depth for three DGEBF
epoxies containing amines, MXDA, BAC and PACM. (b) Average S values for each region
(R1 - R4). Standard errors are shown in both figures.

Table 3.4: One-way ANOVA results. Each sample is compared for regions 1 to 4 (R1 -
R4). A “1” indicates a significant difference in S between the samples concerned.

Comparison R1 R2 R3 R4 Full range
MXDA - BAC 1 1 0 0 1
MXDA - PACM 1 1 1 1 1
PACM - BAC 1 0 1 1 1
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W values
The W values are effectively indistinguishable in every aspect as seen in Figure 3.3.18. The
only difference (as shown by ANOVA tests) is seen when comparing PACM to MXDA near
the surface in which MXDA has a higher W value. Beyond 0.2 µm, the data is similar.
Interestingly, BAC exhibits a gradual decrease when transitioning from regions 1 to 3 which
signifies a trend of sorts but this could be coincidental. As W represents the relative fraction
of annihilation events occurring with core electrons, it implies that in this region of decrease
that there is an increase in free volume annihilations but for reasons which will become clear
throughout this chapter, this is unlikely. ANOVA results are shown in Table 3.5. As W
appears to be of a random nature whereas S shows some sensible results, it suggests that W
values are not useful for characterising epoxy systems.
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Figure 3.3.18: (a) W values as a function of mean implantation depth for three DGEBF
epoxies containing amines, MXDA, BAC and PACM. (b) Average W values for each region
(R1 - R4). Standard errors are shown in both figures.

Table 3.5: One-way ANOVA results. Each sample is compared for regions 1 to 4 (R1 -
R4). A “1” indicates a significant difference in W between the samples concerned.

Comparison R1 R2 R3 R4 Full range
MXDA - BAC 0 0 0 0 0
MXDA - PACM 1 0 0 0 0
PACM - BAC 0 0 0 0 0
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Free volume
Free volume measurements as a function of implantation energy are shown in Figure 3.3.19.
It is easy to determine that MXDA has the lowest FV over the whole range of depth without
ANOVA analysis. When comparing PACM and BAC, the statistics show no significant
differences in R1 and R2. R3 and R4 are considered different with PACM showing the highest
FV. PACM is shown on average to have the highest FV over the entire data range with BAC
marginally lower. When considering each sample individually, its interesting to see a peak
for MXDA in R2 and R3. In both cases, this is a single data point which normally would
be ignored. However, each individual data point is the result of several million annihilation
events. This implies that these spikes in FV could point to some transitional phase. ANOVA
results are shown in Table 3.5.
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Figure 3.3.19: (a) FV values as a function of mean implantation depth for three DGEBF
epoxies containing amines, MXDA, BAC and PACM. One data point of BAC is fully hidden
behind a PACM data point. This is highlighted using a blue box in region 1. (b) Average FV
values for each region (R1 - 4). Standard errors are shown in both figures.

Table 3.6: One-way ANOVA results. Each sample is compared for regions 1 to 4 (R1 -
R4). A “1” indicates a significant difference in FV between the samples concerned.

Comparison R1 R2 R3 R4 Full range
MXDA - BAC 1 1 1 1 1
MXDA - PACM 1 1 1 1 1
PACM - BAC 0 0 1 1 1
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Fractional free volume
The results for fractional free volumes are easily distinguishable as shown in Figure 3.3.20.
PACM shows the highest FFV with BAC marginally lower and MXDA substantially so.
FFV is an indication of the total free volume present so it is interesting that while, BAC
and PACM could not be distinguished between free volume mesurements, they can for FFV.
This suggests that while the average free volume size is similar, the total number of voids is
greater in PACM.
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Figure 3.3.20: (a) FFV values as a function of mean implantation depth for three DGEBF
epoxies containing amines, MXDA, BAC and PACM. (b) Average FFV values for each region
(R1 - 4). Standard errors are shown in both figures.

Table 3.7: One-way ANOVA results. Each sample is compared for regions 1 to 4 (R1 - 4).
A ”1” indicates a significant difference in FFV between the samples concerned.

Comparison R1 R2 R3 R4 Full range
MXDA - BAC 1 1 1 1 1
MXDA - PACM 1 1 1 1 1
PACM - BAC 1 1 1 1 1

Based on the FV and FFV results for the three amine varied epoxies, mass uptake properties
(Ultimate ingression, ingression and egression diffusion coefficients) of small molecules such
as methanol can be suggested. MXDA would be expected to exhibit the values whilst PACM
the highest. This was shown to be correct during diffusion studies which are shown in Section
5.8.3 with the exception of the ingression diffusion coefficient for PACM which was lower than
BAC.
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DBS and free volume comparisons
Figure 3.3.21 shows the S-W plot for the three samples. The data is effectively the same for
all three samples which suggests the same vacancy type. The lack of any layers in the epoxy
is the probable cause of the data clumping as was the case for DBS measurements shown in
Section 3.2.3.
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Figure 3.3.21: Relationship between S and W for three DGEBF based resin samples cured
with three different amine hardeners. Errors in S and W are shown.

The relationship between FV, FFV and S is shown in Figure 3.3.22 for the three epoxy
samples. A linear fit has been applied to all data in the graph. Whilst R2 values were poor
(<0.5), there is a small trend which shows FV and FFV increase with an increase in S.
This is an expected results as S increases with an increase in the number of valence electron
interactions and therefore implies an increase in void annihilations. However, if we were to
only consider each epoxy samples results then this trend is not seen. This is shown by solid
lines which are linear fits of each data set. This implies that S has a low sensitivity to changes
in free volume which is counter intuitive.
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Figure 3.3.22: (a) Free volume (FV) and (b) fractional free volume (FFV) against S.
Dashed lines represent linear fits of all the data whereas solid lines correspond to each data
set.
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Convoluted free volume and fractional free volume data

0.1 1

52

56

60

64

68
 MXDA
 BAC
 PACM 

FV
 (A

3 )

Depth (mm)

(a) free volume

0.1 1

16

18

20

22

24

FF
V 

(a
rb

.)

 MXDA
 BAC
 PACM 

Depth (mm)

(b) fractional free volume

Figure 3.3.23: Convolved (a) Free volume (FV) and (b) fractional free volume (FFV) as
a function of implantation depth for three epoxies consisting of DGEBF and one of the three
amines MXDA, 1,3-BAC and PACM.

0.1 1
0.56

0.57

0.58

0.59

0.60
 MXDA
 BAC
 PACM 

S

Depth (mm)

(a)

0.1 1
0.008

0.012

0.016

0.020

W

 MXDA
 BAC
 PACM 

Depth (mm)

(b)

Figure 3.3.24: (Convolved (a) S and (b) W as a function of implantation depth for three
epoxies consisting of DGEBF and one of the three amines MXDA, 1,3-BAC and PACM.
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The DBS results for the remaining studies also showed insignificant changes and random like
data in addition to a lack of trends. After presenting these results to the instrument scientists
at the ELBE centre in Dresden, they advised me that an issue with detector geometry may
be the cause for the lack of correlations and almost random nature of S and W values.
However, lifetime data and therefore free volume data was confirmed to be reliable. This
section effectively highlights some issues with the DBS aspect of MEPS and as the instrument
is relatively new, this will hopefully aid the facility with future improvements. As such, the
remainder of this chapter will only consider free volume and fractional free volume.

3.3.4 Effects of curing conditions
This study concerns how changes to cure schedule, environment and temperature affect the
free volume (FV) and fractional free volume (FFV) as a function of positron implantation
depth. Table 3.8 shows samples which will be compared here and the sample ID is also given.

Table 3.8: Table of sample characteristics for the study focussed on curing conditions.
Colour coding has been applied to some sample ID’s to coincide with graphs which follow.

ID TRAMP (◦C/min) T◦C Dwell (hours) Environment Amine
R2 MXDA - N 2 160 3 N2 MXDA
R2 MXDA - A 2 160 3 Air MXDA
R10 MXDA - A 10 160 3 Air MXDA
R2 120C - N 2 120 3 N2 MXDA
R2 BAC - N 2 160 3 N2 1,3 - BAC
R2 BAC - A 2 160 3 Air 1,3 - BAC
R10 BAC - A 10 160 3 Air 1,3 - BAC

Ramp rate and environment: DGEBF - MXDA
FV and FFV results are shown in Figure 3.3.25. Over the full range, ANOVA determined
that there was no significant differences between samples. R2MXDA-N and R10MXDA-A
showed insignificant differences in FV for all regions. R2MXDA-A is shown to have the
largest FV close to the surface (<0.1 µm) in comparison to R10MXDA-A and R2MXDA-
N. The FV in R2MXDA-A decreases rapidly through R1 before further reduction in R2 to
the lowest FV level. From this point on R2MXDA-A is significantly lower in average free
volume than R10MXDA-A and R2MXDA-N . When comparing R2MXDA-A and R10MXDA-
A, FFV is similar over the entire range. R2MXDA-N clearly shows the highest FFV over
the entire range. Strangely, ANOVA tests deemed the difference between R2MXDA-A and
R10MXDA-A in R1 to be insignificant. I think this could be considered a false result when
using common sense. Differences between all three samples for R2 and R3 were recorded
as significant with R2MXDA-N having the highest whilst R2MXDA-A has the lowest FFV.
While FFV is obviously higher in R2MXDA-N, ANOVA statistics showed R2MXDA-A and
R10MXDA-A indistinguishable. Similar trends are shown in the convolved data sets in Figure
3.3.26 but an almost step like phase in free volume is seen near the surface rather than the
steep drop shown when using mean depth alone.
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Figure 3.3.25: FV and FFV as a function of mean implantation depth for three MXDA
based epoxy samples.
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Figure 3.3.26: The convoluted versions of FV and FFV for the cure condition study of the
MXDA based epoxies.
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Ramp rate and environment: DGEBF - 1,3-BAC
The FV and FFV as a function of mean implantation depth is shown in Figure 3.3.27.
ANOVA showed that for the full implantation depth range the differences were insignifi-
cant between all samples. It also showed insignificant differences for all regions (R1 - R4).
The FFV did show significant differences which can be seen clearly without ANOVA analy-
sis. R10BAC-A showed the lowest FFV across the full range and for all individual regions.
R2BAC-N was shown to have the highest FFV with R2BAC-A second. This means that
although the FV size between the three samples are similar, the number of voids does vary.
It is interesting that the highest FFV is seen in the sample cured at a slower rate but in
a nitrogen environment as this is expected to be closer to perfect stoichiometry than the
other two samples. In fact, the complete opposite result is seen with the sample R10BAC-A
having the lowest FFV. This sample is expected to lose the most amine due to evaporation
and oxidation due to the air environment. The convolutions do show a distinct difference
near the surface before all three samples converge and stabilise. The convoluted FFV show
the same distinct differences as with the original data.
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Figure 3.3.27: FV and FFV as a function of mean implantation depth for three BAC based
epoxy samples.
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Figure 3.3.28: The convoluted versions of FV and FFV for the cure condition study of the
1,3 - BAC based epoxies.

Cure temperature: DGEBF - MXDA
Figure 3.3.29 shows FV and FFV as a function of mean implantation depth for two epoxies
cured at different temperatures. FV is high at the surface (R1) for R2MXDA 120C-N and
decreases in an exponential fashion down to a similar level to that of R2MXDA-N in R2.
Beyond this region, FV is considered similar. Statistically, FV was shown to be significantly
different over the full rang of depths but considering the massive drop in FV near the surface
for R2MXDA 120C-N, these data sets cannot reliably be compared for the full range of depths,
only regionally. FFV shows the same drop-off from R1 to R2. The only true difference is
in R4 which shows R2MXDA 120C-N to drop below R2MXDA-N. It was expected that
the sample cured at 120 ◦C would exhibit a higher free volume than the sample cure at
160 ◦C (R2MXDA-N) but this was only seen near the surface (i.e. R1). In R2, R2 and
R3, values are similar which does not coincide with DBS measurements presented in Section
refsubsec:SWPROFILESDELF. The results showed that S was lower over the majority of
implantation depths for an epoxy cured at a higher temperature. However, the production
method of the samples were not identical to those tested in this section and therefore cannot
be directly compared.
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Figure 3.3.29: The variation in FV and FFV for two DGEBF-MXDA epoxies which were
cured at 120 and 160 ◦C (R2MXDA-N and R2120C-N respectively) in a nitrogen environment
with a cure ramp rate of 2 ◦C min −1.
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Figure 3.3.30: The convoluted versions of FV and FFV for two samples cured at different
temperatures.
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3.3.5 Epoxy ammoniation
This study compares two samples cured in the same exact cure but contained in different
environments post-cure. One was placed in an ammoniated environment for a period of time
(labelled AMM). Theoretically, the ammonium gas will permeate through the sample and
react with functional groups on dangling chain ends. This should lead to a reduction in
void size. The other sample was contained in the standard manner for this research. Figure
3.3.31 shows that , near the surface (R1), AMM has a higher FV than NAMM. R2 and R4
are statistically considered similar. The increase in free volume near the surface for AMM
counters the hypothesis previously discussed. Ammonium gas may have affected the surface
of the epoxy in a swelling manner but this is merely a speculative assessment. FFV shows
a similar trend to FV except both samples exhibit a drop in FFV followed by an increase in
R4.
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Figure 3.3.31: FV and FFV as a function of positron implantation depth for the ammo-
niation study. Standard errors are present but are smaller than the data point.
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Figure 3.3.32: The convoluted FV and FFV for the ammoniation study.
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3.3.6 Amine deficiency
This study compares two DGEBF-MXDA samples with differing stoichiometric ratios. Both
are cured in the same manner but the sample labelled 80MXDA has 80 % of the amine
functionality required for all epoxide groups to be reacted in an ideal scenario. Here, it is
expected that FV properties should increase as it is impossible for all epoxy functional groups
to react and form cross-links.

FV and FFV as a function of mean depth is shown in Figure 3.3.33. In contrast to expecta-
tions, on average 80MXDA has a lower average free volume for the full range. This is also
the case for R1 and R2 before results become similar in R3. MXDA does see a decrease in
FV to a lower value than that of 80MXDA for the same region. FFV shows that 80MXDA
has a higher FV which drops to below that of MXDA. ANOVA showed that the differences
in average values for R1 were insignificant. However, the transition to R2 is continuous and
therefore, it can be concluded that in R1, this decrease is a real feature. Through R2 and
R3, FFV is lower in 80MXDA but is rising in comparison to MXDA. The final region sees
both exhibit the same FFV level. The convolutions of both FV and FFV are shown in Figure
3.3.34
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Figure 3.3.33: Free volume and fractional free volume as a function of positron implanta-
tion depth. Dashed lines represent linear fits for regions 3 and 4. This is to emphasise that
80MXDA will most-likely have a high free volume the further into the bulk.
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Figure 3.3.34: The convoluted FV and FFV for two samples of MXDA-DGEBF resins.
One sample labelled MXDA has been produced with ideal stoichiometry whereas 80MXDA has
only 80% of amine functionality needed.

3.3.7 Dendrimer
This study concerns the affects on free volume when introducing a dendrimer to the system.
In Figure 3.3.35, it can be seen that free volume is lower near the surface in the DEND
sample. ANOVA showed that the following three regions were indistinguishable. Over the
entire range, the difference in FV is significant with DEND having a lower FV. ANOVA tests
showed that for all individual regions and the entire range, significant differences are present.
DEND has a higher FFV in each area and the full range also. The larger differences are seen
at the surface and even more so in the deepest region. The incorporation of dendrimer into
the epoxy network was not ideal and parts of it crashed out during preparation. Large lumps
of dendrimer were visible which might mean the free volume measurement might actually be
a combination of two different free volumes. As shown in Section 4.4.4., when two materials
are measured with PALS together, a free volume measurement will be determined which falls
between the FV value for each individual component. If the solid dendrimer has a lower free
volume than the pure epoxy then this may account for this decrease in FV in the DEND
sample. Unfortunately this was not tested due to limited supply of dendrimer.

71



 MXDA
 DEND

FV
 (A

3 )

Implantation depth (mm)

R1 R2 R3 R4

(a)

 MXDA
 DEND

FF
V 

(a
rb

.)

Implantation depth (mm)

R1 R2 R3 R4

(b)

Figure 3.3.35: FV and FFV as a function of implantation depth for MXDA and the
dendrimer containing epoxy, DEND. Standard errors are shown.
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Figure 3.3.36: The convoluted FV and FFV for MXDA and DEND as a function of
implantation depth.
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3.3.8 Epoxy variation
This study compares how a change in epoxy can affect free volume properties. DGEBF-
MXDA is the sample labelled MXDA which has been assessed throughout this research. The
sample to compare is DEN431-MXDA labelled DEN431 which is used in industrial applica-
tions. DEN431 has a similarly high EEW to DER354 but has a lower viscosity and higher
functionality. DEN431 is useful when solvents cannot be tolerated or when application tem-
perature is relatively low.

The FV and FFV show a clear difference between MXDA and DEN431 for the full range
and individual regions as shown in Figure 3.3.37. This was also confirmed in ANOVA one
way testing. FV is higher in MXDA than DEN431 over the full range. At the surface (R1),
this difference is the greatest before the FV values converge to a similar level but DEN431
remains lower in R2. Both samples then tend downwards slightly and both exhibit two spikes
in FV at roughly the same point but this is less pronounced in DEN431. The first data point
in FFV is similar for both samples before DEN431 drops significantly. From R2, FFV is
stable for both samples. As DEN431 is a high quality epoxy in terms of chemical resistance,
it might be expected to have a lower free volume.
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Figure 3.3.37: FV and FFV as a funciton of implantation depth for two epoxy resins
(DER354 and DEN431)
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Figure 3.3.38: The convoluted FV and FFV for MXDA and DEND as a function of
implantation depth.

3.4 Conclusions
3.4.1 Doppler broadening spectroscopy
TU Delft study - cure temperature
Two epoxy samples cured at 120 and 160 ◦C had S and W values which increased and
decreased respectively when going from the surface to the bulk. On average in the bulk,
S was higher in the sample cured at 120 ◦C than the 160 ◦C cure. This is expected to be
a consequence of increased free volume (FV) or fractional free volume (FFV) and can be
explained by the nature of the epoxy amine reaction. As the reaction progresses, mobility
becomes hindered and dangling chain ends form which induce FV. A higher temperature
increases mobility of molecules in the latter stages of reaction and allows for a higher degree
of cure which reduces dangling ends and hence reduces FV.

HZDR - Measurement unreliability
The Doppler broadening measurements collected with MEPS showed unexpected results in
terms of depth profile patterns when compared with those collected using VEPS. The unre-
liability of data was realised when comparing free volume (FV) and fractional free volume
(FFV) to S values. An increase in FV or FFV should see a rise in S as this represents the
relative number of void annihilations. Figure 3.4.1 shows the linear fits of FV against S for
all studies which clearly show that effectively no correlations were seen.
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Figure 3.4.1: The linear fits for all studies for free volume (FV) plotted against S. Nor-
mally, an increase in S should correspond to an increase in free volume. This graph empha-
sises the lack of such trends and confirms that the values for S are unreliable.

When comparing the S values of different samples, significant differences did occur in a
reasonable number of comparisons. Figure 3.4.2 shows how often a significant difference was
seen between results for S, W. FV and FFV. As several significant differences were found for
the values for S, a full assessment of the data was carried out. Unfortunately, it was recently
(August 2019) brought to my attention that the data collected for DBS is unreliable. This
was discovered during a conversation about the data with the instrument scientists at HZDR
who confirmed that there has been an issue for some time. It is hoped that the information
provided from this work will aid the facility in future improvements of the instrument. It
should be noted that only the DBS data was deemed unreliable and lifetime (therefore free
volume) data is reliable.

S W FV FFV
0
10
20
30
40
50
60
70
80
90

Si
gn

ifi
ca

nc
e 

di
ffe

re
nc

e 
fr

eq
ue

nc
y 

(%
)

Figure 3.4.2: The frequency of significant differences for DBS and PALS measurements as
determined in ANOVA one way hypothesis testing.
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3.4.2 Lifetime analysis
Positron lifetimes were derived from lifetime spectra as a function of depth. As this research
concerns free volume, only the long lifetime component (oPs) was truly considered. The
free volume was calculated using the Tao-Eldrup model and was then used in conjunction
with the respective annihilation intensity to yield the fractional free volume. The data was
interpreted as a whole data set and also split into regions defined in the amine variation
study (Section 3.3.3). All data was statistically analysed using ANOVA one way analysis.
A novel representation was introduced which convoluted the depth of annihilation proabilty
distributions with the average free volume associated with it to give an estimate for how free
volume is distributed throughout a material.

Amine variation
In this study, the epoxy produced using the amine curing harderner MXDA resulted in the
lowest free volume and fractional free volume when compared to epoxies produced using
1,3-BAC or PACM amines. Free volume was similar between BAC and PACM samples
whilst FFV was highest in PACM. This trend was also seen for bulk measurements which
are presented in Chapter 2.6.

Curing conditions
The rate at which the sample is heated to maximum temperature had minimal affect on the
free volume for both BAC and MXDA with the exception of R2 MXDA-A. This sample which
was cured in an air environment at a slow rate of 2 ◦C min −1 showed a large free volume
near the surface before dropping to a low value. This trend was not seen for the 1,3BAC
counter as shown in Figure 3.4.3.
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Figure 3.4.3: Average free volume as a function of implantation depth for MXDA and BAC
samples cured in air with a ramp rate of 2 ◦C min −1

Figure 3.4.4 shows the differences observed in FFV for the MXDA and BAC sample series.
When curing in a nitrogen environment at a slow ramp rate (R2MXDA-N and R2BAC-N) the
highest amount of FFV occured. This is counter intuitive as curing in a nitrogen environment
with a slow ramp rate should minimise oxidation/carbomation effects71 and also reduce the
amine evaporation. This should cause the network to be closer to stoichiometry and therefore
maximise the number of cross linked form which reduces free volume. Figure 3.4.3 also shows
the inconsistency in trends for differing environments. BAC showed the lowest FFV in the
sample cured in air and at a fast rate of 10 ◦C min−1 whereas MXDA did not.
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Figure 3.4.4: The average fractional free volume from an implantation depth of 0.1 µm
below the surface for two DGEBF based resins cured with different amines (MXDA and BAC).
Each bar corresponds to a different cure condition which is based on the cure environment
and the temperature ramp rate.

