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ABSTRACT

Grain oriented steels containing 3 % silicon are widely used as stacks of thin laminations in
transformers and other electrical devices. Phosphate coatings are applied to these laminations
in order in insulate between the sheets and hold them under tension, reducing the electrical
energy losses and making the transformers more efficient. This thesis explores the properties
of aluminium and magnesium phosphate, two commonly used coating materials. Using model
phosphate coatings it has been shown that an excess of phosphoric acid is required to cause the
condensation reaction that produces the metaphosphate, thought to be the cause of the

increased tension imparted on the steel.

The addition of chromium oxide was found to prevent this transformation by reacting with the
excess acid to form chromium pyrophosphate, which lead to a more stable coating which

imparted a greater tension upon the steel substrate.

XPS has been shown to be a useful technique for the characterisation of model phosphate
coatings, however it cannot be used to quantitatively analyse the systems (unlike other

phosphate systems) possibly due to the higher number of phases present within the samples.
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Chapter 1 Introduction

1.1 OVERVIEW

The purpose of this chapter is to provide an overview of the technical importance of electrical
steels. An introduction to the properties of electrical steel is given, along with a brief outline of
the history of its development. The processing route at Cogent Power Ltd is discussed along
with details of the current on-line coatings. The surface coatings of these materials are the focus
of this research and so an introduction to both the fundamentals of surface science is given and
the importance of surfaces with regards to the overall properties of a material. Finally a brief

synopsis of the thesis is given with a brief outline of each chapter.

1.2 ELECTRICAL STEELS

Electrical steel is a term that refers to a variety of steels generally containing 3-6% silicon.
These steels are also known as lamination steels, silicon electron steels, silicon steels or
transformer steels.! The percentage of silicon within the steel is of vital importance; the higher
the percentage of silicon present the better the magnetic properties. However if it is taken much

above 6% the steel becomes too brittle to work with.

Electrical steels can be split into two main categories, oriented and non-oriented (NGO) steels.
Oriented steels can be further divided in grain oriented (GO) and High- permeability (HiB)

steels.

1.2.1 DEFINITIONS OF KEY MAGNETIC TERMS

In order to fully describe the background and history of electrical steels it is useful to define a

few key magnetic terms here.

Hysteresis refers to magnetic dependence of a system on its past environment as well as its
present?. Within ferromagnetic materials the magnetic field strength (H) can be systematically
varied and flux density (B) measured to produce a hysteresis curve similar to that seen in Figure

1.1.
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Figure 1.1 A typical hysteresis curve for a ferromagnetic materials (taken from reference (3))

The intercepts of the B axis are a measure of flux where the field strength is 0 and are termed
the remanence B.. ‘Soft’ magnetic materials such as those used in transformer cores will have a
small remanence and will therefore magnetise and demagnetise easily, ‘hard’ materials will
have a large remanence and will remain magnetised for longer (and in extreme cases will

remain permanently magnetised).

The shape of the hysteresis curve indicates the flux density increasing due to alignment of
magnetic domains (areas within a magnetic material with uniform magnetisation5) and when
the domains are all aligned the curve plateaus, indicating that magnetic saturation has been
reached. After this point when the field strength is reduced flux density is also reduced,
however the resulting curve will not match the original one observed during the increase in

field strength.

Domains arise in materials as a method of minimising internal energy*. If a material were to
consist of a single domain (as in Figure 1.2a) a large magnetic field would extend into the space
outside of the material, with a large amount of energy being stored in the field. This energy is
reduced when the domain splits into two with oppositely aligned poles (Figure 1.2b) and the
size of the field outside the material (and therefore the energy requirements) is reduced. Figure
1.2c represents the lowest energy arrangement where additional small horizontal domains
form. During domain formation some energy is lost in the formation of ‘domain walls’ high

energy areas where opposing dipoles meet. Domain formation will continue until the field

3
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energy saved is equal to the energy lost in domain wall formation (a typical domain size is

around 20 pm4).

a) b) c)

Figure 1.2 a) a single domain b) a two domain system c) a multi domain system. Arrows represent

the alignment of the magnetic poles.