Cure temperature
A reduction in cure temperature from 160 to 120 ◦C showed free volume to be large near
the surface of the epoxy. The FV decreased significantly with increased implantation depth.
It was expected that free volume would be larger or more prevalent when curing at lower
temperatures due to less energy available to overcome steric hindrance. However, this was
only seen near the surface and beyond 0.3 um, results were similar in both FV and FFV.
These results do not follow the conclusion made with regards to the Delft DBS measurements.

Epoxy ammoniation
Placing samples of DGEBF-MXDA into an ammonium gas environment produced results
which opposed those expected. Ammonium gas was expected to permeate through the net-
work and react with dangling chain ends which theoretically would reduce free volume. Near
the surface it was shown that ammoniation actually increased at the surface before similar
values were seen beyond 3 µm. This may be due to network swelling to a depth of 3 um but
cannot be confirmed.

Amine deficiency
In an attempt to purposely increase free volume, an epoxy sample was produced with insuf-
ficient amounts of was amine. Free volume was actually seen to decrease near the surface
rather than increase. However, as FV measurements were made at deeper implantation, the
amine deficient sample showed signs of FV/FFV increasing to levels which were greater than
that of a stoichiometric sample.

Dendrimer incorporation
The incorporation of the denrimer PAMAM decreased the FV over the full range on average
whilst FFV was seen to be marginally higher than a pure epoxy network. This decrease may
be due to a combination of free volume measured in solid dendrimer which crashed out during
epoxy production and FV in the epoxy. If the solid parts contain free volume measurements
which are lower than that of the pure network then this would cause the collected lifetime
spectra to be a combination of two materials and therefore a false calculation of free volume
is made.
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Epoxy variations
A high quality epoxy DEN431 was compared to DER354. Both were cured with MXDA and
it was seen the DEN431 had a lower free volume and fractional free volume.

General conclusions
To conclude, it has been shown that where chemistry is similar, only minor changes in free
volume are seen and are most common near the surface. When the chemistry is changed, the
change in free volume properties are more pronounced. This is emphasised by high statistical
measurements made at implantation energies of 2, 5 and 10 keV.
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Figure 3.4.5: Free volume at implantation energies 2, 5 and 10 keV for all epoxy samples.
Coloured boxes highlight the amines which correspond to the contained data points.

For every sample except the amine deficient epoxy, FV was seen to decrease as a function
of implantation depth. Figure 3.4.6 shows the linear fit over the full range for all samples.
This depicts this general decrease in free volume with implantation depth. Two curves are
exponentials as this seemed more appropriate based on the results.
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Figure 3.4.6: Linear and exponential fits of free volume data for all samples. The colours
correspond to the study which the sample belongs to. In general, free volume decreases with
increase implantation depth with the exception of the amine deficient sample.
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4

Construction and testing of PALS
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4.1 Introduction to chapter
This chapter presents information on the PALS system constructed in Sheffield to be used
for free volume studies. Details will be given such that the reader could purchase and as-
semble a similar system if desired. Each component will be discussed in terms of general
function, justification of choice and also pricing. The key aim here is to produce a system
which is capable of measuring orthopositronium lifetimes in a reliable manner. This lifetime
measurement concerns free volume annihilation which is the key feature of this work.

4.2 Equipment selection
This section discusses each component of the Sheffield positron annihilation lifetime spec-
trometer (SPALS). Each component is introduced such that the functioning of a PALS system
can be discussed in a logical order. Equipment used in other studies will be compared to
that used in this work and reason for choosing specific equipment will be justified. As this
project had a total consumables budget of £21,000, pricing was of utmost importance.

4.2.1 Positron source
The key component of PALS is of course the positron source. The source constantly emits
positrons at rate referred to as the activity118 and is usually given units of Becquerels or
Curies. One Becquerel is the equivalent of one emission per second and is a suitable unit
for relatively low radioactive sources. One Curie represents 3.7 ×1010 emissions per second
and is useful when dealing with high activities118. For successful analysis of lifetime spectra,
a minimum of 1 million annihilation events are recorded. Therefore the activity needs to
be sufficiently high to reduce the lifetime spectral acquisition time. However, this value is
limited by the quality of the equipment used and safety concerns. A high activity requires
better quality instrumentation in terms of timing, due to a reduced time interval between
each positron emitted. For PALS, this is an issue as a birth signal from one annihilation
event may be paired with an annihilation signal from a different event which of course is
a false measurement. These false measurements increase the amount of background noise.
The most important consideration is minimizing the individual dose to the user to prevent
radiation illness. The easiest methods for reducing the dose of radiation is shielding in the
form of lead bricks or increasing the distance between the source and user. When setting up
an experiment, these methods may not be possible. Therefore, minimizing the dose can be
achieved by using a less active source which is proportional to the effective dose rate (Deff )
as shown in Equation 4.2.1. (A) is the activity, (E) is radiation energy in MeV, (f) is the
fraction of emissions for respective energies and (L) is the distance between the centre of the
source and any body part.

Deff = AEf

7L2 (4.2.1)
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The radioactive half-life is the time taken for the activity of the source to reach half the initial
activity118. The half-lives of some commonly used isotopes are shown in Table 4.1. A long
half-life is useful as this means the source can be used for a greater length of time. However,
with an increased half-life, the routes for disposal become more expensive or it requires a
greater amount of time to dispose of cheaply. Germanium - 68 and Colbalt - 58 could be
used for some time but would need replacing much sooner than Sodium - 22. They are also
less available commercially. Copper - 64 is used in the field of medicine such as Positron
Emission Tomography (PET).

Table 4.1: Half-life values of some commonly used isotopes in positron research.

Isotope Half-Life
22Na 2.6 years
68Ge 271 days
58Co 70.86 days
64Cu 12.7 hours

Another thing to consider is the ability to handle the source. When using sources for PALS,
a dry source consisting of radioactive material sealed by Kapton is commonly used. When
making sources for PALS it is helpful to use a 22NaCl salt solution. Sources are prepared
by depositing droplets on Kapton layers which dries leaving a radioactive salt.87 Preparing
a custom made positron source was considered but due to a lack of necessary laboratory
conditions, this was not possible. The positron source used in this research was purchased
from HTSL. Its technical information is listed in Table 4.2 and the cost can be found in
Section 4.2.7 .

Table 4.2: Technical information for the positron source used in this research as given by
High Tech solutions Limited.

Technical Information
Source Identifier POSK - 22 - 1.85 MBQ
Activity 1.85 MBq ±15 %
Active dimensions 5.08 mm diameter
Overall dimensions 12.7 mm diameter
Temperature Limits Up to 200 ◦C
Other Not suitable for use in Vacuum
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4.2.2 Scintillating material
As previously discussed in Chapter 1, a gamma photon will be emitted a few picoseconds
after positron emission and interact with a scintillator. This is a material which undergoes
luminescence when ionizing radiation is incident on it. Atoms in the material interact with
particulate radiation by absorption which causes the atom to excite and upon relaxation,
produces a number of photons. The number of photons produced from a single interaction is
related to the energy of the incident radiation.118. This process is depicted in Figure 4.2.1.

Figure 4.2.1: Radiation incident on a scintillating material producing low energy photons.

The emitted photons have a distribution of wavelengths which needs to be taken into account
in order to be compatible with the photomultiplier tubes to be used. Each scintillator has
its own characteristic distribution of emission wavelengths. Two example distributions are
shown in Figure 4.2.2 for a (a) EJ 232 fast plastic and a (b) barium fluoride (BaF2) crystal
scintillator.

(a) EJ-232 (b) BaF2

Figure 4.2.2: Wavelength emission spectra the commonly used crystal scintti-
lator BaF2 and the fast plastic scintillator EJ-232 used in this research. Im-
ages were reproduced from supplier data sheets which can be found in the fol-
lowing links: (a) https://eljentechnology.com/products/plastic-scintillators/ej-232-ej-232q
(b) https://www.crystals.saint-gobain.com/sites/imdf.crystals.com/files/documents/barium-
fluoride-data-sheet.pdf

For these photons to be detected by a coupled PMT, the material of the PMT input window
must correspond somewhat to the photon wavelength profile. Depending on the application,
the number of PMT’s available might be limited. This project concerns fast timing measure-
ments and unfortunately this means suitable PMT’s are sparse. The lack of PMT’s available
also limits the number of suitable scintillators . A large portion of the emission range should
be detected by the PMT and ideally with the maximum emission in the centre of this range.
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The scintillator efficiency (SE) is also worthy of consideration. The SE is the number of
photons produced due to incident radiation and is dependent on the energy of said incident
radiation. The SE is usually given as a comparison to a reference material and is called
light output118. This comparison is generally made to anthracene as it has a high SE119.
How quickly this process of emission occurs is also of great importance in this project due
to fast-timing needs. The decay time of the scintillator is therefore considered. The decay
time determines the rate at which the light is emitted following the excitation of the atom.
This must be low to avoid light emissions from different annihilation events combining. An
overlap of event signals causes false measurements to be recorded and included in the lifetime
spectrum. An example scintillation pulse is shown in Figure 4.2.3. This was generated
in origin software software using an exponential growth followed by an exponential decay
function.
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Figure 4.2.3: An example of how a long and short scintillator decay vary. These curves
were generated based on an exponential growth followed by a decay using Origin software.

Barium flouride (BaF2) crystal scintillators are commonly used in positron annihilation stud-
ies due to their fast time response.49,120,121 Due to its crystalline structure, backscattering
effects are more likely to occur. As such, the size and shape of the scintillator should be
considered to reduce this. In recent times, fast plastic scintillators are being utilised.98,122,123

Due to their non crystalline structure, scattering effects are reduced and therefore larger
dimensions can be used. In this research, an EJ232 fast plastic scintillator is used. A com-
parison between BaF2 and EJ232 scintillators is shown in Table 4.3 for the key properties
which have been discussed in this section.

Table 4.3: Comparison of some key properties between EJ232 fast plastic and a barium
Flouride crystal scintillator. Note: slow and fast refer to the two distributions of wavelength
emission in BaF2 which have different timing characteristics.

Property EJ232 BaF2 slow (fast)
Scintillation Efficiency (photons/ keV) 8.4 10 (1.8)
Light output (% Anthracene) 55 36.78 (6.90)
Decay time (ns) 1.6 630 (0.6-0.8)
Wavelength maximum emission (nm) 370 310
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4.2.3 Photomultiplier tubes
Photoelectron emission
The photons produced by the scintillating material have relatively low energies. A photo-
multiplier tube can convert these photons into a detectable electrical current. The photons
pass through a window and are incident onto a photocathode. The photon flux produced
by the scintillator converts into electron flux via the photoelectric effect124. The electrons
bound to the photo-cathode absorb the energy from the photons and if the photon energy
is higher than the electron’s work function energy, electron emission occurs (Figure 4.2.4).
Sufficiently high energies can result in multiple electron emission.

Figure 4.2.4: Depiction of the photoelectric effect. Surface electrons absorb photon energies
and are emitted via the photoelectric effect.

Electron amplification
The photoelectrons accelerate through a vacuum and are directed towards the first of a series
of dynodes by the focusing electrode. These initial photoelectrons bombard the dynode,
which causes further electron emission, which then interact with the next dynode. This
process continues, with the number of electron emissions increasing, until reaching the final
dynode. The amplified number of electrons are emitted from the last dynode, collected by
the anode and outputted as an electrical current. This amplification and the fundamental
components of a PMT are shown in Figure 4.2.5.

Figure 4.2.5: The key components of a photomultiplier tube and a depiction of the con-
version of photons to an amplified electric signal. The is an original diagram with influences
from a number of photomultiplier handbooks/data sheets.125
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Photomultiplier selection
The XP2020 PMT is commonly used in positron anihilation studies43,120,126,127 but due to
it’s discontinuation, alternative options were explored. After several consultations with an
expert at Hamamatsu in addition to other researchers in the field, the H1949-51 PMT was
selected to be used for this research. This is a custom made hybridized instrument based on
the on the R1828-01 model. A potential divider, magnetic shield and connecting socket have
been incorporated. Its properties are very similar to that of the XP2020 as shown in Table
4.4. It should also be noted that this is perfectly compatible with the EJ232 scintillator (i.e
full range of wavelengths covered). This PMT is now available on Hamamatsu store and
advertised for fast-timing applications.

Table 4.4: Property comparison between the commonly used XP2020 and the H1949-51.
(*At optimal voltage).

Property H1949-51 XP2020
Spectral range (nm) 300 - 650 270 - 650
λ of Max. Emission (nm) 420 420
Rise Time (ns) 1.3 1.6
Gain ∗ 2 ×107 3× 107

4.2.4 High voltage power supplies
Each electrical component of a photomultiplier tube (PMT) needs a voltage supply. To
provide these voltages, a high voltage power supply is used to distribute the necessary voltage
to each component via a potential divider. The required voltage for each component may vary
and as such the potential divider needs to be set up with the correct arrangement of resistors.
In this research, a dual high voltage power supply provided by Rehberg Electronic has been
used. It has the ability to supply two channels with voltage up to 4 kV with a stability of 5
×10−4 V. The stability is important, as the voltage supplied to the PMT affects the output
of the PMT. This output is crucial for the timing measurement of PALS. This instrument
is compact and also has the advantage of remote control usage by terminal commands and
USB connection.

4.2.5 Signal discriminator
Time-to-amplitude converters
In order to correctly measure positron lifetimes, the output signals from the PMT must be
differentiated from one another. If all signals are simply stored to memory then a large
amount of the data is not useful. Post-processing of data to extract the desired signals
(i.e a birth and annihilation signal) would be a lengthy process not to mention the increase
in acquisition time. A general method of signal discrimination is to use time-to-amplitude
(TAC) converters. A time window is set for which two pulses must enter the component for
a measurement to be recorded. When a signal enters the component, a capacitor is charged.
Once the next signal enters, the capacitor stops charging and a pulse is produced with an
amplitude proportional to the charge on the capacitor.
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4-fold coincidence unit
In this work, a relatively new instrument is used for discrimination called a 4-fold coincidence
unit (CU). The CU can be set-up to detect signals above a certain threshold voltage and also
whether multiple signals pass within a certain time window up to 2 µs. This thresholding
allows for low voltage signals due to Compton scattering and digitizer noise to be ignored,
which increases the useful count rate (see Section 4.3.4 for further details). A flow chart
shown in Figure 4.2.6 outlines the basic functioning of the CU unit.

Figure 4.2.6: Flowchart outlining the basic functionality of the discriminator unit. Elec-
trical signals enter the instrument and if they meet the correct conditions, a trigger signal is
outputted to the digitizer.

The output signals from the detectors are split between the coincidence unit and the digitizer.
When a coincidence event is detected, a trigger pulse is sent to the digitizer. This acts as a
signal for the digitizer to record any immediate signals. Any signals which do not meet the
criteria are ignored reducing false acquisitions. Figure 4.2.7 shows the the position of the CU
in the PALS setup.

Figure 4.2.7: The output signals from the detectors first pass through the coincidence
unit. After discrimination, a trigger signal is sent to the digitizer to indicate that a lifetime
measurement can be made. This pre discrimination increases acquisition speeds and reduces
post processing steps.
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4.2.6 Digital oscilloscope
As PALS fundamentally measures several electrical signals, an oscilloscope is required for
this purpose. Furthermore, a system capable of measuring signals rapidly is needed due
to the scale of typical positron lifetimes (≈ ns) . In this research, digital oscilloscopes are
used. Traditional PALS involved the use of analog sytems which requires extra electronics
such as signal delays and time-to-amplitude converters49. Digital PALS reduces the number
of electrical components as the signal amplitudes are recorded as a function of time and
ouputed directly to a PC. Digital systems have been shown to perform to a similar level as
analog systems so there is no loss in quality.49 120 The following defines some key features of
a digitizer (Information obtained from the Picoscope 6407 User Guide 128);

Channel Number: The number of signal channels available to use simultaneously.

Bit Resolution: How precisely the system converts the measured analog signal to a digital
value. A computer stores values in a series of 1s and 0s (i.e. binary or in bits). The higher
the bit resolution, the more precise the measurement. Effectively, the maximum number of
bits that can be stored is equal to 2n where n is the number of bits as shown in Table 4.5.

Table 4.5: Technical comparison between the Picoscope 6407 digitizer and the DRS4 eval-
uation board.

Resolution (bits) Max stored values
1 1
2 4
4 16
8 256
16 65536

Bandwidth: The measure of a channel’s ability to pass a signal without significant attenu-
ation over a range of frequencies. A high bandwidth allows signals of a higher frequency to
pass unaffected by attenuation.

Buffer Size: Data collected is initially stored on the digitizer, prior to being transferred to
the PC. The buffer size is the memory available on the digitizer itself. A large buffer size is
desired as this allows a large amount of data (i.e. measurements) to be stored before being
transferred to the PC. This effectively reduces the “down-time” during data transfers which
ultimately halt data collection for a period of time.

Sampling Rate: The number of measurements that can be acquired per second. When
dealing with fast timing applications it is important to have a high sampling rate to provide
an accurate representation of the signals being measured. Figure 4.2.8 shows how a low
sampling rate can produce misleading results.
Picoscope 6407 High-Speed Digitizer
The initial digitizer used in this research was the PicoScope 6407 high speed digitizer supplied
by Pico Technology. This is a compact 4 channel digitizer which connects to a PC via USB.
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Figure 4.2.8: A comparison between a high and low sampling rate for the same signal
measurement.

This digitizer comes with user friendly software aswell as software developmnent kits for
several programming languages (MATLAB, C, C#, LabVIEW etc).
DRS4 Evaluation Board
An alternative, is the Domino Ring Sampler Evaluation Board version 4 (DRS4). This is a
high speed digitizer prudcued at the Paul Sherrer Institute (PSI). This unit has some draw-
backs such as buffer size but is suitable for most fast timing applications. PALS acquistion
software has also been developed for the DRS4 board in the form of QTPALS by Martin
Petriska129. The two digitizers used in this research are compared in Table 4.6.

Table 4.6: Technical comparison between the Picoscope 6407 digitizer and the DRS4 eval-
uation board.

Feature Picoscope 6407 DRS4 board
Channels 4 8 plus 1 trigger channel
Bit resolution 8 16
Bandwidth (GHz) 1 0.95

Sampling rate (GS/s)
5.00 (One channel)
2.50 (Two channel)
1.25 (Three/four channel)

5.00 (All channels)

Buffer size (samples) 1,000,000,000 1024
Input voltage limits (V) 0.1 1
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4.2.7 Summary
The total cost for the construction of the digital PALS system totalled £20,912.68. However,
it can also be constructed for as low as £14,129.08 (Table 4.7).

Table 4.7: Price breakdown for the PALS instrument built and used in this research.

Component Price (£)
Positron Source 3,620.40
Scintillators 480.65
PMTs 4,430.40
HV Supply ≈ 1,870
Coincidence Unit ≈ 1,688
Digitizer: PS6407 6,783.600
Digitizer: DRS4 1,040.23
Other Costs ≈ 1,000

4.3 PALS testing
This sections concerns necessary steps to perform prior to using PALS for experimental work.
Photomultiplier output signals will shown and an example for the measurement of positron
lifetime presented. Optimisation of components will be discussed and justified.

4.3.1 Photomultiplier tube outputs
For accurate lifetime measurements, the output signals from the photomultiplier tube should
consist of a smooth signal pulse. To begin, the coincidence unit was set-up to record signals
of any type regardless of amplitude or timing windows. On the CU this mode is called “ALL
CHANNELS mode”. When electrical signals enter the CU, a trigger pulse of fixed amplitude
and width is sent to the digitizer which prompts the digitizer to store the data. Figure 4.3.1
shows an example of this for the detector labelled ‘Detector 1’.
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Figure 4.3.1: An example trigger signal (black) and its corresponding output signal produced
by Detector 1(red).

The signals produced by detector 1 are as desired but this was not the case for detector 2.
The signal from this detector was noisy and as such, several cable configurations were tested
while keeping the settings the same. This involved repositioning of attenuators and switching
cable connectors. Figure 4.3.2 shows four example signal tests.
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(b) Signal test 2
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Figure 4.3.2: Four examples from signal testing carried out. Each test represents a change
in cable configuration or cable equipment. Ideally, a smooth signal is produced as shown in
signal test 4.

The noise observed in Signal tests (a) to (c) are most likely to signals reflecting inside cables
as seen in other studies130. This is often a consequence of impedance mismatch although in
this work, all components were quoted as 50 Ω impedance. A number of cable configurations
were tested and it was found that the smoothest output (Figure 4.3.2 (d)) was produced
when using RG174 BNC test leads supplied by Onecall along with the cable configuration
shown in Figure 4.3.3. Attenuators and their respective attenuation level are shown in grey
and red dots represent t-junction connectors.
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Figure 4.3.3: The cable configuration used which produces the smoothest output signals.
Attenuators are necessary to reduce the voltage supplied to the digitizer. The level of attenu-
ation is labelled alongside each attenuator whilst red dots represent the position of t-junction
connectors.

4.3.2 Lifetime measurement
With both detectors producing smooth signals, the coincidence unit(CU) was adjusted to
only produce a trigger signal when two input signals enter within a 50 ns window. The
activity of the positron source is 1.85 MBq which in principle means the time between any
two individual events is ≈ 500 ns and therefore a 50 ns window is suitable. An example
recording of a positron birth and subsequent annihilation are shown in Figure 4.3.4. In black
is the trigger produced by the CU, in green is the birth signal and in red is the annihilation.
The amplitudes correspond to the energy of the gamma photons and hence the annihilation
amplitude is smaller. Common sense may lead one to measure the positron lifetime as the
time between the peaks of the signal but due to the nature of the signal produced, this is
not the case. The decaying tail of the signal broadens in a non predictive manner and this
causes difficulties in measuring the true signal peak value.
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Figure 4.3.4: The birth (red) and subsequent annihilation (green) of a positron in matter.
The trigger signal (black) is used to prompt the digitizer to save the data. The two relevant
signals are then sent to the PC and a positron measurement is made.
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A more accurate method of measurement is to use a constant fraction discrimination (CFD)
level of the peak height. This is a fixed percentage of the amplitude on the rise of the signal.
The rise is steep and stable opposed to the decay of the signal. An example of where the
CFD level might be set is shown in Figure 4.3.5 for the same two signals show previously.
Green and red show the CFD levels for their respective signal whilst black dashed lines show
where the time-points for the lifetime measurement are located.
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Figure 4.3.5: A close up of the birth and annihilation signal. Constant fraction discrim-
inator levels are shown by dashed lines. The lifetime measurement based on these levels is
shown by δτ . The difference in peak broadness causes the peak of the signal to be a poor
measurement point.

For a PALS spectrum to be produced, this measurement is made continuously until around
1 million counts are measured. For this measurement to be performed in an efficient and ac-
curate manner, it is necessary to define the voltage of the birth and annihilation signals. The
measurement can be then automated to measure lifetimes of signals with these specific volt-
ages. In actuality, this is not a finite value but a distribution of voltages with peak positrons
corresponding to 0.51 and 1.27 MeV for the annihilation and birth signals, respectively.
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4.3.3 Voltage distributions
The output signals from PMT’s produced correspond to the energies of gamma radiation
as a result of a positron birth and subsequent annihilation. However, due to the nature of
the prior scintillation, this energy produces a distribution of voltages. The range of these
distributions are ultimately used to define the voltage “windows” in which an annihilation
or birth signal will be contained. It is therefore important to optimise these distributions.

Evolution of output voltage distribution
To define the voltage windows correctly, the detector supply voltage needs to be optimized
first. In general, as supply voltage is increased, the output voltage increases. The data sheet
for the PMT’s used in this work quote the optimal operating voltage to be 2500 V with a
maximum operating voltage of 3000 V. Both detectors were set to supply voltages of 2000 V
and increased in small steps. The evolution of detector output with increasing supply voltage
is shown in Figure 4.3.6 for (a) Detector 1 and (b) Detector 2.
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Figure 4.3.6: The evolution of voltage output from detectors 1 and 2. As expected, the
voltage increases with increased supply voltage. The two peaks correspond to birth and anni-
hilation counts. The initial portion of the curve is attributed to Compton scattering.

93



Peak-to-Peak distance
As supply voltage increases, the peak positions shift to the right because the PMT voltage
gain increases. The distance between peaks also differs with an increase in supply voltage.
To clearly distinguish the distributions, the largest peak-to-peak distance is preferred. The
change in this distance is shown in Figure 4.3.7 where values have been determined by plotting
Lorentzian fits and taking the peak position in Origin software. Detector 2 shows a maximum
peak-to-peak distance at a supply voltage of ≈ 2475 V before decreasing beyond this value.
This is roughly expected as the optimum supply voltage is quoted as 2500 V. Detector 1
however, continues to increase in peak-to-peak distance up to 2600 V. To avoid damaging
the detector by approaching the maximum operating voltage, 2600 V is used as a suitable
supply voltage.
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Figure 4.3.7: The change in peak-to-peak distance with increasing supply voltage. The
greatest distance is preferred to better distinguish between siganl types.

Signal artefact
Each distribution shows a small spike at low output voltages (< 20mV). To determine whether
this is digitizer noise the supply voltage was set to 1000 V and voltage distributions recorded
as shown in Figure 4.3.8). Two spikes occur with one corresponding exactly to one of the
spikes seen in all distributions (≈ 16 mV). The other is seen around 2 mV which does match
up perfectly with that seen in Figure 4.3.6. However, it is safe to say these spikes will not
cause any issues in lifetime measurements due to there positioning with respect to the voltage
distributions.
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Figure 4.3.8: The signals recorded for a very low supply voltage. A sharp peak is observed
at ≈ 2.5 mV. The inset graph is a zoomed portion of the graph which shows two small peaks.
These peaks match up with those seen in the distributions shown previously.
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With the supply voltages optimized, the process of removing unwanted counts at low output
voltages (0 to 100 mV) will be shown . This can be achieved by voltage thresholding using
the coincidence unit.

4.3.4 Voltage thresholding
Thresholding is a process where a cutoff point is applied to a measurement. An example of
this is in image analysis where a pixel intensity is set as the threshold intensity. Any pixel
with a lower value are set to 0 (black) and any above are set to 255 (white). An example of
thresholding an image are shown in Figure 4.3.9 for (a) before and (b) after thresholding.

(a) (b)

Figure 4.3.9: An image of the PALS system used in this work (a) before and (b) after
thresholding.

For electronics, any value below the threshold voltage are ignored whereas high voltages
are considered. For PALS, it is a necessary function in order to reduce the number on
unwanted counts measured which ultimately improves the efficiency of the PALS acquisition.
By measuring “useless” counts in addition to annihilation data, then the duration to obtain
“useful” counts increases.
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Threshold voltage distribution evolution
To begin, the coincidence unit is set to the lowest threshold level of 10 mV. It is also set to
record all signals regardless of timing windows. The threshold voltage is gradually increased
to 210 mV as shown in Figure 4.3.10. It can be seen that as the threshold level increases,
the amount of Compton scattering is reduced. However, at a certain threshold level, this
increase will begin to ignore useful measurements contained in the annihilation peak. This
is shown clearly in Figure 4.3.10 (a) Detector 1 at a voltage level of 210 mV. Approximately
half of the peak responsible for annihilation counts is lost.
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Figure 4.3.10: The effects on output voltages for detectors 1 and 2 as a consequence of
increased threshold voltage. The aim is to reduce unwanted counts, mainly due to Compton
scattering and improve acquisition efficiency.
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Calculation of lost counts
To determine the point at which thresholding begins to lose counts, we can use integration
and peak fitting. Origin software was used to fit a Lorentzian function to the right-hand side
of the peak. By generating a full Lorentzian, the expected useful counts in the left-hand side
can be estimated. By subtracting the area of the useful counts from the area of the entire
distribution, the number of counts due to Compton scattering can be determined in addition
to any loss of counts due to thresholding. This is shown in Figure 4.3.11.
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Figure 4.3.11: An example of high thresholding which results in a loss of useful counts in
addition to the decrease in Compton scattered counts.

This process was applied to each distribution on both detectors and the results are shown
in Figures 4.3.12 and 4.3.13. For both detectors it is seen that the number of Compton
scattering counts per million decreases as expected with increased thresholding. The number
of annihilation counts per million is also seen to increase.
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Figure 4.3.12: Compton scattering and annihilation counts as a function of threshold.
Compton scattering is reduced with increased thresholding whilst the number annihilation
counts increases.
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It may be noted that the number of counts attributed to Compton scattering becomes neg-
ative but in actuality this is not the case. This is the point at which annihilation counts are
starting to be lost. The number of gained counts is simply the difference between the number
of useful and lost counts. The gained and lost counts are shown in Figure 4.3.13.
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Figure 4.3.13: Number of useful counts lost or gained with increased threshold voltage for
detectors 1 and 2.

It was decided that the point at which useful counts are lost, that this would be the threshold
point. These were values 120 mV for for both detectors. The final output voltage distributions
are shown in Figure 4.3.14.
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Figure 4.3.14: The final optimised voltage distributions for detectors 1 and 2. Many
unwanted counts have been removed whilst ensuring a loss of counts does not occur. This
increases the rate of which useful counts are collected.
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4.3.5 Resolution optimization
An important feature of a PALS system is the timing resolution. This effectively determines
how accurately lifetimes can be measured and the minimum lifetimes that can be measured.
A common method of measuring this is by fitting a Gaussian to the rise in lifetime spec-
trum131–133. The resolution is then taken as the full-width at half maximum (FWHM) of
this Gaussian distribution. Figure 4.3.15 illustrates this measurement for a lifetime spectra
obtained for a silicone wafer sample using SPALS.
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Figure 4.3.15: Raw lifetime spectra of Si for a constant fraction discriminator level of
0.2. The Gaussian fit based on the FWHM of the rise of the spectra is shown. The FWHM
represents the resolution of the PALS instrument.

To improve the timing resolution, the constant fraction discriminator level can be adjusted.134

Figure 4.3.16 shows the FWHM for a range of CFD levels. For this PALS instrument, the
lowest FWHM was observed at a CFD level of 0.27 and this is used going forward which
corresponds to a FWHM of 470 ± 26 ps. Although this is significantly higher than other
instruments,43,126,135,136 this resolution is suitable for studies in polymers where lifetimes are
generally greater than 1.3 ns under standard conditions.46,121,123,137
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Figure 4.3.16: The FWHM with increasing CFD level. The FWHM represents the resolu-
tion of the PALS system. The lowest value is the most desirable as small timing measurements
become more reliable. The red curve represents a cubic polynomial fit. Error bars are standard
error generated by Origin fitting software.
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4.4 Spectral acquisition and reference measurements
To ensure that measurements made using the PALS system in Sheffield (SPALS) are reliable,
it is good practice to compare results to those obtained at another research institute. In
this work, a sample of DGEBF-MXDA epoxy resin was prepared as per Section 2.2.2 and
sent to The Reactor Institute at The University of Delft. At TU Delft, a high quality PALS
system is in operation amongst other annihilation techniques. This section compares the
results obtained using the Delft PALS system to those collected in Sheffield. Another sanity
check has been performed by measuring the lifetimes in a PTFE sample (supplied by direct
plastics). In addition, a sample of the aforementioned epoxy resin and a sample of PTFE are
placed either side of the positron source and lifetimes measured simultaneously.

4.4.1 Minimum spectral counts
The number of counts (lifetime measurements) made ultimately affects the accuracy of the
determined average lifetime from the spectra. To determine the minimum number of counts,
an epoxy sample consisting of a mixture of DGEBF and DGEBA cured with MXDA was
studied. The number of counts was increased from 50,000 to 2 million counts. Figure 4.4.1
shows both the orthopositronum lifetime and annihilation intensity with increasing PALS
counts. The error in both is largest with the lowest amounts of counts as expected. Once
500,000 counts are measured the accuracy effectively stabilises.
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Figure 4.4.1: The annihilation intensity and average orthopositronium lifetime as a func-
tion of total PALS counts measured. Standard error is shown using error bars. Error was
generated in the program “LTPOLYMERS”.
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The importance of the error in lifetime is better represented by the error in calculated free
volume. Figure 4.4.2 shows the error in free volume as a function of PALS counts. The
decrease in error is loosely described by an exponential decay. Increasing the number of counts
from 50,000 to 500,000 corresponds to a drop in FV error of 10.13 to 1.96 Å3. increasing to
2 million counts further decreases the error to 1.33 Å3.
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Figure 4.4.2: Free volume error in an epoxy sample as a function of total PALS counts.
The error decreases greatly from 50,000 to 500,000 counts but beyond this the improvement
in measurement is minimal.

Although this test has shown that 500,000 counts gives reasonable errors in lifetime measure-
ments the majority of PALS measurements will be carried out using 1 million counts as most
studies43,46,112,132,135 measure from 1 - 5 million in traditional PALS. If a different number of
measurements are recorded, this will be specified.
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4.4.2 Comparison with TU Delft
Spectral background subtraction
As the results obtained by TU Delft were background subtracted before being received,
a background subtraction was performed on the SPALS spectrum. 2 million counts were
recorded using SPALS and a lifetime spectra obtained. In practice, the analysis performed
throughout this thesis is performed using LTPOLYMERS which automatically subtracts the
background but in order to directly compare results with TU Delft, the subtraction is included
here. Both the original and subtracted spectra are shown in Figure 4.4.3.

R1 R2

Figure 4.4.3: The positron lifetime spectra for a sample of epoxy consisting of DGEBF and
MXDA. In black shows the raw lifetime spectrum whilst in red is the background subtracted
spectrum. The grey areas labelled R1 and R2 represent the regions used to determine the
average background level. A blue dashed line shows the background level which is ultimately
subtracted from the original (black) to produced the subtracted spectrum (red).

The regions highlighted grey before the peak rise (R1) and to the far right of decay (R2)
are used to calculate the background level. This level is simply determined as the average
count value in these two regions. The dashed blue line shows the background level and the
red spectra is the result of subtracting the level from the original raw spectrum.

Spectral comparison
Figure 4.4.4 shows two lifetime spectra for epoxy sample. The spectra in red is from data
collected with the PALS system at TU Delft (acquired under the supervision of Dr Henk
Schut). In black is the subtracted spectra collected in Sheffield for the same sample. The
spectra are similar but some minor differences can be seen. The blue box zooms in on the rise
of the spectra. A clear difference is seen on this scale and is due to a difference in instrument
timing resolution. The resolution is determined by the FWHM which is described in Section
4.3.5. Ultimately, the system in Delft has a better timing resolution than the system in
Sheffield. This was estimated to be 397 ± 13 ps by measuring the FWHM of the Delft
spectra whilst the FWHM for SPALS was 470 ± 26 ps.
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Figure 4.4.4: The lifetime spectra acquired for a DGEBF-MXDA based epoxy resin. Back-
ground subtractions have been performed on both spectra. The time per channel resolution
for the Delft and Sheffield PALS systems were 12.66 and 30 ps per channel respectively.

Differences can also be seen in the background region (far right of Figure 4.4.4). This dif-
ference is most likely attributed to source activity differences. The source used in Delft had
an activity of ≈ 1 MBq whereas the Sheffield system uses a source with activity of ≈ 1.8
MBq. This can be explained by the nature of background counts. These events are true
coincidences in terms of two gamma photons being recorded within a specific time window
although this is initially counter-intuitive. For example, a source of 1 MBq, should only
logically emit 1 positron every 1 µs that is 1 × 106 counts divided by 1 second. Taking
this into account and that an annihilation event should occur within 5 ns, then there should
not be any overlapping events. However, the emission process is not deterministic and some
positrons will be released in rapid succession. Reducing the activity will reduce the amount
of false measurements. A smaller influence could be a reduction of background radiation at
TU Delft. The PALS spectrometer is located inside an experimental hall which is heavily
shielded and as a result, the background radiation inside the hall is reduced.

Summary of results
The lifetime results obtained for the epoxy sample using both systems are summarised in
Table 4.8. Taking into account the errors of each measurements, the differences are significant.
However, as all PALS measurements with this type of system are performed using the Sheffield
system, this is not an issue as all measurements will be relative to one another. However, if
measurements between researchers are to be compared then a reference measurement should
also be measured to observe differences in results for differing PALS systems.

Table 4.8: The lifetime (τi) and intensity (Ii) results for a DGEBF-MXDA based epoxy
measured using two different PALS systems. The lifetime of parapositronium (pPs) is not
shown as it was constrained to 0.125 ns.

PALS System τe+ (ns) τoPs (ns) IpPs (%) Ie+ % IoPs %
Delft 0.355 ± 0.001 1.534 ± 0.004 15.5 ± 0.2 58.1 ± 0.2 26.4 ± 0.1
Sheffield 0.366 ± 0.001 1.533 ± 0.028 13.04 ± 0.12 66.77 ± 0.17 20.19 ± 0.15
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4.4.3 PTFE measurement
PALS was also performed on a PTFE sample and compared to literature values. The lifetime
spectrum along with fitted lifetime components are shown in Figure 4.4.5. Four lifetime
components are fitted as per the literature138–140 and results are in agreement. However,
literature values for lifetimes in PTFE vary significantly with τ3 and τ4 ranging between
1.2 - 2 and 2.5 - 4.5 ns respectively96,138–140 . This reiterates the importance of performing
reference measurements when comparing results obtained by other instruments.
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Figure 4.4.5: The positron lifetime spectrum for a PTFE sample. Four lifetime compo-
nents are fitted and shown. Standard errors are shown. Both lifetimes τ3 and τ4 are due to
orthopositronium annihilation in free volume voids. Note: No background subtraction

4.4.4 Two-material measurement
In addition to the PTFE measurement, a two-material measurement was made. One side
of the positron source was covered by PTFE and the other side covered by epoxy. This
means that two spectra are collected simultaneous but the result is a combination of the two.
The arrangement is shown in Figure 4.4.6. Effectively both detectors behave as birth and
annihilation detectors simultaneously.

Figure 4.4.6: The arrangement used for the two-material measurement. Each detector
has the capability of detecting the birth and annihilaiton of positrons in either material. The
resulting lifetime spectra is a combination of each materials spectrum and results in an average
lifetime between the two. Note: image not to scale
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Lifetime spectra
Figure 4.4.7 shows the spectra for pure PTFE, PTFE - epoxy combination and pure epoxy.
The PTFE-epoxy sample has a long lifetime which falls between pure PTFE and pure epoxy.
It may seem an obvious result but this type of measurement was not seen in literature.
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Figure 4.4.7: The lifetime spectra for pure PTFE and epoxy in addition to a combination
of the two. The resultant spectrum falls between the two pure samples.

The closest example was a study by Madani et al. which measured lifetimes in PTFE-Silica
composites.138 They showed that τoPs−long lifetime decreased with increasing weight percent
of silica. This is a similar result to that shown here. Table 4.9 is summary of results for the
three measurements.

Table 4.9: The lifetime (τi) and intensity (Ii) results for pure PTFE, pure epoxy and a
measurement which involves both materials simultaneously (PTFE-EPOXY). PTFE has four
lifetime components whereas the purt epoxy has three. Standard errors are shown which were
produced in “LTPOLYMERS”.

Sample τoPs (ns) τoPs−long (ns) IoPs (%) IoPs−long %
PTFE 1.221 ± 0.09 3.847 ± 0.004 9.02 ± 0.5 10.99 ± 0.3
PTFE-EPOXY 1.298 ± 0.1 3.214 ± 0.01 10.63 ± 0.3 7.36 ± 0.6
EPOXY 1.501 ± 0.02 - 18.974 ± 0.3 -
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4.5 Conclusions
4.5.1 PALS components
This chapter presented the equipment required to construct the positron annihilation lifetime
spectrometer (PALS) which is used throughout this research. Each component was discussed
including the total pricing of the system. The PALS system is ultimately based on fast plastic
scintillators coupled to photomultiplier tubes. A relatively new instrument was used for signal
discrimination (4-fold coincidence unit) which is capable of performing timing and energy
discrimination simultaneously. Two digitizers were used in this work. The Picoscope6407 by
Picotech was used for initial signal testing and energy distribution measurements. The DRS4
evaluation board by PSI Tech was ultimately used for PALS acquisition in conjunction with
acquisition software QTPALS.

4.5.2 PALS testing
After assembly, the PALS spectrometer was evaluated. Signal tests were performed in order
to produce smooth PMT output signals in addition to optimisation of the output voltage
distributions. The timing resolution was determined from the FWHM of the rise in lifetime
spectra of a silicone wafer sample. The resolution was improved by adjusting the constant
fraction discriminator level which determines which part of the PMT output signal will be
used as a lifetime measurement point. The timing resolution achieved was 470 ± 26 ps which
is suitable for the study of free volume in polymers. The minimum number of counts required
per experiment was determined to be 500,000 counts.

4.5.3 Reference measurement
After optimisation of the spectrometer a measurement was made on an epoxy sample compris-
ing of DGEBF resin and MXDA amine hardener and analysed at TU Delft, Netherlands as
measure of reliability. Results produced were similar with Sheffield measuring a orthopositro-
nium lifetime (τoPs) of 1.533 ± 0.028 ns with the Delft system showing a τoPs of 1.534 ±
0.004 ns.

4.5.4 Final remarks
The PALS system constructed here will be used the majority of traditional PALS measure-
ments going forward. Future improvements for the PALS system are discussed in Chapter
6.
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5

Diffusion and the relation to free
volume
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5.1 Chapter Introduction
The chapter concerns several methanol ingression experiments carried out for a range of
epoxy-amine samples. All the samples were produced using the same batch of epoxy where
possible as the epoxide equivalent weight can differ between batches. This was also the case
for the hardeners used even though there is generally more consistency between batches of
hardeners. For each study, the samples were produced simultaneously i.e. samples for diffu-
sion, Tg and PALS measurements all came from the same cure. Each sample was immersed
in methanol and its mass monitored over time. Generally, for the epoxy systems used here,
this process takes several months. Samples which reached their ultimate ingression (constant
mass) were removed and placed into an air environment to dry whilst further mass mea-
surements were made. Full details of this experiment can be found in Section 2.5.1. Some
studies underwent a second ingression cycles if egression mass became stable. The main re-
sults obtained from these experiments were the ultimate ingression (UING) and the diffusion
coefficients for ingression (DING) and egression (DEGR). UING is the maximum amount of
methanol ingression in weight percent. (DING) and (DEGR) are a measure of the rate of
ingression and egression respectively. Each diffusion property will be compared to the glass
transition temperature (Tg), free volume (FV) and fractional free volume (FFV). The aim
was to determine whether free volume can be used as an indicator of material quality with
respect to chemical resistance. As free volume is measured using PALS over several hours,
this would be a great advantage over long term traditional gravimetric techniques such as
ingression studies. An overview of each experimental study presented in this chapter is shown
in Figure 5.1.1.

Figure 5.1.1: An outline of the studies which are presented in Chapter 5.
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5.2 Pot-time and cure regime
5.2.1 Introduction
The first study of this chapter concerns the affects of varying the production method of epoxy
samples on the diffusion and free volume properties. All samples consist of DGEBF epoxy
resin cured with MXDA amine hardener. The time between initial mixing of the components
and pouring into moulds pre-cure in this work is defined as the pot-time. The pot-time was
increased from 0 to 3 hours and a pot-time which is varied depending on laboratory conditions
(labelled VAR) is implemented. The significant changes in temperature and humidity are
shown in Figure 5.2.2. Pot-time variation was was used in order to approximate sample
viscosities prior to cure. In addition, for each pot-time two curing regimes are utilised which
are referred to as the ‘Sheffield’ and ‘Industrial cures’. Details of each cure are shown in
Table 5.1 but effectively the Sheffield cure is hot and fast whilst the industrial cure is cooler
and slower.

OO

O O

DGEBF

NH2H2N

MXDA

Figure 5.2.1: The chemical structures of DGEBF and MXDA.
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Figure 5.2.2: The variation in temperature and humidity for the laboratory in Sheffield.

Table 5.1: The cure regimes for the Sheffield and industrial cure methods. S1 and S2 refer
to stage 1 and stage 2 respectively.

Cure Stage 1 Stage 2 Environment
Sheffield 60 - 160 ◦C @ 1 ◦C min−1 3 h @ 160 ◦C S1 - Air, S2 - Air
Industry 24 h @ RT 16 h @ 80 ◦C S1 - N2, S2 - Air

The reason for this study is to compare the affects on diffusion when more realistic methods
(industrial cure) are implemented rather than those which are considered more ideal in terms
of reaction conversion.71,106 Figure 5.2.1 shows the structures of DGEBF and MXDA.
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5.2.2 Diffusion characteristics
Diffusion curves
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Figure 5.2.3: The ingression of methanol monitored over time for DGEBF-MXDA epoxy
resins. The Sheffield cure (solid circles) concerns epoxies prepared by curing at a temperature
of 160 ◦C for 3 hours. The industrial cure concerns samples left at room temperature for 24
hours before post curing at 80 ◦C for 16 hours. The pot-time of samples were also adjusted
and are labelled accordingly i.e. 1H PT represents a 1 hour pot-time. VAR PT refers to a
pot-time which varies depending on laboratory conditions. In this work pot-time is defined as
the time between mixing reactants to pouring into moulds. After pouring, the cure begins.

The ingression of methanol in DGEBF-MXDA resins which were produced by different curing
methods is shown in Figure 5.2.3. Visually, the majority of ingression curves are indistin-
guishable with the exception of the 0HPTSHEFF sample. In order to obtain more useful
information, the Shen and springer model76 shown by Equation 5.2.1 can be utilised.

Mt

M∞
= 4
L

√
Dt

π
(5.2.1)

Where (Mt), is the mass ingressed at a time (t), M∞ is the ultimate uptake, (L) is the sample
thickness and (D) is the diffusion coefficient. The ultimate uptake mass is achieved when the
mass becomes stable indicating that ingression has ceased. However, the majority of these
samples did not reach the ultimate ingression after 110 days. But, as the uptaken amount
of methanol appears to be close to plateauing, the ultimate ingression has been estimated as
shown in Figure 5.2.4 which is based on the ingression curve for the VAR PTSHEFF sample.
In black are the measured methanol ingression in weight percentage. Based on these initial
measurements, points leading to ultimate ingression are estimated as shown in red.
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Figure 5.2.4: The methanol ingression in DGEBF-MXDA thus far (red circles) along with
estimated points (red circles) to a point of plateau based on an estimation obtained using a
logistic fit (blue dashed line) in Origin.

With the estimate for ultimate ingression, Mt/M∞ can be plotted against the square root
of time as shown in Figure 5.2.5. The linear region of each data set was fitted using Origin
software in order to determine the gradient which can ultimately be used in Equation 5.2.1
to determine the diffusion coefficient.
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Figure 5.2.5: Methanol ingression of DGEBF-MXDA epoxy samples with differing cure
conditions (as described in Section 5.2.1). For this data, the maximum ingression (M∞) was
estimated using a logistic fit. Fits are applied to the linear region of the curve and the gradient
used to determine the diffusion coefficient for ingression (DING). Error bars represent the
standard error of three samples.

By plotting log( Mt

M∞
) against log(time), the type of diffusion can be determined (i.e. Fickian,

sigmoidal etc.). According to the book ‘Polymer Permeability’141 the slope of the graph, n
indicates the type of diffusion. An n value of 0.5 is Fickian, whilst values between 0.5 and 1
are considered non-Fickian. Figure 5.2.6 shows the log( Mt

M∞
) against log(time) for a typical

DER354-MXDA sample cured under the “Sheffield” conditions. The slope and therefore the
n value was found to be 0.59 which suggests that the diffusion in not Fickian.
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Figure 5.2.6: The log of methanol ingression against log time for a typical MXDA-DER354
epoxy sample. A linear fit is shown by a solid line which is used to determine the type of
diffusion.

The affect of cure regime on diffusion

The diffusion properties for DGEBF-MXDA samples produced with different pot-times and
cure regimes is shown in Figure 5.2.7. The ultimate ingression (in blue) is seen to be similar
for all pot-times with the exception of a pot-time of zero when implementing the Sheffield
cure method (solid bars). This can be explained by a combination of short pot-time and high
curing temperature. A short pot-time means that minimal reaction between the epoxy and
amine has occurred resulting in a relatively low viscosity prior to oven cure. On curing, the
viscosity decreases further and rate of evaporation of the amine increases. The evaporation
causes epoxy mixture to become amine deficient.
Increasing the pot-time of the mixture allows the reaction to begin, forming cross-links prior
to curing. The amount of amine which is added to the gel phase of the mixture increase
which in-turn increases the viscosity due to higher molecular weight. The increased viscosity
and the amine bound to the gel phase hinders evaporation due to higher molecular weight
and therefore the system will be closer to a stoichiometric ratio. As the industrial cure regime
involves an initial room temperature dwell, the enhanced evaporation does not occur.
A similar trend is seen for the diffusion coefficient in that it is highest in the sheffield cure
at zero pot-time before decreasing and stabilising at a pot-time of 1 hour. The diffusion
coefficeint is lower in both 1H and VAR pot-times whilst a similar level is seen at 3 hours
when comparing the Sheffield cure to the industrial method. A lower diffusion coeffiecent at
1H and VAR could be attributed to increased temperatures allowing for an increased reaction
conversion39,142. This would mean more crosslinks are formed and ingression could be hin-
dered35,143,144. A general indicator of reaction conversion is the glass transition temperature
(Tg) and as such is measured here.
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Figure 5.2.7: The ultimate ingression (blue) and diffusion coefficient (red) for a number
of DGEBF-MXDA epoxy samples with varying cure regimes. The solid bars represent the
Sheffield cure regime whilst shaded bars correspond to industrial curing methods. Error bars
represent the standard error of three samples. VAR refers to pot-times which are chosen with
lab conditions considered.

5.2.3 Diffusion and the glass transition temperature
Tg and cure regime
Figure 5.2.8 compares th Tg for DGEBF-MXDA epoxy samples cured with varied pot-times
and cure regimes. The Sheffield (blue) results in a consistently higher Tg than the industrial
method (red). The significant drop in Tg for a three hour pot-time is unexpected when
considering marginal differences in cure.
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Figure 5.2.8: The glass transition temperatures for DGEBF-MXDA epoxy samples prepared
with various pot-times and differing cure regimes. Error bars represent the standard error of
three samples.

Tg and diffusion
The relationship between Tg and diffusion properties of the epoxy samples are shown in
Figure 5.2.9 for (a) Sheffield and (b) industrial cures. For the (a) Sheffield cure, Tg is seen
to generally increase with ultimate ingression. R2 values suggest this is a good correlation
(>0.9) but as three of the four points are clumped, the goodness of the correlation maybe
false. Tg shows a slight upwards trend with ingression rate but this fit is shown to be poor
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(R2 <0.31). The (b) industrial cure shows no correlation between Tg and ultimate ingression
and a slight upward trend is seen for DING.
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Figure 5.2.9: A comparison of Tg with the ultimate ingression and diffusion coefficient for
DGEBF-MXDA epoxies cured by (a) the Sheffield and (b) industrial cure methods. Linear
fits are applied to data and R2 values shown to indicate goodness of fit. Error bars represent
the standard error of three samples in the y direction and two samples in the x direction.

5.2.4 Diffusion and free volume
FV and cure regime
The free colume (FV) and fractional free volume (FFV) are shown in Figure 5.2.10 for
DGEBF-MXDA samples cured under varied conditions. The free volume (blue), gradually
increases with increasing pot-time for the Sheffield cure (solid bar). The industrial cure
(shaded bar) shows an almost random FV with increased pot-time. The fractional free
volume (red) shows no trent with increasd pot-time for the Sheffield cure. The FFV for
industrial samples is seen to remain constant.
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Figure 5.2.10: The free volume (blue) and fractional free volume (red) for DGEBF-MXDA
epoxy samples produced by different cure methods. Solid bars represent samples produced by
the Sheffield cure regime whilst shaded bars correspond to the industrial cure method. Free
volume properties were obtained by positron lifetime measurements using PALS Error bars
represent the fitting errors generated in “LTPOLYMERS” software.
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FV and diffusion
Figure 5.2.11 compares free volume (FV) and fractional free volume (FFV) with the diffusion
properties of the DGEBF-MXDA samples cured under varied conditions. The free volume
for (a) samples produced using the Sheffield cure show a good (R2 >0.9) downward trend
with ultimate ingression whilst the relation with DING is poor (R2 <0.5). The FV relation to
diffusion for (b) shows DING increasing with FV in a highly correlated manner (R2 2 >0.95).
Ultimate ingression shows a weak downward trend with FV. The Ultimate ingression and
DING for samples cured using the (c) Sheffield method decrease with increasing FFV but the
both correlations are faily poor (R2 < 0.6). The FFV shows no correlation with ultimate
uptake or DING for samples cured by (d) industrial methods.
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Figure 5.2.11: The comparison between free volume measurements and diffusion proper-
ties of DGEBF-MXDA epoxy samples produced with varying curing method. The average free
volume is compared with the ultimate ingression for (a) Sheffield and (b) industry cures. The
Fractional free volume is also compared to diffusive properties for (c) Sheffield and (d) indus-
try methods. Dashed lines represent linear fits with R2 indicating goodness of fit. Y errors
are standard errors of three samples whilst x errors are generated in the “LTPOLYMERS”
software.
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5.2.5 Free volume and Tg

FV relation to Tg

The FV and FFV are compared with Tg values in Figure 5.2.12. For the samples produced
using the (a) Sheffield cure , free volume decreases with increased Tg with a decent correlation
level. No correlation is seen between FFV and the Tg. Samples produced using the (b)
industrial method show no correlations between FV or FFV with Tg.
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Figure 5.2.12: A comparison of Tg with the free volume and fractional free volume for
DGEBF-MXDA epoxies produced by (a) Sheffield and (b) industrial curing methods. Linear
fits are shown by dashed lines with R2 values indicating the goodness of fit. Y error bars
represent errors generated from fitting lifetime data in “LTPOLYMERS” whilst x error bars
represent that standard error of three samples.

5.2.6 Conclusions
Epoxy samples consisting of DGEBF and MXDA were prepared by two curing methods.
One referred to as the Sheffield cure was loosely based on an optimized cure schedule used
in other work71,106 which involves a relatively high cure temperature of 160 ◦C and a cure
time of 3 hours (see Section 2.2.2 for details). The other method referred to as an industrial
cure was implemented based on real world considerations. This was a 24 hour cure at room
temperature followed by a 16 hour post-cure at 80 ◦C (see Section 2.2.6 for details.) For
each method, four samples with varying pot-times were prepared and diffusion, Tg and free
volume measurements were performed.

Affects on diffusion due to cure regime
The ultimate ingression for both Sheffield and industry cures were similar with increasing
pot-time. The only difference was seen when samples were prepared without any pot-time
and cured at 160 ◦C which resulted in an increased ultimate ingression from ≈ 13 to 14 %.
It is expected that this increase is a consequence of amine evaporation during the oven cure
which ultimately causes the system to be non-stoiciometric and the maximum number of
possible cross-links is reduced.
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The rate of ingression (DING) is high when there is no pot-time and a high temperature cure is
used which could also be explained in the same manner as ultimate ingression. Increasing the
pot-time to 1 hour causes a drop in ingression rate to a similar level to all of the industrially
cured samples (≈ 13%). Sheffield cured samples for a pot-time of 1 hour and varied pot-
time, had lower ingression rates than the counterpart industrial samples. This could be due
to more energy available in the in the higher temperature cure which increases the conversion
of reaction.39,145 As the only sample to show a considerable difference in diffusion properties
was the sample which did not have a pot-time. This suggests that given just 1 hour for initial
reactions to occur in the mixture is enough to increase the viscosity or bind sufficient amine
to the system such that a near full reaction can be achieved.

The glass transition temperature
The glass transition temperature was measured for all samples as the tanδ peak obtained by
dynamic mechanical analysis. Every sample cured using the industrial method resulted in
a significantly lower Tg. The Sheffield samples had values between 110 and 112.5 ◦C whilst
industrial samples were in the range of 100 and 108 ◦C . This is most likely attributed to
a lack of high temperature to further increase the level of cross-linking39,145,146 The samples
cured using the hotter Sheffield cure method showed a good correlation between the ultimate
ingression and Tg. There was no real correlation between Tg and the diffusion coefficient.
The industrial cure had a reasonable correlation between Tg and DING based on R2 values
but the general spread in data was questionable. There was no correlation between Tg and
ultimate ingression for industrial samples. All trends with Tg regardless of how poor the
correlation showed an upward trend with diffusion properties. This is counter intuitive as
an increase in Tg should indicate an increased reaction conversion39,145. This would lead to
increased cross-links and increased ability to prevent ingression143,144.

Free volume measurements
Samples cured using the Sheffield cure method resulted in free volume increasing gradually
with increased pot-times. An increased pot-time was expected to improve the cross-linking
in the epoxy network. The fractional free volume (FFV) fluctuated with increasing pot-
time. Curing with the industrial method resulted in fluctuations in free volume whilst FFV
was stable. The diffusion properties decreased with increasing free volume and FFV when
using the Sheffield method which again, is a counter intuitive trend. Although only one
of four correlations were considered good (R2 >0.9), the general decrease in diffusion with
increased free volume is still an interesting observation. Another interesting observation was
that samples cured using the industrial method had an almost perfect (R2 >0.99) positive
correlation between FV and the diffusion coefficient. There were no other correlations with
diffusion for the industrial cure.

117



A comparison of free volume and the Tg

A good correlation (R2 >0.8) was seen between free volume and Tg for sample prepared using
the Sheffield method. No other trends were seen between the Tg and either free volume or
FFV for both curing methods.

5.2.7 Closing remarks
Although some trends were seen to be strongly correlating (based on R2 values), no truly
clear trends were seen that made logical sense. One thing which hasn’t been taken into ac-
count thus far is how different the samples are and the difference between the results found.
All chemistries are identical which, from positron beam studies shown in Chapter 3, probably
means that only minor variations in free volume should be seen. Ultimately we can conclude,
that curing at a higher temperature will result in a lower FFV and a higher Tg but the
affects on diffusion are minimal as long as a pot-time of at least 1 hour (possibly lower) is
implemented.

The industrial cure was implemented in order to study a more realistic cure regime for these
epoxy networks. Another real-world consideration is the addition of pigments/fillers to the
epoxy network. Whilst this is commonly done for aesthetic reasons (decorative paints),
many studies have shown that this can increase mechanical performances147,148 and improve
chemical resistance in terms of ingression properties.149

5.3 Pigmentation of epoxy networks
5.3.1 Introduction
Resins used in several applications will often have pigments or fillers incorporated into the
epoxy network.147,150 The common reasons for pigmenting a network are to change the coating
in an aesthetic manner (i.e. decorative paints) or to improve the mechanical properties of
the material. Protective coatings can also have pigments amongst a number of components
added to the epoxy-amine network. As such, this section studies the affects on diffusion due
to the addition of pigments. Samples made for ingression will also have an identical sample
produced for positrons annihilation lifetime spectroscopy (PALS) measurements and the free
volume is determined. The diffusion and free volume results will be compared as will the
thermomechanical properties (Tg) by means of dynamic mechanical analysis (DMA).
The materials used for this study are DGEBF epoxy resin mixed with MXDA amine which
is cured as per Section 2.2.3. A barium sulphate pigment (referred to as barites or barytes)
is incorporated into the network by vigorous mechanical mixing. Particles (sizes) of the
pigment are essentially dispersed throughout the epoxy network. The size of the pigment has
a mean diameter of 24.86 µm with 90% of particles less than 56.26 µm based on a study by
Wang et al 151 The ratio between the epoxy and amine is determined with regards to number
of epoxide and amine hydrogen equivalent weights (EEW and AHEW). This is kept at a
stoichiometric ratio (1 epoxide : 1 amine hydrogen). Pigment is added in terms of weight
percentage of the total mass (epoxy + amine + pigment) of the system and the structures
of each material are shown in Figure 5.3.1. The pigment essentially dissolves in the epoxy
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Figure 5.3.1: The chemical structures of dyglycidyl ether of bisphenol F (DGEBF), m-
Xylylenediamine (MXDA) and barium sulphate (Barytes).

5.3.2 Diffusion characteristics
Diffusion curves
Diffusion measurements are made as described in Section 2.5.1 on four epoxy samples com-
prising of DGEBF resin and MXDA amine. Three of the samples have barytes pigment incor-
porated and are labelled in terms of weight percentage (w%). The ingression of methanol was
monitored over time by mass measurements. The ingression curves for the four pigmented
epoxies are shown in Figure 5.3.2 (a) along with their epoxy content mass (b)
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Figure 5.3.2: The (a) ingression of methanol into pigmented epoxy resins. Each sample
consists of DGEBF resin cured with MXDA with varying amounts of barytes pigment. (b) the
amount of epoxy per unit mass for each sample. The pigmentation amount is given in terms
of weight percentage (w%). Errors bars given represent the standard error of three samples.

The samples consisting of pure epoxy (black) has the greatest amount of ingression with a
10 w% addition of pigment resulting in a marginal decrease in ingression. Increasing to 37
pc pigment causes ingression to be hindered greatly dropping from ≈ 12.5 to 5 %.
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Increasing the pigmentation to 50 w% has a slightly higher amount of ingression than 37 w%
but significantly lower than 10 w% or a pure epoxy sample. The ultimate ingression has been
reached in samples 37 and 50 w% pigmentation but sample 10 w% and the pure epoxy have
not reached this point yet. Therefore, the ultimate ingression has been estimated based on
the current ingression characteristics as described in Section 5.2.2. This is done to produce
a graph of Mt/M∞ plotted against the square root of time. From these plots, the ingression
diffusion coefficient can be determined as described in Section 5.2.2.
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Figure 5.3.3: The methanol ingression curves for pigmented epoxy networks. Each sam-
ple comprises of DGEBF-MXDA with different weight percentages (w%) of barium sulphate
(barytes) incorporated to the network. By plotting the Mt/M∞ against root time means the
gradients of a linear fit can be used to determine the diffusion coefficient of ingression using.
The regions used for linear fitting are shown as solid lines. Error bars represent the standard
error of three samples.

Diffusion properties and affects of pigment
Figure 5.3.4 shows the ultimate ingression, DING and the epoxy mass per mass (g/g) for
the pigmented networks. The epoxy content is simply determined by the amount of epoxy
per gram of each sample. For example, the sample containing 10 w% pigment has 90 w%
of epoxy (epoxy-amine) substance. Therefore, the amount of epoxy in the sample equals
0.9 grams per gram of sample. Both diffusion properties have similar trends with respect
to increasing pigment content. The rate of ingression is shown to decrease marginally when
increasing the pigmentation to 10 w%. A large drop from ≈ 0.16 to 0.135 × 10−8 cm 2 s−1

occurs when increasing to 37 %. The ultimate ingression also drops from ≈ 12 to 5.5 w%.
The rate then increases to ≈ 0.15 × 10−8 cm 2 s−1 for a pigmentation level of 50 w%. The
epoxy content in gram per gram is shown to show that the amount of epoxy available does
not directly correlate to diffusion. As the pigment is an inorganic mineral, methanol should
not penetrate it. Therefore the majority of ingression should be due to the epoxy network.
As a direct trend is not seen between epoxy content and pigmentation, this suggests that on
some level, the interaction between the epoxy network and the pigment affect the ability to
prevent methanol ingression.
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Figure 5.3.4: The ultimate ingression, diffusion coefficient and the epoxy content for each
pigmented epoxy network. Each network consists of DGEBF-MXDA-Barytes pigment. Error
bars represent the standard error of three samples.

5.3.3 Diffusion and glass transition
Tg and pigmentation
Tg for each pigmentation network were measured as the peak of the tanδ peak obtained by
dynamic mechanical analysis (DMA). Figure 5.3.5 shows the variation in Tg with weight
percentage of pigmentation for each epoxy sample. The Tg varies between 106 and 113 ◦C
and there is no trend between Tg and pigmentation.
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Figure 5.3.5: The glass transition temperature (Tg) determined by dynamic mechanical
analysis for epoxy resins containing different amounts of barytes pigment. Error bars repre-
sent the standard error of two measurements.

Tg and diffusion
The Tg is compared with the ultimate ingression and ingression coefficient in Figure 5.3.6.
Both diffusion properties show a downward trend. The correlation between Ultimate in-
gression and Tg is relatively poor (R2 < 0.5) whilst Tg and DING show a good correlation
(R2 >0.9). As shown in other studies,145 the Tg is a good measure of reaction conversion
and within a sample series, increased Tg implies a higher conversion. This means that more
crosslinks form and the network is more tightly packed which would hinder the mobility of
ingressors such as methanol. This should also reflect in free volume measurements as space
between cross-links will also decrease.35,143,144
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Figure 5.3.6: The ultimate ingression and diffusion coefficents compared with Tg of pig-
mented epoxy networks which consist of DGEBF-MXDA-Barytes pigment. Error bars repre-
sent the standard error of three samples.

5.3.4 Diffusion and the free volume
FV and pigmentation
The free volume (FV) and fractional free volume (FFV) are compared with pigmentation in
Figure 5.3.7. The Tg - FV relation is reasonable (R2 >0.8) whilst the Tg - FFV relation with
FFV is good (>0.9).The FV and FFV decreased with increased pigmentation, which could
be due to epoxy-pigment interactions, but it could also be a consequence of positrons annihi-
lating within pure pigment. It was shown in Section 4.4.4 when two materials are measured
simultaneously, the resulting lifetime spectra, and therefore the free volume measurement, is
an average of the two materials. However, as the pigment is non-polymeric, it is expected
that the lifetime spectra from the pigment would be narrow due to a lack of free volume
annihilations and therefore would not affect the free volume determination.
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Figure 5.3.7: The free volume and fractional free volume compared with the pigmentation
amount in DGEBF-MXDA epoxy samples. Dashed lines represent linear fits with R2 values
indicating the goodness of correlations. Error bars represent standard errors based on errors
generated in “LTPOLYMER” software.
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FV and diffusion
Figure 5.3.8 shows how the (a) free volume (FV) and (b) fraction free volume (FFV) relate to
the ultimate ingression and diffusion coefficient. Free volume is shown to increase with both
the ultimate ingression and DING in a meaningful fashion (R2 >0.9). The FFV generally
trends upwards with the ultimate ingression and DING but the correlations are poor and
reasonable respectively (R2 < 0.39 and >0.69). These trends follow theory of increasing
free volume will cause ingression to be more favourable due to increased space for molecular
mobility.
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Figure 5.3.8: The diffusion properties compared to free volume measurements for DGEBF-
MXDA epoxies which are pigmented with barytes pigment. The ultimate ingression and the
diffusion coefficient are compared with (a) free volume (FV) and (b) fractional free volume
(FFV). Dashed lines represent linear fits with R2 values indicating the quality of correlation.
Y error bars represent the standard error of three samples whilst x error bars are from errors
generated in the fitting routine carried out in “LTPOLYMERS” software.

Pigment lifetime measurement attempt
To determine whether this decrease in FV is due to epoxy-pigment interaction, the free volume
of the pure pigment should be determined. Generally, two identical solid pieces are required
for PALS measurements which surround the positron source. As such, the production of
pure pigment samples was attempted by pressing barytes powders into circular pellets of
approximately 1 cm in diameter using a hydraulic press, with pressure applied up to 4000
psi at which the sample were held for 30 seconds. Although it was possible to produce discs
of pigment, these were incredibly fragile and during positioning of the discs for PALS, they
ultimately failed. Figure 5.3.9 shows (a) the top and side views of the formed discs and (b)
the resulting powder due failure.
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(a) (b) (c)

Figure 5.3.9: (a) The discs of barytes formed by pressuring powders in a steel disc mould
and (b) the powder formed on moving the discs. For PALS, two identical samples are required
and need to be positioned around the positron source. During positioning, small stresses are
applied to samples and the fragile nature of the discs causes failure. (c) The positron source
buried in barytes pigment inside a sample tube. It was placed between the PALS detectors,
and a measurement made.

The resulting powder was compacted into a sample tube and the positron source placed on
top. More powder was then added on top of the source and gently pressed. A PALS measure-
ment was made with the idea that the majority of positrons will still annihilate within the
powder. The resulting spectra is compared to the 10 w% pigment sample in Figure 5.3.10.
It can be seen that the lifetime spectra is much narrower in the pure pigment than in the
epoxy-pigment mixture. Blue lines represent the exponential for corresponding to the or-
thopositronium lifetime component (τoPs) for pure pigment (dashed) and a DGEBF-pigment
sample of 10 w%(solid). As oPs represents annihilations in free volume, it is interesting to
see a small amount of oPs annihilations for the pure pigment. This could be due to the sur-
rounding sample tube or annihilations occurring in the thin polymeric film, which surrounds
the radioactive material. At this point, it is difficult to determine whether the changes in
FV and FFV with increasing levels of pigments are due to epoxy-pigment interactions or just
because of a higher amount of non-polymeric material. However, it should be noted that
the study of PTFE-DER354 samples (Section 4.4.4) concerns two polymers, which contain
free volume whereas the pigment is inorganic. Therefore the pigment should not contain free
volume which would not affect the free volume portion of the lifetime spectra which would
imply that any changes to FV, are a consequence of epoxy-pigment interaction.
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Figure 5.3.10: The positron annihilation lifetime spectra for pure barytes pigment (black)
compared to DGEBF-barytes sample with 10 w% pigment. The blue dashed and solid lines
show the fitted orthopositronium lifetime componets (τ3) for DGEBF-pigment and pure pig-
ment samples.

5.3.5 FV and Tg

FV relation to Tg

The comparison of Tg with the free volume (FV) and fractional free volume (FFV) for the
pigmented epoxies is shown in Figure 5.3.11. Both FV and FFV shows a general downward
trend but the correlation is poor as indicated by R2 values (< 0.5). Generally a decrease
in FV is expected to correlate to increasing Tg as this implies the reaction conversion is
increasing within this sample set which results in more cross-links and a reduction if free
volume.
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Figure 5.3.11: The glass transition temperature, compared with the free volume and frac-
tional free volume for pigmented epoxy samples. Each sample consists of DGEBF-MXDA and
varying weight percentages of barytes pigment. Dashed lines represent linear fits generated
in Origin software with R2 values indicating the goodness of the correlation. Y error bars
represent the standard error of three samples whilst x error bars represent the standard error
of two samples.
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5.3.6 Conclusions
Affects of pigmentation
The addition of barytes pigment to epoxy networks comprising of DGEBF-MXDA resulted
in the hindrance of methanol ingression. Increasing the amount of pigmentation seemingly
caused a drop in the ultimate ingression and the diffusion coefficient up. This was true up
to a pigmentation amount of 37 w% and when increased to 50 w%, the ultimate ingression
and diffusion coefficient increased. It could be considered that that decrease in diffusion
exhibited in samples containing 10 and 37 w% pigment is due to the amount of epoxy present
in the sample. The inorganic pigment shouldn’t uptake solvent which means increasing the
pigmentation reduces the amount of material which can uptake solvent. Following this theory,
it would be expected that increasing the pigment further would further reduce the ingression
but as shown with the 50 w%, the ingression increases. This might be because at this level of
pigmentation, the epoxy-amine network is highly swollen and would allow for easier ingression
of methanol.

Free volume measurements
Free volume measurements were measured by positron annihilation lifetime spectrosocpy
(PALS) for the pigmented networks. Both the free volume and fractional free volume de-
creased with increasing pigmentation. Some studies have suggested that fillers/pigments can
“fill” free volume voids123 but due to the mean pigment size of barytes (≈58 µm) compared
to free volume (≈ nm), this is not the case. The correlation between FV and FFV were
considered reasonable and good respectively when taking the R2 values into consideration
which were obtained by linear fitting. In an attempt to determine whether this decrease in
FV is due epoxy-pigment interaction or a consequence of pure pigment having a lower average
lifetime, PALS was performed on pigment discs and it was seen that the lifetime distribution
was much narrower.
The ultimate ingression and diffusion coefficient increased with increased free volume. The
correlations for both were considered high by R2 values obtained through linear fitting (R2

> 0.95). The relation between FFV and the diffusion properties showed the same trend as
FV but the correlations were much weaker (R2 < 0.7). These results add to the theory that
an increasing free volume causes the ingression of penetrators to be more favourable15.

Tg

The glass tranistion temperature showed variations between 107.5 and 112.4 ◦C but the
changes did not correlate to increasing pigment. The Tg did correlate well with the diffusion
coefficient in that a higher Tg resulted in a lower DING value. The same trend was seen
when comparing Tg to ultimate ingression but the correlation was poor. Within a sample
series, it can be expected that increasing Tg would hinder the ingression of methanol. This
is because an increase in Tg implies that a higher degree of reaction occurs which therefore
means a higher number of crosslinks.39,145 A higher number of cross-links ultimately causes
the network to be more tightly packed, reducing free volume and hindering the ingression of
methanol.
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A comparison of trends in FV and Tg

Significant changes in diffusion properties showed a high correlation in that a decrease in
free volume corresponded to a decrease in the ultimate ingression and the rate of ingression.
Whilst the Tg also showed some correlations in that, a decrease in Tg resulted in a decrease
in ingression, this correlated in a poorer manner than FV relations. This suggests that both
measurements can be used to infer ingression properties of pigmented systems but changes
in diffusion are detected in a more sensitive manner when measuring free volume by means
of positron annihilation. As PALS is a non-destructive technique, this is a desirable ability.

5.3.7 Closing remarks
This section presented diffusion, Tg and free volume measurements for pigmented samples of
epoxy resins. The affects of the amount of pigmentation on the diffusion, Tg and free volume
were shown. This information is useful in the field of protective coatings as many applications
incorporate pigments into chemical formulations generally to increase mechanical properties.
Future work should consider a range of pigments and metal particles to study how inter-
facial interactions affect the free volume and whether these changes are correlative with Tg

surfaces. Another common necessity in protective coatings is to reduce the viscosity. This
can be achieved by incorporating diluent epoxies or solvents into the formulation. The next
section concerns the affects of solvent addition on the diffusion, Tg and free volume whilst
Sections 5.5 and 5.6 will investigate the affect of epoxy diluents.
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5.4 Solvated epoxy networks
5.4.1 Introduction
This section concerns epoxy samples which were prepared such that xylene is locked into the
network as described in Section 2.2.5. Solvents are added to epoxy resins in order to reduce
the viscosity of the epoxy pre-application/cure. This is because some application methods
such as spray coating would not be possible with high viscosities. The solvent evaporates
after application but it is expected that a fraction of solvent will remain in the coating. The
samples prepared here have different amounts of xylene incorporated to the network and are
studied with regards to diffusion, glass transition temperature and free volume.

5.4.2 Methanol diffusion
Diffusion cycle 1

 10w% xylene
 0w% xylene

M
t/M

Ötime (s1/2)

Figure 5.4.1: The ingression curves for epoxy resin samples consisting of DGEBF mixed
with different levels of xylene in weight percentage which were then cured with MXDA. Solid
and dashed lines represent the gradients used for the determination of ingression and egression
diffusion coefficients respectively. Error bars represent standard error of three samples.

Figure 5.4.1 shows the ingression curves for three epoxy samples with different amounts of
xylene incorporated. It can be seen that the ingression (solid circles) is rapid, reaching
ultimate ingression for all samples (containing xylene) in less than 700 s1/2 (5.6 days). This
rapid ingression rate could be due to the trapped xylene swelling the epoxy-amine network,
which exhibits plasticisation behaviour. This causes the glass transition temperature to
decrease significantly, that leads to improve polymer chain mobility, which in turn promotes
the diffusion of small molecules through the network. behaves as a plasticiser which reduces
the Tg causing increased polymer mobility.24,29 All xylene containing samples then show a
decrease in mass whilst the pure epoxy continued before plateauing.
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The mass loss did not visually appear to be due to physical degradation and was expected to
be due to loss of xylene after the ingression of methanol. To prove this, gas chromatography
was performed on samples of the fluid in which the epoxies were immersed.

Gas chromotography
In order to obtain useful information by means of gas chromatography, a series of reference
standards need to be measured. As such, four samples containing a mixture of methanol and
o-xylene with concentrations of 0.2, 0.5, 1 & 2 % with respect to xylene were prepared. Figure
5.4.2 shows the elution time for the different concentrations of the xylene isomer, o-xylene.
The sharp peak at approximately 6 minutes corresponds to methanol which accounts for at
least 98 % of each solution. The smaller peak at approximately 7.6 minutes correspond to
o-xylene.
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Figure 5.4.2: Retention times obtained using gas chromatography for four samples con-
taining differing concentrations of xylene with respect to methanol.

Comparison of unknown samples with reference standards
Two samples (S1 and S2) were taken from ingression jars which contained solvated epoxy
resins. The elution times obtained by gas chromotography are compared to the reference
standards are shown in Figure 5.4.3. A small peak in S1 and S2 corresponds to the o-xylene
peak shown in the reference measurement but there are also two peaks at shorter retention
times (≈ 6.1 and 6.5 minutes). A large peak corresponding to methanol was seen at 1.6
minutes again but is outside the chosen x scale. The peaks between 6 and 6.6 minutes are
assumed to be isomers of xylene (m and p xylene).
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Figure 5.4.3: Retention times of the methanol-xylene reference samples in comparison
to two samples taken from the ingression fluid of a solvated epoxy samples obtained by gas
chromatography. A large peak at 1.6 minutes is also seen which corresponds to methanol but
is outside the chosen x-scale.

To confirm that the two peaks to the left of the o-xylene peak are isomers, a solution of
cleaning grade xylene was measured which contains all three isomers of xylene. The retention
times for S1 and S2 are compared to the mixed xylene sample in Figure 5.4.4. It can be seen
that the peaks at shorter retention times occur in the reference samples and as such we
can suggest that isomers p, m & o-xylene are all present in the ingression fluid samples. In
general, o-xylene has the longest elution time, owing to its larger kinetic radius. p-xylene
is generally found to have the shortest elution time152–154. Based on this literature, Figure
5.4.4 is labelled to relate each peak to each of the isomers.
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Figure 5.4.4: Retention times of the three xylene isomers obtained by gas chromatography.
The labelling of isomers is estimated from literature values in which the majority of results
show retention times in this order i.e. m → p → o-xylene. The data labelled mixed xylene
isomers is a solution containing all three isomers which was used as a reference.
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Estimation of xylene concentration in unknown samples
The concentrations of xylene in the unknown samples can be estimated by comparing the
area underneath each retention peaks. Figure 5.4.5 shows the peak area against xylene
concentrations. A linear fit (red dashed lines) has been applied to the known xylene concen-
trations (black circles) and the unknown samples (open circle, red and blue triangles) have
been positioned on the fitted line with respect to their peak areas. The xylene concentration
is estimated as the corresponding point on the dashed red line. This was found to be 0.113
and 0.246 % for S1 and S2 respectively.
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Figure 5.4.5: The are of the retention peaks obtained by gas chromatography. A linear fit
(red dashed line) is applied to the samples with known concentrations (black circles). The
areas of the unknown samples (triangles) is then correlated to the linear fit to determine their
concentrations. The open circle data point is the mixed xylene isomers samples.

Following the detection of xylene, the samples were removed from methanol and egression is
monitored by mass measurements overtime.
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Egression curves

 10w% xylene

M
t/M

Ötime (s1/2)

Figure 5.4.6: The egression of methanol for epoxy samples comprising of DGEBF resin
and MXDA amine. Each sample has different weigh percentages of xylene incorporated to
the network. Dashed lines represent linear fits applied to short egression times (< 400 s1/2)
which are used to determine egression coefficients. A large drop is seen at ≈ 500s 1/2 which
is due to samples being placed in an oven at 80◦C to drive off xylene and methanol. Error
bars represent the standard error of three samples.

Figure 5.4.6 shows the egression curves for the three epoxy samples containing different
amounts of xylene. The samples were left in air for around 3 days (≈ 500 s1/2), before
being placed in an oven at 80◦C (large drop in Mt/M∞). This was done in order to remove
all methanol and any remaining xylene to prepare for new ingression studies. Linear fits
(dashed lines) are applied at short ingression times and are used to determine egression
diffusion coefficients.

Diffusion summary
Figure 5.4.7 shows the diffusion properties for each sample. The ultimate ingression is similar
for all three samples with the 20 w% sample marginally lower. The ingression rate for 40 and
10 w% are similar with 20 w% being considerably higher in both ingress and egression rates.
Whilst it is not understood why the 20 w% has a larger increase in ingression rate than
the other two xylene containing samples, the increase when comparing all solvated samples
to a neat epoxy (DGEBF) can be rationalised. The xylene locked into the epoxy network
has a Van der Waals volume of 122 A3. This inevitably causes the network to swell and
Tg decreases. This decrease causes the polymer chains to be more mobile which allows
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Figure 5.4.7: The diffusion properties for DGEBF epoxy samples cured with MXDA which
contain different amounts of xylene. Error bars show standard error of three samples.

the methanol to more easily ingress into the sample. As methanol ingresses, the xylene
simultaneously egresses and once the ultimate ingression of methanol is reached, mass losses
are seen as the remaining xylene diffuses out of the network. This is likely due to the epoxy
being plasticised further by the methanol, which increases molecular mobility. As methanol
diffuses into the network, xylene also diffuses out.

5.4.3 Diffusion - Tg relation
Relation to xylene content
Figure 5.4.8 shows the expected decrease in Tg with increasing xylene content in the epoxy
network. The Tg decreases in an exponential growth fashion as indicated by the blue dashed
line. Based on this fit, the Tg for the 10 w% sample is estimated as the experimental Tg was
not measured.
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Figure 5.4.8: The glass transition temperature for DGEBF-MXDA samples with different
amounts of xylene in weight percent. A dashed blue line represents an exponential grow fit
performed using Origin software. The data point highlighted by a red box is an estimated Tg

as per Section 5.4.3.
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Tg and diffusion
Figure 5.4.9 compares the Tg to the diffusion properties. The ingression rate is much lower
for the 0 w% xylene sample than any of the xylene containing epoxies. This difference is
emphasised by the need for a log scale. The 20 w% xylene sample shows the highest ingression
rate whilst 10 and 40 w% are similar. The ultimate ingression is similar for all samples except
the 20w% which is lower by ≈ 1.56 - 2.17 w%. It should be noted that the value for ultimate
ingression is estimated for the 0 w% sample based on the trend of ingression thus far (similar
to the estimate in Section 5.2.2. These results show no trend between xylene content and the
glass transition temperature. From these results we can conclude that any amount of xylene
incorporated into the epoxy network causes the rates ingression and egression to greatly
increases.
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Figure 5.4.9: Diffusion properties for samples of DGEBF-MXDA which contain different
amounts of xylene. Error bars represent the standard error of three samples.

5.4.4 Free volume and diffusion
Free volume relation to Xylene content
Figure 5.4.10 compares the xylene content with both free volume and fractional free volume
(FFV). Free volume and fractional free volume increase in an almost exponential fashion.
A study by Karbowski et al 155 shows positron lifetime measurements in benzene, which are
longer than the lifetime measurements made for DER354-MXDA samples presented in this
work. As xylene contains a benzene ring, it could be suggested that the lifetime measurements
will be affected by annihilation within xylene.
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Figure 5.4.10: The free volume (FV) and fractional free volume (FFV) for DGEBF-MXDA
networks containing different amounts of xylene in terms of weight percentage. Error bars
represents the standard error of three samples.
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Karbowski et al 155 presented oPs lifetimes from 17 sources, which was on average 2.75± 0.119
ns. Assuming that benzene has a similar oPs lifetime to that of xylene, we can estimate the
lifetime of a sample containing different weight percentages of xylene and epoxy. Figure
5.4.11 shows the measured and estimated lifetimes as a function of time. The estimated
values are shown to increase with xylene content whereas the actual values show an initial
increase to ≈ 1.8 ns and remains constant. To fully understand the effects of xylene, PALS
measurements are needed on xylene in future.
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Figure 5.4.11: The measured and estimated orthopositronium lifetimes for DER354-MXDA
epoxy samples which contain differing amounts of xylene.

Correlations
The relationship between free volume (FV) and fractional free volume (FFV) with diffusion
properties is shown in Figure 5.4.12. Boxes highlight the pure and solvated epoxy networks.
The ultimate uptake shows no correlation with FV or FFV with three of the four samples
showing similar ultimate uptake values of 13-14 w%. The rate of ingression increases greatly
with the addition of solvent and this is increase is also seen in free volume. It is interesting to
see that there is a large increase in free volume for the initial addition of xylene but further
addition does not correspond to increased free volume. In FFV a trend is seen but locally
within the solvated epoxy networks. The inset image highlights this with increasing FFV
corresponding to increased egression and ingression.
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Figure 5.4.12: The free volume (FV) and fractional free volume (FFV) compared to the
ultimate ingression, ingress and egress diffusion coefficients for epoxies containing xylene.
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5.4.5 Tg and free volume relation
Tg, FV and FFV
Figure 5.4.13 shows how FV and FFV vary with Tg for epoxy samples containing different
amounts of xylene. FV and FFV show a slight decrease with increased Tg where solvent is
involved but a huge difference is seen when solvent is removed.
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Figure 5.4.13: Free volume (FV) and fractional free volume (FFV) compared to relevant
Tg values. Blue and green boxes highlight epoxy samples containing solvent and pure epoxy
respectively.

Comparison of diffusion trends
Figure 5.4.14 compares the correlations of Tg and free volume with diffusion properties. The
Tg does not show any clear trend with any of the diffusion properties.
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Figure 5.4.14: The diffusive characteristics compared to free volume for DGEBF-MXDA
epoxy samples which contain different levels of xylene. Error bars represent the standard
error of three samples.
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Ingression cycle 2
After the solvated samples were dried in the oven, they were re-immersed into methanol
and mass measurements were made over time again. Figure 5.4.15 shows the ingression of
methanol thus far in terms of weight percentage. The second cycle (solid circles) exhibits a
slower ingression rate than the first cycle (open circles). This is probably due to the lack of
xylene swelling and plasticising the network. The rate of the standard neat epoxy sample
(0 w% xylene) is lower than all the solvated samples but it cannot be determined whether
this difference is due to the solvated samples being previously swollen or due to the curing
method. The neat sample was cured at the standard higher temperature of 160 ◦C whereas
the solvated samples were cured up to 135 ◦C. The reduced cure temperature could result in
a less cross-linked network increasing the amount of free volume.
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Figure 5.4.15: The methanol ingression curves for solvated epoxy samples comprising of
DGEBF resin, MXDA harderner and xylene solvent. The first ingression cycle (open circles)
exhibits a much quicker rate of ingression than the second cycle (solid circles). The second
cycle was carried out following oven drying of the samples. 0 w% xylene is shown by green
triangles and is shown to have the lowest rate of ingression. Error bars represent standard
errors of three samples.

5.4.6 Conclusions
Affects of solvation on diffusion
In comparison to the pure DGEBF-MXDA sample, the addition of xylene to the DGEBF-
MXDA epoxy network caused a large increase in the ingress diffusion coefficient (DING)
whilst the ultimate ingression was only reduced by 2 w% for a xylene concentration of 20
w%. The increased DING did not correlate to increasing xylene concentration and was slightly
random. All three xylene containing samples experienced a drop in mass at ≈ 750 s1/2

which was not visibly due to physical degradation. Gas chromatography was performed
on the methanol fluid (post ingression study) and three xylene isomers were found with a
concentration between 0.1 and 0.25 %. This confirms the loss in mass of the xylene samples
on ingression. The xylene is expected to have largely swollen the network due to its large
VdW volume of 122 A3 and in combination with lowering the Tg, this allows for enhanced
ingression capabilities The release of xylene cane be explained in terms of Fickian diffusion
in that the concentration gradient between the xylene and methanol causes xylene to move
from a region of high to relatively low concentration.

137



After ingression studies, the xylene containing samples were place in the air for 3 days before
being placed in an oven at 80 ◦C to remove remaining xylene and methanol. The mass losses
in the initial 3 days were used to determine the diffusion coefficient of egression (DEGR). The
DEGR was shown to be lowest for a xylene content of 10 w% with a DEGR value of 0.0179 ×
10 cm2 s−1. The DEGR then increased to 0.04098 × 10 cm2s−1 for the 20 w% sample before
decreasing to 0.03212 × 10 cm2s−1 in the 40 w% sample.
A second ingression cycle has begun and so far the ingression curves of the solvated samples
are more similar to that of neat epoxy. The rate of ingression appear marginally higher than
that of pure epoxy but it is not understood whether this is due to a lower cure temperature,
the swelling of the network or a combination of the two.

The glass transition temperature
The glass transition temperature (Tg) was seen to decrease in an almost exponential fashion.
The addition of xylene causes the Tg to drop from 110 ◦C in pure epoxy to ≈ 70 ◦C for a
solvation of 40 w%. Decreasing Tg due to solvation has been shown in other studies99,156 and
could be attributed to plasticisation which weakens dipole-dipole interactions. A decrease in
Tg related somewhat to increased ingression properties (DING, DEGR and ultimate ingres-
sion). As Tg decreased, diffusion increased in an exponential fashion with increased xylene
content. However, the 20 w% samples exhibited the highest rate of diffusion in both ingress
and egress studies whilst showing the lowest ultimate ingression.

Free volume measurements
The free volume and fractional free volume (FFV)were measured the solvated epoxies using
positron annihilation lifetime spectroscopy (PALS). Both free volume and FFV increased in
an almost exponential fashion with increased xylene content. When free volume increased
from ≈ 60 A3 (pure epoxy) to between 75 and 80 A3 (solvated epoxy), the diffusion of
methanol was enhanced. A similar trend was observed in the FFV. It is interesting to see
that the addition of 10 w% xylene greatly increases the free volume but further increases do
not. The same observation is noted for FFV when looking at the overall data but focusing
on the solvated samples did reveal that increasing rates of diffusion did correspond to small
increases in FFV. This could suggest that the increased solvation produces a larger number
of voids whilst the average size remains similar. However, the FFV was only seen to increase
from ≈ 14.2 to 14.7 and is potentially a coincidental trend. The free volume increased in an
exponential fashion with reducing Tg.

A comparison of trends between free volume and Tg

The ultimate ingression lacked any real trends with either Tg, free volume or fractional free
volume (FFV). The diffusion coefficient of ingression (DING) increased when a decrease in
Tg occurred but this was not in a correlative manner. The free volume and fractional free
volume did show a trend with DING in that an increase in free volume correlated well with
increased DING. Only egression of solvated samples was compared to Tg, free volume and
FFV due to the pure epoxy not undergoing egression studies at this time. For the solvated
samples, egression did not correlate to Tg or free volume but did show a strong positive
correlation with FFV.
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5.4.7 Closing remarks
This section presented diffusion, Tg and free volume measurements for xylene solvated epoxy
networks. The results were compared to one another and trends observed. Ultimately it was
seen that the addition of solvent enhanced the capabilities of methanol ingression with Tg and
free volume results correlating to this enhancement. The results for the 20 w% xylene were
seen to be strange in that the diffusion characteristics differed considerably when compared
to a higher and lower xylene content. The FFV was shown to correlate strongly with the
ingression rate of methanol whilst no trend was apparent for Tg. It should be noted that
due to xylene egression during the ingress of methanol, this method of diffusion analysis
is not adequate and membrane permeation studies would be preferable. These results are
useful to the field of protective coatings as many applications incorporate solvents into epoxy
networks in order to reduce the viscosity of coating application methods. Where the addition
of solvents are not possible (due to coating end use), diluent epoxies can be incorporated. As
such, the next two sections discuss the affects of diluent epoxies on the diffusive properties
of the produced network.

5.5 Unifunctional diluent epoxy incorporation
5.5.1 Introduction
This section presents methanol ingression and free volume results for epoxy samples com-
prising of DGEBF epoxy cured with MXDA amine. Each sample has a unifunctional epoxy
content in terms of EEW% as described in Section 2.2.4. The unifunctional epoxy used in
this work is phenyl glycidyl ether (PGE). The chemical structure is shown in Figure 5.5.1.
Due to its functionality, the number of chain ends should increase and in theory this should
increase the free volume of the network8.

O

O

PGE

OO

O O

DGEBF

NH2H2N
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Figure 5.5.1: The chemical structures of the diglycydyl ether of bisphenol F (DGEBF),
phenyl glycidyl ether (PGE) and m-xylenediamine (MXDA).
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5.5.2 Methanol diffusion
5.5.3 Diffusion cycle 1
Figure 5.5.2 shows the ingression curves for epoxy samples comprising of DGBEF resins cured
with MXDA and contain different amounts of the unifunctional epoxy PGE with respect to
epoxide equivalent weight percentage (EEW%). This is denoted by the legend on the graph.
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Figure 5.5.2: The ingression of methanol in epoxies comprising of DGEBF resin cured with
MXDA which contain differing levels of the unifunctional epoxy PGE. The amount of PGE is
with respect to the epoxide equivalent weight percentage as compared to DGEBF. Connected
lines are shown as a guide for the reader. Error bars represent the standard error of three
samples but are barely visible due to the size of the date point.

When PGE is introduced to the epoxy network, the ability to prevent the ingression of
methanol is greatly reduced as shown by the PGE 25 : 75 DGEBF sample. Increasing the
PGE EEW contribution to 50 % causes the rate of ingression to increase further, to the point
that the data before reaching the ultimate ingression was missed and so from the point of 1
day (≈ 300 s1/2) it can not be determined if this is a point at which mass is increasing or
decreasing. After 500 s 1/2 it can be said that the mass begins to drop which is normally
a sign of physical degradation. However, none of the three samples of PGE 50:50 DGEBF
showed any visual degradation. It could be postulated that the incorporation of PGE into
the epoxy network causes the formation of oligomers to occur similar to those depicted in
Figure 5.5.3. These oligomers add to the sol-fraction in the network and would be extracted
during the ingression of methanol.
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Figure 5.5.3: Two examples of possible oligomer formation during the reaction between
phenyl glycidyl ether (PGE), Diglycidyl ether of bisphenol F (DGEBF) and m-xylenediamine
(MXDA). As PGE is unifunctional, it can cause small terminated epoxies to form. An
increase in PGE into the network results in a higher number of oligomers. Small arrows
represent the direction of functional reactions and the large arrows point to the resulting
molecule.
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Diffusion cycle 1
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Figure 5.5.4: The first ingression (solid circles) and egression (hollow triangles) curves for
DGEBF-MXDA samples with different PGE content levels. The solid and dashed lines show
the linear regions used to determine ingression and egression diffusion coefficients respectively.
Error bars represent standard error calculated for three samples. The hollow stars represent
the estimated ingression at

√
time values below 500 s1/2. The initial ingression occurred

within 1 day. Mt/M∞ represents the mass over time with respect to the mass at ultimate
uptake.

The ingression curves in terms of Mt/M∞ are shown in Figure 5.5.4 for the first methanol
diffusion cycle for the DGEBF-MXDA epoxies containing different amounts of PGE. In black,
the ingression curve of the DGEBF sample is shown based on the estimation of the ultimate
uptake (similar to Figure 5.2.4 Section 5.2.2). Linear fits are applied at short diffusion times
for both ingression (solid lines) and egression (dashed lines). However, as DGEBF did not
reach its ultimate methanol ingression within the time constraints of this thesis, egression
studies were not possible. From the linear fits, diffusion coefficients can be determined using
the Shen and Springer model outlined in Section 1.3.5.
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Diffusion summary
Figure 5.5.5 summarises the diffusion properties from diffusion cycles 1 and 2 (where possible).
Cycle 2 begins immediately after a stable mass has been reached in cycle 1 at which point the
samples are removed from methanol, weighed and placed into a clean empty glass staining
jar in an upright position and masses were monitored over time.
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Figure 5.5.5: The ultimate methanol ingression and diffusion coefficients for DGEBF-
MXDA epoxy samples with different PGE EEW% content. Diffusion cycles 1 (solid) and
cycle 2 (shaded) are shown. Cycle 1 involves samples being immersed in methanol until
the ultimate uptake is reached. Following this, samples are removed and left in air at room
temperature until mass decreases to a stable level. Cycle 2 follows cycle 1 and is an identical
repeat. Error bars represent the calculated standard error of three samples.

The diffusion coefficients for ingression and egression were determined using Shen and Springer’s76

simplified model of diffusion as described in Section 1.3.5. Ultimate ingression increased with
increasing amounts of PGE from 13.2 to 28.9 w%. The ingression rate described by the in-
gression diffusion coefficient (DING) greatly increased from 0.0196 to 0.361 × cm2 s−1 when
25 EEW% was added to the epoxy network. A further increase was seen when increasing
the PGE EEW% from 25 to 50. The drastic increase is emphasised by the use of a log scale
in order to clearly see the pure epoxy’s ingression rate. The rate of ingression was seen to
increase between cycles 1 and 2 for both PGE containing samples with a greater increase
in the 50 EEW% sample. The ultimate ingression saw a decrease in both PGE containing
samples but in contrast to ingression rate, the difference was larger in the 25 EEW% that in
50 EEW%.
The ingression cycles 1 and 2 are shown in Figure 5.5.6 for the PGE50:50DGEBF sample. In
the second cycle, mass measurements were made frequently within the first day of ingression
(< 300 s1/2). A similar maximum ingression was reached in both cycles but based on the
mass measurements of cycle two it is likely that the rate of ingression in cycle 1 is an under-
estimate. Both exhibit a decrease in mass beyond 500 s1/2 but at different rates. The second
cycle loses mass at a much slower rate than cycle 1. As with cycle 1, cycle 2 showed no
obvious signs of physical degradation. This mass loss could still be due to oligomers within
the network which remained after the first egression. The change in rate of mass loss maybe
due to a reduction of oligomers locked in the network.
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Figure 5.5.6: The methanol ingeression curve for cycles 1 and 2 for the epoxy sample
comprising of DGEBF and PGE resin in a 50:50 ratio in terms of EEW% which were cured
with the amine harderener MXDA. Both cycles exhibit a mass loss at similar times which
usually implies physical degradation. This was not clearly the case and could be due to the
extraction of oligomers during methanol ingression. Error bars represent the standard error
of three samples.

5.5.4 Diffusion - Glass transition temperature relation
Relation to PGE content
Figure 5.5.7 shows the change in Tg with increasing EEW% of PGE into the epoxy network.
Tg is seen decreases significantly with increasing EEW PGE in a strong linear fashion (R2 >
0.9).
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Figure 5.5.7: The glass transition temperature with increasing PGE EEW% in samples
DGEBF-MXDA epoxy samples. A linear fit (dashed line) shows a meaningful correlation
(R2 > 0.9) between PGE content and Tg. Standard errors are included based on 2 sample
measurements but error bars are smaller than the data point size.

Figure 5.5.8 shows that as Tg increases, the resistance to methanol ingression also increases
i.e. ultimate uptake and diffusion coefficients decrease. This is an expected observation as
when the sol-fraction is extracted, stresses occur throughout the network which is compen-
sated by the addition of solvent.
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Tg and diffusion
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Figure 5.5.8: The ultimate methanol ingression and diffusion coefficients in relation to
Tg for each DGEBF-MXDA epoxy with different PGE EEW% content. The PGE EEW%
content is noted above each set of results. Diffusion cycles 1 (solid) and cycle 2 (shaded) are
shown. Cycle 1 involves samples being immersed in methanol until the ultimate uptake is
reached. Following this, samples are removed and left in air at room temperature until mass
decreases to a stable level. Cycle 2 follows cycle 1 and is an identical repeat. Error bars
represent the calculated standard error of three samples.

5.5.5 Free volume and diffusion
The ultimate goal is to determine whether trends between free volume measurements obtained
using PALS and diffusion are present. As such, this section presents FV and fractional free
volume (FFV) results and compares them to diffusion.

Correlations
Figure 5.5.9 shows the relationship between ultimate ingression (UT) and the diffusion co-
efficient for ingression and egression (DING and DEGR). As FV and FFV increases, each
diffusion property is seen to increase in a linear fashion as shown by dashed lines which
represent linear fits. R2 values are shown to indicate the goodness of fit but this value could
be misleading due to few data points but is a good indicator of the general trend. From
these results, we can suggest that where diffusion becomes favourable, free volume is shown
to increases. For these PGE containing systems, this could be explained by the increased
number of dangling chain ends.

145



60 61 62 63 64 65 66 67
12

14

16

18

20

22

24

26

28

30

32

U
lti

m
at

e 
in

gr
es

si
on

 (w
%

)

FV (A3)

0.0

0.5

1.0

1.5

2.0

D
IN

G
 (c

m
2  s

-1
 10

-6
)

R2 = 0.94

R2 = 1.00

0.5

0.6

0.7

0.8

0.9

1.0

1.1

D
EG

R
 (c

m
2  s

-1
 10

-6
)

(a)

10.5 11.0 11.5 12.0 12.5
12

14

16

18

20

22

24

26

28

30

32

U
lti

m
at

e 
in

gr
es

si
on

 (w
%

)

FFV (arb.)

R2 = 0.96
R2 = 0.80

0.0

0.5

1.0

1.5

2.0

D
IN

G
 (c

m
2  s

-1
 10

-6
)

0.5

0.6

0.7

0.8

0.9

1.0

1.1

D
EG

R
 (c

m
2  s

-1
 10

-6
)

(b)

Figure 5.5.9: (a) Free volume (FV) and (b) fractional free volume (FFV) in relation to
diffusion properies of DGEBF-MXDA epoxy samples with different levels of PGE EEW% con-
tent. Shown is the ultimate ingression and diffusion coefficients (ingression and egression).
Standard errors are shown by error bars. Linear fits show the trend of FV and diffusion
properties.

5.5.6 Glass transition temperature and free volume relation
Tg, FV and FFV
The relationship between free volume properties (FV and FFV) and Tg are shown in Figure
5.5.10. Both FV and FFV show a downward linear correlation to Tg. The correlation
goodness is shown by high R2 (above 0.9) values for the respective fits as indicated by
colour. This is not unexpected as literature has previously shown free volume and Tg to be
related.157 An increase in Tg suggests that the the mechanical properties are improved. In
epoxy networks, this is normally due to increased cross-link density which should also relate
to a reduction in free volume.
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Figure 5.5.10: Free volume (FV) and fractional free volume (FFV) in relation to glass
transition temperature (Tg). A linear fit is shown which indicates a good correlation between
FV, FFV and Tg (R2 > 0.9). Standard errors are represented by error bars where larger than
the data point size.
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5.5.6.1 Comparison of diffusion trends
To compare which property (Tg or FV) correlates to diffusion more strongly, each diffusion
property has been plotted against each as shown in Figure 5.5.11. The ultimate ingression
and DING both show similarly strong correlations to FV and Tg. This is depicted by the R2

values.
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Figure 5.5.11: A comparison of diffusion trends for glass transition temperatrue (Tg) and
free volume (FV). Diffusion trends are shown for (a) The ultimate ingression and diffusion
coefficients of (b) ingression and (c) egression coefficient. Standard errors are shown using
error bars. Linear fits are applied to compare trends in terms of R2 values.

5.5.7 Conclusions
Addition of PGE
The addition of PGE to the DGEBF-MXDA epoxy network caused diffusion to be accelerated
and enhanced. With increased amounts of PGE, the ultimate uptake and diffusion coefficients
(DING and DEGR) increased in an almost exponential fashion. Increasing the PGE content to
50 EEW% saw the mass begin to decrease. This was not visually clear to be due to physical
degradation and is postulated to be due to oligomer formation and subsequent extraction
of the sol. After a stable mass was achieved, samples were removed from methanol and
dried in an air environment and egression studies began. Egression had similar trends to
that of ingression in that an increase in PGE content resulted in increasing egression rates.
Once the egression mass stabilised, PGE containing samples were re-immersed in methanol
for a second cycle of ingression studies. The same trend was seen in terms of increasing
PGE content resulted in an increase in DING and ultimate ingression. The second ingression
cycle yielded a lower ultimate ingression but higher DING than the first cycle. The second
ingression cycle also saw a loss in mass for the 50 EEW% PGE sample but the mass loss
occurred at a slower rate. This loss could still be attributed to sol extraction with the decrease
in rate of loss being due to less sol in in the network following the first ingression cycle.
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The glass transition temperature
The glass transition temperature (Tg) decreased in a linear fashion with increased PGE
content. This could be expected as the formation of cross-links is limited due to PGE creating
points of termination throughout the networks. As Tg decreases, the diffusion properties are
seen to increase substantially.

Free volume measurements
Diffusion properties increased in a linear fashion with free volume and fractional free volume
(FFV). The relation between ultimate ingression and free volume was considered a perfect
correlation based on an R2 = 1.00. The relation between free volume and DING was shown
to be a good correlation (R2 >0.9). The egression coefficient also increased with increasing
free volume but as only two of the samples underwent egression, a linear fit was not applied.
The relationship between FFV and diffusion was similar to that of free volume except with
DING shown to correlate better than ultimate ingression (R2 = 0.96 and 0.8 respectively.)

A comparison of the Tg and free volume
The Tg decreased linearly in a near perfect manner (R2 > 0.99) with increasing ultimate
ingression whilst free volume increased linearly with an R2 value of 1. The same trends were
seen when Tg and free volume were compared with DING except the R2 values were slightly
lower (R2 = 0.94 in both cases). Similar trends were seen when compared to DEGR but fitting
was not performed due to lack of data. These results suggest that in this case, free volume
and glass transition temperature are affected in the same manner.

5.5.8 Closing remarks
This study showed how the incorporation of the unifucnctional epoxy PGE influences the
diffusive nature of methanol in the polymer network. The diffusion results showed that PGE
greatly disrupts the network and enhances the diffusive nature of methanol. The Tg and free
volume were seen to strongly correlate to diffusion with an increased ingression corresponding
to an increase in free volume whilst Tg decreased. PGE was incorporated into the network
as epoxy diluents are used in industry to decrease viscosities as an alternative to solvents.
In actuality, the levels of PGE used in this study are probably much higher than those used
in real world scenarios. Here, the PGE content was increased in an attempt to induce free
volume by increasing dangling chain ends8. The next study is based around another epoxy
diluent but is bi-functional and linearly chained.

5.6 Linear chain epoxy incorporation
5.6.1 Introduction
This section concerns an ingression study of methanol in epoxy resins with the incorporation
of a bi-functional linear chained epoxy. The epoxy samples comprise of DGEBF and MXDA
with different amounts of butanediol diglycidyl ether (BDDGE). The amount of BDDGE
incorporation is in EEW % and amounts studies were 0, 25, 50 and 100% where 100 % is an
epoxy made purely of MXDA and BDDGE. Diffusion properties are presented and related
to the glass transition temperature and the free volume properties of the material.
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Figure 5.6.1: The chemical structures of the materials used in this section. Diglycidyl ether
of bisphenol F (DGEBF), Butanediol glycydyl ether (BDDGE) and myxlenediame (MXDA)
are shown.

5.6.2 Methanol diffusion
5.6.2.1 Diffusion cycle 1
Figure 5.6.2 shows the ingression curve for epoxy samples comprising of DGEBF resin cured
with MXDA amine. Each sample contains different levels of BDDGE in terms of epoxide
equivalent weight percentage (EEW%) relative to DGEBF EEW%. This is represented as a
ratio of between BDDGE and DGEBF i.e BDDGE 1:1 DGEBF corresponds to 50 EEW% of
each epoxy resin.
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Figure 5.6.2: The ingression of methanol into epoxy resins comprising of DGEBF-MXDA
and different amounts of BDDGE in terms of EEW%. Connected lines are shown as a guide
for the reader. Error bars represent the standard error of three samples but a barely visible
due to the data point size.
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Samples made purely with DGEBF (black circles) exhibit the lowest rate of ingression of
methanol in comparison to DGEBF-BDDGE mixtures. As the amount of BDDGE in the
network increases, the maximum ingression also increases. The rate of ingression in the
pure BDDGE sample occured in less than a day so the exact time to reach this maximum
ingression is not accurate.

Diffusion properties
The weight percent of solvent ingression over time is a good representation of diffusion prop-
erties but it is common to determine coefficients of diffusion in terms of ingression and
egression.106 This can be determined by plotting Mt/M∞ against the square root of time.
A linear fit can be applied at short ingression times and used as per the Shen and Springer
equation (shown in Section 1.3.5) to determine the coefficients of diffusion. The new ingres-
sion curves are shown in Figure 5.6.3 including the egression of BDDGE containing epoxy
samples.
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Figure 5.6.3: The ingression curves for the first cycle of methanol diffusion. Ingression
(solid circles) and egression (hollow triangles) is shown for different amounts of BDDGE
content in terms of epoxide equivalent weight percentage. Linear fits are shown which are
used to determine the ingression (solid lines) and egression (dashed lines) coefficients. Hollow
stars represent estimated values during regions in which ingression was too rapid to record.
As previously mentioned, the DGEBF ingression curve was produced based on an estimation
for the ultimate value of methanol ingression. Standard errors are shown using error bars
and are determined based on three individual sample measurements.

Diffusion summary
Figure 5.6.4 presents the diffusion properties obtained from the methanol ingression curves
for cycles 1 and 2 (where possible). Ultimate uptake is seen to decrease (VALUE RANGE)
between cycles 1 and 2 for each sample. DING is seen to increase between each cycle with
differences between cycles increasing with increased BDDGE content.
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Egression is seen to decrease with decreasing BDDGE content. A second egression cycle
was not possible for the BDDGE sample due to sample degradation. Diffusion properties
are presented on a logarithmic scale due to significant differences between DGEBF and the
BDDGE containing networks. Egression properties are not present for the DGEBF sample
as the sample is still yet to reach ultimate ingression.
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Figure 5.6.4: The diffusion results for DGEBF-MXDA based resins with differing levels of
BDDGE EEW% content. Solid and shaded bars signify diffusion cycles 1 and 2 respectively.
Standard error is represented by error bars which were calulcated based on the measurements
of three sample (except BDDGE which was 2 samples due to degradation of the sample.)

5.6.3 Diffusion - glass transition temperature relation
Relation to BDDGE content
Figure 5.6.5 shows the relationship between glass transition temperature and BDDGE EEW%
content. The Tg decreases in a strong linear fashion and in a highly correlative manner (R2 >
0.9). This trend is somewhat expected due to the linear nature of the structure of BDDGE.
This causes BDDGE to be a flexible material. Whilst the DGEBF benzene rings add strength
to the network, BDDGE causes a reduction.

0 10 20 30 40 50 60 70 80 90 100 110

10
20
30
40
50
60
70
80
90

100
110
120

T g
 (°

C
)

BDDGE Content (EEW%)

R2 = 0.9996

Figure 5.6.5: The glass transition temperature for DGEBF-MXDA epoxy resins containing
different amounts of BDDGE in terms of epoxide equivilent weight (EEW) percentage. A
linear fits is shown along with R2 values. Standard error bars represent standard errors based
on three sample measurements.
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Tg and diffusion
Figure 5.6.7 shows diffusion properties as a function of Tg. As Tg increases, the ultimate
uptake and diffusion coefficients are seen to decrease. The worst performing sample in terms
of preventing egression is the pure BDDGE sample. This can likely be attributed to having
a Tg of 13.73 ◦C which means at room temperature the materials behaviour is rubber(i.e.
above Tg). This means that swelling is more favourable and therefore more solvent can
ingress and at a higher rate. A logarithmic scale emphasis the huge differences in the rate
of ingression between samples. It is expected that the sample produced purely with DGEBF
would also see a similar trend in terms of egression. The DGEBF sample has a higher Tg

than BDDGE due to the phenolic rings contained in DGEBF. These rings contained in the
polymer’s backbone increase steric hindrance. As the amount of BDDGE is increased, the
resulting network comprises of less phenolic epoxy causing the chain stiffness to decrease and
therefore diffusion is more favourable.
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Figure 5.6.6: Diffusion properties of BDDGE containg DGEBF-MXDA resins (as labelled).
Diffusion cycles 1 and 2 are signified by solid and shaded bars respectively. Standard errors
are shown using error bars which are caluclated from from individual sample measurements
(2 samples for BDDGE due to degradation.)

5.6.4 Free volume and diffusion
Correlations
Figure 5.6.7 shows how free volume and fractional free volume compare with diffusion. Ulti-
mate uptake (UT), DING and DEGR are seen to increase overall with FV. However, at FV of
≈ 58 A3, significant differences in all diffusion properties are seen. A large FV does coincide
with the largest change in diffusive properties. An exponential decay has been fitted reason-
ably well but without sufficient data, this relationship cannot be confirmed to be reliable.
FFV shows a similar trend but in an opposing manner. As FFV increases, diffusion appears
to be hindered. This implies that the total amount of free volume decreases but the size of
the voids on average (i.e FV) have a larger effect on diffusion. An exponential decay has
been fitted reasonably well but again, the lack of data means this relationship cannot be
confirmed to be reliable.
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Figure 5.6.7: Diffusion properties of for samples of DGEBF-MXDA containing different
amounts of BDDGE EEW % in relation to (a) free volume (FV) and (b) fractional free
volume (FFV). Dashed lines represent exponential/linear fits. Standard errors are shown
using error bars and are a result of three individual sample measures (except BDDGE which
has two due to degradation.)

5.6.5 Tg and free volume relation
Tg, FV and FFV
Figure 5.6.8 shows how free volume and fractional free volume relate to Tg. There is no
trend present between FV and Tg although a linear fit is shown which is poorly fitted. The
FFV does shows a reasonable relationship with Tg in that it increases with increased Tg.
However, this relationship is counter intuitive. As FFV is a measure of the total free volume
of a material, it would be expected to decrease with increased with Tg. The high FV at
the lowest Tg can be explained by mobility of the network. The Tg of this polymer was
around 12 ◦C and therefore at room temperature, polymer chains are mobile. This mobility
in conjunction with an increased amount of linear chains is expected to induce free volume. It
is possible that FV exhibits a significant decrease in FV but the data for the region between
20 and 60 ◦C was not collected.
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Figure 5.6.8: Free volume (FV) and fractional free volume (FFV) in comparison to the
glass transition temperature (Tg). Dashed lines represent linear fits produced in origin soft-
ware with their respective R2 values. Error bars represent standard error based on the average
of three samples.

Comparison of trends
Figure 5.6.9 shows how Tg and FV relate to each of the diffusive properties measures. As
Tg decreases, each diffusive property is seen to increase in a reasonably linear fashion. FV
is only seen to change when a large change in diffusion occurs. The trends in egression only
show three data points due to one sample not undergoing egression measurements.
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Figure 5.6.9: The diffusive characteristics compared to free volume for DGEBF-MXDA
epoxy samples which contain different amount of the linear chained epoxy BDDGE. Dashed
lines represent linear fits with R2 values shown. Error bars represent the standard error of
three samples.
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5.6.6 Conclusions
This section presented the results of diffusion of methanol in epoxies comprising of DGEBF-
MXDA and differing levels of the bi-functional linear chained epoxy butanediol dyglycidyl
ether (BDDGE) in terms of EEW%. The ultimate uptake, DING and DEGR were determined
and compared to the BDDGE content and the respective glass transition temperature. The
free volume (FV) and fractional free volume (FFV) were also compared to diffusion. It was
shown that Tg had a reasonable linear relation with each property in that an increase in Tg

resulted in a decrease in diffusion. FV did not show a strong relation to diffusion and when
significant changes to diffusion were measured, this change was not reciprocated by the free
volume. Only for the highest levels of diffusion did FV increase.

5.6.7 Closing remarks
This section in addition to Section 5.5, concerned diffusion, Tg and free volume measurements
made for epoxy diluents which are used to lower the viscosity for coating application meth-
ods. Effectively, epoxy blends were prepared in both studies involving PGE and BDDGE.
The next section also involves epoxy blends but ones which are considered in model epoxy
networks106,158

5.7 DGEBF and A epoxy blends
5.7.1 Introduction
The section concerns diffusion and free volume measurements of several epoxy blend samples.
These samples comprise of diglycidylether of bisphenol F and A (DGEBF and DGEBA) which
were cured with m-xylyldiamine (MXDA). The amount of DGEBF was increased in terms
of epoxide equivalent weight percentage (EEW%). These two resins show very different free
volumes which correlate somewhat to their diffusive properties. As such, this study measures
free volume and diffusion of blends of DGEBF and DGEBA.

DGEBF

OO

O O

OO

O ODGEBA

NH2H2N

MXDA

Figure 5.7.1: The chemical structures of the epoxy resins diglycidyly ether of bisphenol
F and B (DGEBF and DGEBA) along with the amine harderner m-xylydiamine (MXDA)
which is used as a curing agent.
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5.7.2 Methanol diffusion
5.7.3 Ingression Cycle
Figure 5.7.2, shows the ingression of methanol in weight percentage over time for a num-
ber of epoxy blend samples. Each sample consists of DGEBF and DGEBA resins cured with
MXDA with differing epoxide equivalent weight percentage (EEW%). The samples in shades
of red represent ratios which are weighted more towards DGEBA wheras blue shaded data
concerns epoxy blends weighted towards DGEBF. As it is difficult to assess the data as a
whole, subfigures have been included.

Figure 5.7.2 (b) compares the ingression curves of DGEBF and DGEBA in addition to a 50
EEW% mixture. DGEBF exhibits the lowest rate of uptake. It is interesting that the 50
EEW% mixtures shows an even higher rate of ingression as well as a higher ultimate uptake
of methanol.

Figure 5.7.2 (c) shows the variation of ingression for blends which move away from the mix-
ture which is evenly split between DGEBF and A. With the addition of DGEBA to DGEBF,
the ingression of methanol increases in terms of rate. However this does not occur in a pre-
dictable manner. This is shown by a reduction in DGEBF showing an increase in the rate
of ingression initially with the 90 EEW% sample but this trend does not continue. An 80
EEW% contribution of DGEBF results in higher ingression rates than a 50 EEW % exhibits.

Figure 5.7.2 d shows the variation in ingression for epoxy blends which are weighted towards
DGEBA (<50EEW %). Adding 10 EEW% of DGEBF results in a significant reduction in
rate of ingression and is expected to also result in a reduced ultimate ingression based on
the nature of the curve. Increasing to 20 EEW% results in an increase in ingresison rates as
does increasing further to 30 and 50 EEW%. As with the results shown in Figure 5.7.2 (a)
there is no apparent trend in terms of increasing DGEBF content.
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Figure 5.7.2: (a) The ingression of methanol in weight percentage over time for a number
of epoxy blend samples. Each sample consists of DGEBF and DGEBA resins cured with
MXDA. The blends were formulated in terms of DGEBF epoxide equivalent weight percentage
(EEW%) i.e. 10 EEW % refers to a sample which consists of 10 EEW% DGEBF and 90
EEW% DGEBFA. The formulation also kept the ratio of epoxide to amine hydrogen at 1:1.
(b) The comparison between pure DGEBF, pure DGEBA and a 50 EEW% blend of each (c)
Ingression curves for samples increasing from 50 EEW% to a pure DGEBF (d) Ingression
curves for samples decreasing from 50 EEW % to pure DGEBA. Error bars for all figures
represent the standard error of three samples. Connected lines are included as a guide for the
reader.
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Ingression cycle
For this study, the Shen and Springer method is utilised in order to determine diffusion
coefficients (see Section 1.3.5 for details). The Ingression curves in terms of Mt/M∞ against√
time time for the epoxy blends are shown in Figure 5.7.3. Three of the epoxy blends did

not reach their ultimate ingression (10, 90 and DGEBF samples), these were estimated in a
similar manner to that shown in Section 5.2.2.

 80 EEW%
 90 EEW%
 DGEBF

M
t/M

Ötime (s1/2)

Figure 5.7.3: Methanol ingression curves for several epoxy samples. Each sample is a
mixture of DGEBF and DGEBA resins cured with MXDA. The samples were prepared based
on epoxide equivalent weight percentages (EEW%) and are labelled as such. Linear fits were
applied at short ingression times (<1000 s1/2). Standard error is shown using error bars.

Figure 5.7.3 shows methanol ingression curves for several blends of DGEBF and DGEBA
resins. Each sample is labelled with respect to it’s DGEBF epoxide equivalent weight per-
centage (EEW %). Each sample was immersed in methanol and its mass recorded over time
until a the mass became constant. In the cases where a constant mass has not been reached,
the final data points have been estimated (10, 90 and DGEBF samples). From this graph,
the diffusion coefficients for ingression and egression (DING and DEGR) can be determined..
For this study, DEGR will not be included as masses are still decreasing. Instead egression
rate will be presented in w% s−1.

Diffusion summary
Figure 5.7.4 shows the results for ultimate uptake, DING and the egression rate for each
epoxy resin blend. Blue boxes are included to clearly separate each set of data. The ultimate
uptake and DING are higher in DGEBA than DGEBF. As such it might be expected diffusion
properties for blended epoxy samples would lie somewhere between the values for the two
pure epoxies. In actuality, this was not the case.
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Decreasing the DGEBF content to 90 EEW%, ultimate uptake was unaffected. Decreasing
DGEBF content further to 80 EEW% did see the ultimate ingression increase by 4.5 w%.
Decreasing further from 80 to 20 EEW % resulted in a marginal decrease in ultimate uptake
(≈ 1.2 w %) . Strangely, dropping to just 10 EEW% saw a large decrease in ultimate
ingression, to a level even lower than that of pure DGEBF. Increasing the DGEBF content
from 0 to 30 EEW % sees the ingression rate gradually increase from 0.034 to 0.075 × 10−6

cm2 s−1. An increase to 50 EEW% sees a marginally decrease before increasing to 0.11 ×
10−6 cm2 s−1 for a DGEBF content of 70 and 80 EEW%. A significant decrease in ingression
rate is seen for 90 EEW% DGEBF content before further decreasing to 0.02 × 10−6 cm2 s−1

in the pure DGEBF epoxy sample. A similar trend is seen for the rate of egression (red)
although egression data is not available for the pure epoxy samples at present.
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Figure 5.7.4: The diffusion properties for epoxy blends determined by methanol ingress
and egress studies. Results for the ultimate ingression (green), the diffusion coefficient of
ingression (yellow) and the egress rate (red). Each sample consists of a mixture of DGEBA
and DGEBF resins cured with MXDA amine. Each mixture is formulated based on the
epoxide equivalent weight percentage (EEW%) where an EEW% of 50 means the number of
epoxide groups between DGEBA and DGEBF are equal to one another. The ultimate uptake
in samples 10, 90 EEW% and DGEBF were estimated in order to calculate DING. Error
bars represent the standard error of three measurements. Blue boxes are intended to segregate
each sample for easier reading.

During the production method (full details in Section 2.2.4), samples are heated and thor-
oughly mixed together. This was done in order to incorporate the high viscosity DGEBA
with the DGEBF resin. The samples are then left to cool before adding amine (MXDA here)
as a higher temperature would increase the rate of reaction. During this cooling process a
level of phase separation between the two epoxies might have occurred. Separation of the
epoxy resins would form a cross-linked network on reaction with amine which would have
regions of differing chemistries i.e. DGEBF-MXDA connected to regions of DGEBA-MXDA.
Where these regions combine could be large interfaces which could explain why the poorest
performance, in terms of preventing the ingression of methanol, occurs near the midpoint of
blends as this would see the greatest differential in networks.
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Change in ingression rate
Some samples exhibit a change in ingression rate before plateuing as shown in Figure 5.7.5
which is the ingression curve for DGEBA. A linear fit is shown by a solid line for root times
below 1000 whilst the dashed line represents the linear fit beyond this time. This sort of
behaviour is most like sigmoidal diffusion63. The inset of Figure 5.7.5 shows the log( Mt

M∞
)

against log(time) and the slope of the linear fit. With the n value = 0.57 and the shape
of the general ingression profile suggests that this is sigmoidal behaviour141. Most samples
showed a change in the ingression rate as seen in Figure 5.7.6. It can be expected that the
rate of change decreases as the ultimate ingression is approached but an increase is more
unexpected. The pure DGEBA (0 EEW%) and a 20 EEW% showed significant increase in
the rate of ingression.
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Figure 5.7.5: The ingression curve for a DGEBA resin cured with MXDA. A linear fit
is applied over two ranges to emphasise the change in rate of ingression (solid and dashed
lines). The inset figure is the log( Mt

M∞
) vs log (time). The slope of this graph can be used to

determine the type of diffusion.
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Figure 5.7.6: The change in the ingression diffusion coefficient (DING) when comparing
ingression at short times to those at later times. A positive or negative change in DING means
that the rate of ingression is increasing or decreasing respectively. A decrease in ingression
is expected as ultimate ingression is reached but an increase in rate is unexpected. A dashed
line represents no change in DING. Error bars represent the standard error of three samples.
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5.7.4 Tg and free volume
Tg and DGEBF EEW
The glass transition temperature (Tg) was determined using dynamic mechanical anlaysis
(DMA) for all the epoxy blend samples. The Tgs are shown as a function of DGEBF EEW%
in Figure 5.7.7. The results are somewhat random but generally a decrease in Tg is seen when
increasing the DGBEF content form 0 to 70 EEW%. Beyond this point the glass transition
temperture increases. The Flory - Fox equaiton can be used to deterimne the expected Tg

based on a mixture of epoxies159. Using this model, the Tg of a 50/50 mixture of DGEBA (0
EEW%) and DGEBF (100 EEW%) is estimated to be ≈ 114 ◦C. Clearly, this is not the case
with the 50/50 resulting in the second lowest Tg and a Tg that is lower than either of the
pure epoxies. This suggest an incompatibility between the DGEBA and DGEBF epoxies. It
could be postulated that the diffusion here is dependent on the amount of interface available
in the network. For a high DGEBF and low DGEBA content, the system consists of mainly a
DGEBF-MXDA matrix with isoloated pockets of DGEBA-MXDA. Between the two network
regions (matrix and pockets), there is interpenetrative phase separation with a high amount
of interface160,161. This increased interface enhances diffusion through the epoxy network. An
example of this effect in literature is shown by Schwahn et al 162 where they showed separation
between polystyrene (PS) and deutero PS of high molecular weight (Mw = 106 dalton).
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Figure 5.7.7: The glass transition temperatures of epoxy blends consisting of DGEBF
and DGEBA resins cured with MXDA. Tg was determined using the tanδ peak measured by
dynamic mechanical analysis. Error bars represent the standard error between two samples.
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Free volume and DGEBF content
Figure 5.7.8 shows the the variation of free volume (FV) and fractional free volume (FFV)
with increasing levels of DGEBF in the epoxy blend. Unlike Tg, both FV and FFV exhibit
a predictable trend with increasing levels of DGEBF. If the previous discussion concerning
inter-facial regions is relevant, then these free volume measurements are of interest. Diffusion
is highest near the point at which the postulated amount of interface would be highest. This
implies that the accelerated diffusion is governed by the inter-facial regions between the two
epoxy networks. In this work it has been shown that an increase in free volume in many
instances correlates to increased diffusion. It has also been shown that a combination of
materials results in an average free volume somewhere between the two individual free volume
measurements of either material. With this in mind, and the results shown in Figures 5.7.7
and 5.7.8, we can suggest that PALS is measuring the free volume within the bulk of both
DGEBA and DGEBF based regions and an average result is produced which is insensitive to
these inter-facial regions. Small angle x-ray and neutron scattering (SAXS and SANS) along
with free volume depth profiling using mono-energetic positron spectroscopy (MEPS) should
be utilised to investigate these hypotheses.
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Figure 5.7.8: The free volume (FV) and fractional free volume (FFV) of epoxy blends
comprising of DGEBF-DGEBA resins cured with the amine MXDA. PALS Measurements
were obtained using positron annihilation lifetime spectroscopy (PALS). Epoxy blends were
formulated with regards to the content of DGEBF resin in terms of epoxide equivilent weight
percentage (EEW%). Exponential fits are shown by dashed lines. Standard errors were gen-
erated in “LTPOLYMERS” software but are not visible due to ehre small size.
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Free volume - diffusion results
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Figure 5.7.9: The diffusive properties of methanol in several epoxy resin blends. (a) - (c)
compares the measured free volume with the Ultimate Ingressions, DING and DEGR respec-
tively. (d) - (f) compares the fractional free volume with the Ultimate Ingression, DING and
DEGR respectively. The free volume and fractional free volume were measured using positron
annihilation lifetime spectroscopy. The epoxies consist of differing ratios of DGEBF and
DGEBA resins which are oven cured with MXDA amine. Dashed lines represent linear fits
applied using origin software along with their respective R2 values. Error bars represent the
standard error of three samples where visible.

Figure 5.7.9 shows the diffusive properties of all the epoxy blends presented in this section
and compares the to the free volume (FV) and fractional free volume (FFV) which were
determines using positron annihilation lifetime spectroscopy (PALS). Both FV and FFV are
plotted against respective values of the ultimate ingression, the ingression diffusion coefficient
(DING) and the egression rate. Whilst there linear fits show a marginal upwards trend, there
is no correlation between diffusion and either FV or FFV which is emphasised by the low R2

values.
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Free volume - Tg relation
Figure 5.7.10 shows the FV and FFV for the epoxy blends against the Tg. Whilst a general
upwards trend is seen the correlation is poor (R2 <0.5).
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Figure 5.7.10: The free volume (FV) and fractional free volume (FFV) compared to the
corresponding glass transition temperature (Tg) for a number of epoxy blends. Epoxy samples
comprised of DGEBF-DGEBA and are cured using MXDA. Error bars shown represent the
standard error of three samples.

Correlations
The Tg and FV are plotted against diffusion properties in Figure 5.7.11. The (a) ultimate
ingression appears to be fairly random with respect to Tg but when applying a linear fit
to the data set a reasonable R2 value was calculated. This trend does make sense in that a
lower Tg material will be more flexible which allows for easier ingression of methanol as chains
are more easily swollen. The free volume shows no correlation with the ultimate ingression.
The (b) diffusion coefficient for ingression (DING) increases with decreasing Tg whilst the
relation to FV is random. The (c) egression rate also decreases with decreasing Tg whilst
FV correlates in a random manner which is emphasised by the R2 values.
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Figure 5.7.11: The relation between the diffusive properties of epoxy blends and how they
relate to Tg and free volume (FV). The diffusive properties presented are (a) the ultimate
ingression, (b) the ingression diffusion coefficient (DING) and (c) the egression rate.
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5.7.5 Conclusions
Increasing DGEBF content
Epoxy blends were prepared consisting of DGEBF and DGEBA resins cured with MXDA.
Pure DGEBF has a higher ultimate ingression and ingression rate than pure DGEBF but
on increasing the DGEBF content, unusual results were observed. Ultimate uptake and
diffusion rates increase before becoming somewhat stable at DGEBF content of 30 EEW%.
When levels above 80 EEW% DGEBF content, diffusion decreased to levels similar to that
of pure DGEBF. It is assumed that some phase separation occurs between the epoxies during
cure or just prior. Swelling observations were also indicated by changing ingression rates for
some blends.

The glass transition temperature
The glass transition measured as a function of DGEBF content produces some interesting
results. Rather than gradually decreasing from the Tg of pure DGEBA to pure DGEBF, it
decreased to values lower than either pure Tg values. This could be an indication of phase
separation between the epoxies and the formation of inter-facial regions between DGEBA
and DGEBF regions. Tg was lowest near the midpoint which could be due to the maximum
amount of interface being present at this point. The Tg showed reasonable correlations with
the ultimate ingression in addition to the rates of ingression and egression in that a decrease
in Tg corresponded to higher and quicker diffusion. As Tg decreases, swelling of the network
is more favourable due to the increase in polymer mobility.

Free volume measurements
In contrast to Tg, free volume produced predictable results in that the free volume gradually
decreased from a value corresponding to DGEBA to a level which corresponds to a free
volume value for pure DGEBA. However, no trends were present when comparing either free
volume or fractional free volume to diffusion with the highest R2 value being 0.22.

A comparison of Tg and free volume
The glass transition temperature was shown to correlate well with diffusion rates, in that a
decreased Tg correlated to increased rates of diffusion. Free volume on the other hand did
not. These trends suggest that inter-facial regions may be present between the two epoxies
which enhances the diffusion of methanol through the system. As free volume measures the
bulk, the average free volume of the two pure epoxies is measured with respect to the fraction
of each epoxy. With this in mind, bulk PALS measurements are insensitive to growth in the
inter-facial regions and therefore insensitive to changes in the diffusive nature of systems of
this type.

5.7.6 Closing remarks
This study has arguably presented the most interesting results thus far and merits further
investigation. It is strongly recommended that in order to carry out a more conclusive
study of the relationship between free volume, glass transition temperature and diffusion
in epoxy blends, advanced experimental techniques such as mono energetic positron spec-
troscopy (MEPS), small angle x-ray and neutron scattering should be considered.
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All studies presented in this chapter have been focussed on how relatively local changes
(increase pigment, cure conditions, solvent content etc.) to the material affect the glass tran-
sition temperature, free volume and how this in turn corresponds to diffusion measurements.
The final study in this chapter concerns how changing the chemistry of DGEBF based resins
by hardener variation affects, once again, the Tg free volume and how this relates to diffusion.

5.8 Harderner variation
5.8.1 Introduction
Thus far, studies have presented results based on production methods, increasing the level
of an additional single component. In reality, a plethora of materials are used in the field of
protective coatings and as such, the effects of changing the chemistry of resins, is shown. A
number of sample were produced using DGEBF resin with several curing amines. Some of
which were prepared by adjusted methods and by other colleagues which, where necessary,
will be indicated. All samples underwent methanol ingression studies and diffusion properties
determined. The glass transition temperature, free volume and fractional free volume are
compared with these diffusive properties and conclusions drawn. The chemical structures of
the various chemicals used in this section are shown in Figure 5.8.1
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Figure 5.8.1: The chemical structures of materials used in this section. The epoxy resin
DGEBF is reacted with each of the seven amines shown.
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5.8.2 Sample set - 1
Diffusion of methanol
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Figure 5.8.2: Methanol ingression over time for DGEBF based epoxies cured with different
amine as labelled. Linear fits are applied to determine the rate of ingression. Error bars
shown represent the standard error of three samples.

The ingression of methanol in epoxy samples consisting of DGEBF resin cured with four
amines is shown in Figure 5.8.2. IPD shows the highest rate of ingression and highest
ultimate uptake (assuming unlikely changes in ingression for DMP30 and MXDA). DMPDA
shows a lower rate of ingression than IPD and a slightly lower ultimate uptake. It also
seems that DMPDA experiences a change in the ingression rate beyond 1750 s1/2. DMP30
and MXDA show the lowest rates of ingression and it can be assumed the lowest ultimate
uptakes. DMP30 starts with a slower rate of ingression which then increases between 750
and 1500 s1/2. Solid lines represent regions used to determine ingression rate. The results
are summarised in Figure 5.8.3
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Figure 5.8.3: The ultimate and rate of ingression of methanol in DGEBF based epoxy
samples cured with different amines. Error bars represent the standard error of three samples.
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Free volume and the glass transition temperature
The glass transition temperature, free volume and fractional free volume are shown in Figure
5.8.4 for the amine varied epoxy samples. MXDA exhibits the lowest Tg with a slight increase
for DMPDA. The Tg for DMP30 and IPD are higher and fiarly similar to one another. MXDA
has the lowest free volume whilst DMP30 and DMPDA are slightly higher. DMPDA has a
higher free volume than DMP30 whilst IPD has a significantly higher free volume than the
other three amines. IPD also has the highest FFV by some margin, whilst MXDA, DMP30
and DMPDA have similar FFV.
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Figure 5.8.4: The glass transition temperature, free volume and fractional free volume for
DGEBF based epoxy samples cured with different amines. Error bars represent the standard
error of two samples for Tg results whilst FV and FFV are based on errors generated in the
program “LTPOLYMERS”.

5.8.3 Sample set 2
Another set of DGEBF based resins were cured with amines but this was carried out by
colleague, Stephen Knox. Samples for diffusion studies were in the form of epoxy coatings
(≈ 300 µm thickness) drawn down onto glass microscope slides. Samples were cured under
nitrogen at 160 ◦C as described in Section 2.2.2. Along side these coatings, thicker samples
(2mm thickness) were cured using the same materials intended for PALS measurements.
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Diffusion properties
The diffusion properties for these samples are shown in Figure 5.8.5.
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Figure 5.8.5: The diffusion properties of DGEBF resins cured with different amines on
glass microscope slides. Error bars represent the standard error of three samples. These
results were measured by Stephen Knox.71,106

Free volume and the glass transition temperature
The Tg, free volume and fractional free volume (FFV) are shown for the DGEBF epoxies
cured with different amines by S Knox in Figure 5.8.6. MXDA shows the lowest Tg of the
four amines. 1,3 and 1,4 BAC have similar Tgs which are considerably higher than MXDA.
PACM has the highest Tg. The free volume is lowest for MXDA by a significant margin
whilst 1,3 and 1,4 BAC are considerably higher but similar to one another. PACM has the
highest level of free volume . PACM also has the highest fractional free volume (FFV). 1,4
BAC has a lower FFV than PACM but considerably higher than 1,3BAC. MXDA has the
lowest FFV out of the four samples.
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Figure 5.8.6: The glass transition temperature, free volume and fractional free volume for
epoxy resins consisting of DGEBF resin cured with various amines. Error bars represent the
error of three samples. S Knox produced the samples 1,3BAC, 1,4BAC and PACM. Free vol-
ume and fractional free volume were measured by positron annihilation lifetime spectroscopy.
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5.8.4 Free volume and relation to diffusion
Sample set - 1
Figure 5.8.7 shows the (a) free volume and (b) the fractional free volume in comparison to
diffusion for DGEBF epoxy samples cured with different amines. Linear fits were applied to
data and R2 values determined to indicate the quality of correlations. The (a) free volume
increases with increased ultimate ingression with a reasonable correlation. As free volume
increases the rate of ingression also increases with an R2 value showing that the correlation
is strong (R2 = 1). The (b) fractional free volume shows similar trends to that of free volume
with Ultimate ingression and rate of ingression increasing with increased FFV. A similarly
strong correlation is shown for the FFV - ingress rate relation.
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Figure 5.8.7: The (a) free volume and (b) fractional free volume compared with diffusion
properties for samples of DGEBF cured with different amines. Dashed lines represent linear
fits whilst R2 values indicate to quality of correlation. Error bars represent the standard error
of three samples.

Sample set - 1
The diffusion properties for samples cured on glass slides are compared to free volume prop-
erties of the corresponding thicker samples in Figure 5.8.8. As (a) free volume increases, the
ultimate ingression, and rates of egression and ingression are seen to increase. The correla-
tion is good for both ingression and DING whilst the correlation for DEGR is near perfect. As
(b) fractional free volume (FFV) increases all three diffusion properties increase. The corre-
lation between FFV and ultimate ingression is good whilst the relations with both diffusion
coefficients is average.
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Figure 5.8.8: The (a) free volume and (b) fractional free volume for samples of epoxy
consisting of DGBEF and various amines. The error bars represent the standard error of
three samples. Diffusion measurements and epoxy production was carried out by S Knox.

5.8.5 Free volume and its relation to Tg
Figure 5.8.9 compares the Tg to the diffusion properties for both sets of DGEBF-amine varied
samples. The general trends shown in both (a) and (b) are that as Tg increases, each diffusive
property also increases. The R2 values are reasonable to very good which implies that the
trends are reliable.
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Figure 5.8.9: A comparison between Tg and diffusion properties for DGEBF - amine varied
samples. (a) Thick free standing samples (b) Coatings applied to glass for diffusion studies
as prepared by S Knox. The error bars represent the standard error of three samples in the y
direction whilst the x error is the standard error of two samples.

Figure 5.8.10, compares the Tg to free volume properties for all DGEBF-amine samples. It
is evident that there is no trend between the Tg and free volume for this sample set. Linear
fits are shown by dashed lines with R2 values emphasising the poorness of fit (R2 ≈ 0).
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Figure 5.8.10: The free volume and fractional free volume compared to all Tg values for
epoxy resins comprising of DGEBF with varied amine. Error bars represent the standard error
of two samples in the x direction whilst free volume errors are generated in “LTPOLYMERS”
software.

5.8.6 Conclusions
Several epoxy samples comprising of DGEBF resin cured with various amines were studied
with regards to diffusion, glass transition temperature (Tg) and free volume. One set of
samples were produced as described in Section 2.2.2. whilst another were produced with
similar cure conditions but were thin and coated onto glass slides (produced by S Knox).

Free volume and diffusion
In both sets of samples, free volume and fractional free volume (FFV) correlated to an
increase in diffusion properties. In sample set 1, a high correlation (R2 > 0.95) was seen
when comparing both free volume and FFV to the rate of ingression. When comparing free
volume and FFV with the ultimate ingression, reasonable correlations were observed (R2 >
0.7). For sample set 2, an increase in free volume and FFV corresponded reasonably well (R2

> 0.7) with increasing ultimate ingression. The diffusion coefficient for ingression (DING)
was shown to increase with increasing free volume and FFV with R2 values of 0.79 and 0.6
respectively. The diffusion coefficient of egression DEGR increased with increasing free volume
in a near perfect manner (R2 >0.99) it increased with an average correlation (R2 >0.6) when
compared with FFV.

Tg and diffusion
The glass transition temperature (Tg) generally increased with an increase in diffusion for
both sample set. The correlations had R2 values greater than 0.68 and a maximum of 0.93.
This trend is fairly counter intuitive when considering the relations alone in terms of using Tg

as an indicator for conversion of reaction. However, it must be taken into consideration that
when comparing different chemistries, the relationship between Tg and conversion of reaction
should not be taken into account. The trends between Tg and diffusion should probably be
taken as a coincidence.
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Tg and free volume
Free volume was compared for all samples with the Tg. No trends were seen which was
highlighted by R2 values of 0.00 and 0.06 when comparing Tg to free volume and FFV
respectively.

Closing remarks
This section compared how amine variation affects the diffusive nature of methanol in epoxy
samples based on DGEBF epoxy. Free volume measurements obtained by means of PALS
were compared to the diffusion and trends noted. As free volume or fractional free volume
increased, the rates of diffusion and the ultimate ingression also increased. Relations between
Tg and diffusion were seen but subsequently ignored. The next section of this chapter will
discuss some key findings of all the studies presented.

5.9 Chapter summary
This section will discuss the different studies undertaken and concisely present the key find-
ings of this chapter.

5.9.1 Experimental design
The ultimate goal of this chapter was to compare diffusion to both Tg and free volume in
a number of epoxy resin samples. To give the overall investigation some applicably relevant
results, a number of experiments were designed. The affects of curing were studied by com-
paring a real world cure regime to that of a more optimised one. The affects of additional
components were studied such as pigmentation and solvation of the epoxy network as this
is usual practice in many protective coatings. Diluent epoxies were added to the DGEBF-
MXDA network since these are sometimes added to coating where solvents cannot be utilised.
A blend of the the resins DGEBA and DGEBF were prepared and study due to their sig-
nificantly different free volume and diffusion characteristics when between the epoxies when
solely prepared with MXDA. Finally, changing the chemistry in terms of amine variation was
carried out as up until that point, chemistries were similar within the previous studies.

5.9.2 Key findings
Cure conditions
This study showed that as long as the epoxy amine mixture is left at room temperature for
1 hour (maybe less), effectively the maximum performance in terms of chemical resistance,
is achieved. No true correlations were seen when comparing diffusion to either Tg or free
volume properties.

5.9.3 Pigmentation
The addition of the pigment barytes caused a reduction in diffusion. Although each sample
had reduced epoxy available to uptake methanol, this was not solely the case for reduced
ingression. Once pigmentation reached 50 w%, the diffusion increased which indicates an
epoxy-pigment effect on ingression. Free volume and fractional free volume were shown to
decrease as pigmentation increased. It was also generally seen that as free volume increased,
so did the diffusion of methanol. As Tg increased so did the diffusion of methanol. An
increase in Tg also corresponded to a decrease in free volume although this correlation was
weak.
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5.9.4 Solvated epoxies
Xylene was added to the epoxy network which caused diffusion to increase significantly. After
ultimate ingression was reached, the samples began to decrease in mass which was attributed
to xylene diffusing out of the coating (indicated by gas chromatography). The Tg decreased
exponentially with the addition of xylene whilst free volume and FFV increased significantly
with solvation. Ultimately, it was concluded that when solvent is present in the network,
methanol diffusion is enhanced. The second ingression cycle shows signs that ingression is
greatly reduced if xylene is removed by drying.

5.9.5 Diluent epoxies
Uni-functional and bi-functional epoxies PGE and BDDGE were mixed with DGEBF prior
to reacting with amines. PGE caused an increase in methanol diffusion and also saw mass
loss of the sample with the highest concentration. The mass loss is expectedly due to an
increased sol-fraction in the network which is extracted on methanol ingression. BDDGE
also caused diffusion to increase which is most-likely due its long linear chained structure.
Both epoxies saw diffusion increase with decreased Tg and increased free volume. The Tg

and free volume were highly correlated with free volume decreasing with increased Tg.

5.9.6 Epoxy blends
Epoxy samples consisting of different amounts of DGEBF and DGEBA resins resulted in
increased diffusion as blend ratios approached 50:50. No real trend was seen when between
Tg and blend ratio although the lowest Tg was seen at a 50:50 blend. Free volume decreased
in a loosely exponential manner with increasing levels of DGEBF. Diffusion did not show any
correlations with free volume or FFV. It was shown that diffusion increased with a decrease
in Tg. No true correlation was seen between free volume and Tg.

5.9.7 Amine variation
Epoxy samples based on DGEBF were prepared with a number of different amines and
diffusion measured. Free volume was shown to highly correlate to the majority of diffusion
properties. As free volume increased, the ultimate ingression and diffusion rates increased in
a linear fashion. This was the case for free standing and drawn down samples. The diffusion
appeared to correspond to increasing Tg but ultimately the Tg is not expected to correlate
to diffusion when comparing different samples. There was no correlation between the Tg and
free volume.

5.9.8 Closing remarks
An overall observation from this chapter is that both Tg and free volume have the capability
to sense the chemical resistance of an epoxy material. In some cases, neither show any change
or non nonsensical changes which correspond to diffusion. In several instances both Tg and
free volume change accordingly to diffusive properties but only free volume measurements by
PALS were able to detect changes in chemical resistance between samples of greatly differing
chemistries. This observation, in addition to the non destructive nature of free volume
measurement, suggest that PALS can be utilised to determine the chemical resistance of epoxy
resins and in a much shorter time scale to traditional gravimetric ingression experiments.
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Conclusions and fundamental
observations
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This last chapter will consider the original aims and objectives of the research and direct
the reader to relevant sections of the thesis for further details. Following this, some key
observations will be noted based on different aspects of the work. Some current work and
suggestions for continuation will be presented.

6.1 PALS in Sheffield
A key aspect of the work presented in this thesis was the successful assembly of a digital
positron annihilation lifetime spectroscopy (PALS) system. This process was pivotal to the
PhD project as a whole as the majority of study considered free volume measurements. There
were many setbacks which do not fit in with the reading of a thesis which will hopefully be-
come available in a technical manual elsewhere.
In the grand scheme of the field of positron annihilation studies, the instrument assembled
in this work is by no means a huge feat. A positron source and high performing system can
be purchased and set-up within a few months for a substantial fee. In this work it was not
intended to push the boundaries of PALS technology to the next level but instead to give an
informed, relatively simple outline of how a system can be built for a low cost whilst having
the ability to access useful information in terms of free volume measurements in polymers.
This objective was achieved and the University of Sheffield can now venture further into the
field of positron annihilation.

PALS in Sheffield is currently capable of measuring free volume and fractional free volume in
polymers with it’s timing resolution of 470 ± 26 ps but several improvements can be made in
terms of instrument resolution and efficiency. New fast plastic scintillators have been released
since the beginning of this study such as the EJ-232Q model from Eljen technology. This
scintillating material has timing characteristics which are more than twice as fast as the EJ232
used here. Additionally, further optimisation of the constant fraction discriminator level
can be performed with regards to photomultiplier supply voltage which should improve the
instrument resolution. Scintillator geometry adjustments and the improvement of acquisition
methods can also have an effect. The next logical step in terms of improving efficiency is
the addition of more PMTs as the digitiser used in this work can accommodate two more. A
heated chamber has already been produced in the laboratory which, with simple modification
could be implemented to the PALS assembly and thermal studies carried out. The design
for the sample chamber is shown in Figure 6.1.1 (a) and a schematic of the 4-detector PALS
(b).
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(a) (b)

Figure 6.1.1: Future improvement of PALS could involve the implementation of an already
produced (a) heated cell chamber for thermal PALS studies and (b) the addition of extra
detectors to improve spectral acquisition times.

Large amounts of data were collected from mono energetic positron spectroscopy (MEPS)
and as such, there is still a lot to gain; notably free volume distributions. This work has pre-
sented free volume in terms of an average free volume and fractional free volume. Analytical
techniques exist which allow the lifetime spectra collected through PALS to be deconvoluted
into lifetime distributions and, hence in the case of ortho-positronium, free volume distribu-
tions.
Figure 6.1.2 shows the free volume distributions for DGEBF cured with the amines 1,3 -
BAC and MXDA for an implantation energy of 10 keV. The average free volumes are noted
in the inset table. Up until this point, only the average free volume had been indicated by
free volume measurements but the results shown for distributions reveal that the 1,3-BAC
based epoxy has a broader distribution of free volume showing a proportion of smaller voids
than that seen in MXDA. Whilst the peaks of distributions are in similar positions, 1,3-BAC
is weighted to the right hand side which accounts for the higher average free volume.
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Figure 6.1.2: Free volume distributions in DGEBF epoxy samples cured with MXDA (black)
and 1,3-BAC (red). Distributions were produced using the MATLAB program MELT.

177



The shape of the distribution could be attributed to isomerism found in 1,3-BAC. Figure
6.1.3 shows computational modelling carried out by Stephen Knox. The modelling yields
results concerning distances between nitrogens (blue). Table 6.1 summarises the distances
(N-N) for MXDA, cis and trans 1,3-BAC. MXDA is shown to have an N-N distance of 7.3 A3

whilst the 1,3 BAC isomers have values of 7.59 and 6.85 A3 respectively. The average of the
two based on their relative amounts is 7.41 A3. The fact that 1,3-BAC has both a lower and
higher N-N distance than MXDA could be responsible for the higher and lower free volume
voids shown in Figure 6.1.2. Additionally, the average value being marginally higher than
MXDA could also account for the large average free volume in 1,3 BAC. This is based on the
idea that there is a larger distance between the functional groups which ultimately react with
epoxide groups. This would result in a greater distance between cross-links and therefore a
larger free volume.

Figure 6.1.3: Computational modelling showing the structure of MXDA and the two re-
gioisomers of 1,3-BAC which were obtained using GaussView 5.0.8 by Stephen Knox.

Table 6.1: The distance between nitrogens in MXDA and the two regioisomers cis and trans
1,3-BAC.

Amine N-N distance (Å)
MXDA 7.30

cis 1,3 - BAC 7.59 7.41trans 1,3 - BAC 6.85

6.2 Observations in free volume and diffusion.
6.2.1 Chemical changes
Another key aim of this research was to measure free volume in epoxy resins and observe how
it was affected by changes to the chemistry and production of the epoxy network. Ultimately
it was shown that where chemistries are similar, and no external factors are involved (solva-
tion, temperature, pressure etc.) free volume is also similar which was shown in Section 5.2.1.
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Where cure conditions were changed, the free volume only varied by 2 - 3 A3. Significant
changes in free volume occur when the chemistry differs, as was shown by MEPS (Figure
6.2.1a) and supported by PALS (Figure 6.2.1b) when measuring free volume in DGEBF
epoxies cured with MXDA, PACM and BAC. It can only be assumed at this point that the
variation in values of free volume are attributed to MEPS concerning free volume near the
surface whilst PALS is a bulk measurement.
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(b) The average free volume values for DGEBF epoxy cured with the three
amines MXDA, 1,3-BAC and PACM. Error bars represent the standard error
of three samples.

Figure 6.2.1

Free volume changes were observed for similar chemistries when other factors were involved.
This was shown by pigmentation and solvation studies in Sections 5.3 and 5.4. Increased
pigmentation correlated reasonably well with small changes in free volume in that it was re-
duced. However based on the lifetime spectra obtained for pigment powder, this free volume
reduction is likely a consequence of combined lifetime spectra. When the epoxy network was
solvated by xylene, a large increase in free volume was observed but this increase did not
increase with further xylene addition.
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As this research concerns protective coatings with regards to chemical resistance, diffusion
studies were performed. Curing conditions were shown to have a minimal effect on the abil-
ity to prevent ingression as long as a pot-time of at least 1 hour (possibly lower but not
studied here). It is expected that the molecular weight increases sufficiently in this time to
prevent the evaporation of amine during cure. When pot-time is eliminated completely then
evaporation is more favourable which results in a non-stoichiometric ratio between amine hy-
drogens and epoxide groups. This causes the number of cross-links to reduce and ingression
is enhanced. As with free volume, diffusion was only noticeably affected when chemistry was
changed or external factors involved.

It was shown that free volume on numerous occasions was related to diffusion in that in-
creased free volume would correspond to increased ingression. Similar trends were seen for
the glass transition temperature; in most cases Tg was more sensitive to changes in diffusive
properties. One key difference between Tg and free volume in terms of sensing diffusion is
observed on changing the chemistry. Tg is a good indicator of reaction conversion for similar
chemistries but when comparing Tg between differing chemistries, only information on ther-
momechanics is obtained. Free volume however, appears to be most sensitive to changes in
diffusion when the chemistries are significantly different. Figure 6.2.2 shows the comparison
of the ingression rate for each study with both free volume and the glass transition temper-
ature. Whilst not perfect, the ingression rate tends to increase with increasing free volume.
The glass transition temperature on the other hand sometimes shows an increasing ingression
rate and other times the opposite trend is seen. However, it should be noted that overall a
low Tg results in high ingression rates whereas the highest FV does not correspond to the
highest ingression rate.
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Figure 6.2.2: (a) The free volume and (b) glass transition temperature compared to the
ingression rate for each study. Linear fits are shown by solid lines. Error bars represent the
standard error of three samples.
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When studying the effects on diffusion and free volume in epoxy blends of DGEBA and
DGEBF, unusual results were obtained. Diffusion was shown to become greater as the mix-
tures moved further away from either pure DGEBA or DGEBF. This increased diffusion
correlated to decreasing Tg whereas free volume measurements were only sensitive to the
addition of DGEBF to DGEBA or vice versa in that the result in free volume similar to the
average of two separate free volumes. Free volume showed no correlation to diffusion which
leads to speculation that weak inter-facial regions exist in the network between regions of
DGEBA-MXDA and DGEBF-MXDA. Further study is required in the field of x-ray and neu-
tron scattering possibly in conjunction with positron beam studies before solid conclusions
can be drawn.

6.3 Future work
As with much research, this work has considerable room for further work in several areas.
Many studies have been presented in this work but they were largely carried out under
ambient conditions, which do not represent a number of locations where the materials in
question would be used. Also, whilst studies angled towards more applicable materials (i.e.
pigmented and solvated epoxies) were performed, real world materials are formulations that
contain several components. Therefore, the effects of each component in a single formulation
on the diffusion properties and free volume is not understood. Furthermore, diffusion results
were compared to free volume measurements made in a dry state. Therefore, the evolution of
free volume during the diffusion and drying processes is unknown for these materials. With
these points in mind, some suggestions for the continuation of work are;

a) PALS studies during diffusion

An interesting study would be to observe the evolution of free volume during the diffusion
and also the effects of drying the samples. This would require quicker PALS acquisition
times especially for diffusion time less than 24 hours. A receptacle would need to be designed
for the solvent and sample, which would surround the positron source. PALS testing of the
receptacle would be required in order to observe the effects the spectra.

b) Environmental effects

Data that is more useful could be obtained from experiments carried out in conditions, which
would represent different parts of the world (i.e. India and Norway) in terms of temperature,
humidity and ultraviolet radiation. Temperature studies could be performed during diffu-
sion studies whilst variations to all three conditions could be made prior to diffusion studies.
Furthermore, the previously mentioned heated cell could be used to measure free volume at
different temperatures and potentially varied humidity.
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c) The study of realistic formulations

PALS and diffusion studies of a wide range of formulations could help pinpoint which compo-
nents are more effective on the diffusive nature of solvents and how this in turn corresponds
to free volume. Before this can be carried out, the effects on the PALS spectra due to the
addition of pigments, solvents and other additives is needed to determine whether results
collected would be reliable.
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