The formation of domains at an angle to other domains has additional energy costs in the form
of magnetic anisotropy. Magnetic anisotropy refers to the ‘easy’ direction of magnetisation
typically parallel to a crystal axis, and the changing of the direction of magnetisation will require

energy.

Magnetostriction is the change in shape of a material during magnetisation, caused by the
alignment of magnetic dipoles ‘stretching’ the material slightly. This causes the loss of energy as

frictional heat and as the buzzing sound heard near electrical transformers.

Permeability refers to how readily a material will magnetise and support a magnetic field within
itself. Permeability is often given the symbol p and is measured in henrys per metre (Hm-1). The
permeability constant (o) is the resistance to forming a magnetic field in a vacuum and has the

value 1.2566 x 10-6 Hm-1.1

1.2.2 THE DEVELOPMENT OF ELECTRICAL STEELS AND THEIR COATINGS

The development of electrical steels first really began when Hadfield published work showing

the introduction of silicon or aluminium to steels reduced energy losses by up to four times.t
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Grain oriented steels were invented by N. P. Goss in 1934,7 and the process was commercialised

by ARMCO, with the first strips being produced in 1939.6

Through a series of hot and cold rollings, Goss produced steel where a large number of crystal
grains were oriented with the [001] direction close to the rolling direction and the (110) planes
close to the sheet plane. During the Goss process the strip is heated to around 1200 °C,
stimulating the secondary recrystallisation of these [001](110) grains, whilst the additive
manganese sulphide prevents the growth of other grains.¢ This orientation is often referred to
as ‘cube-on-edge’8 (see Figure 1.3). Steel developed following this process is often referred to as
conventional grain oriented (CGO) steel. By keeping the grains within the steel regularly
orientated the magnetic properties of the steel are improved and therefore energy losses are

reduced.

(011) Plane

[100] Direction

Rolling Direction

Figure 1.3 the Cube-On-Edge texture of grain oriented steel (adapted from reference (9))

The magnetic properties of CGO steel were improved over the following years by refinement of
the steel production process improving the purity of the resulting product. In 1965 Nippon Steel
introduced the production of high permeability (HiB) steels.¢ This process removed one of the
cold-rolling stages used in the Goss method and saw the addition of aluminium nitride as a
growth inhibitor. This process saw a better alignment of the grains to the Goss orientation.
However, the grains were much larger than those in CGO steels. The reduction in losses in these

steels arises from a reduction of 30-40 % in hysteresis.¢ 10

The phosphate coating applied to the steel was first studied in the 1970’sé¢ with early work
indicating that magnetostriction was reduced by the coating holding the steel under tension.!!
The amount of tension on the steel has been measured as 1.2 MPa!?, and it has been shown that

tension coatings are more effective on better oriented steels.6 13
5
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Armco first developed phosphate based coatings for electrical steels in the late 1940s.14 15
Gifford developed a coating containing phosphoric acid (the free acid forming around 7.5- 50%
of the coatings) and the optional addition of magnesia.l* A later patent saw the addition of
muscovite (a phyllosilicate (KF)2(Al.03)2(Si02)6).15 Previous coatings used on electrical steels
had fused upon heating (generally done on coils to reduce stress) and caused adjacent
laminations to stick together. It was believed that the addition of muscovite prevented this due
to its crystal structure being plate-like and sliding over each other. The coating could be applied
to the steel using a roller and dried at 760 °C to completely stop adhesion between laminations,
however this made the sheets very hard and greatly reduced die life used in the production of

cut sheets.

Steinherz added aluminium hydrate to phosphate coatings with at least 4.5 phosphoric acid to 1
aluminium hydrate.16 The resulting coating was less damaging to dies used in punch and die

production methods, and reduced the amount of ‘burr’ on the edges of steel sheets.

Throughout the 1970s ARMCO developed a series of coatings consisting of magnesium oxide,
alumina and phosphoric acid in varying ratios.8 17.18 The oxides react within the solution to form
aluminium and magnesium phosphates. Colloidal silica was also added to the solution but kept
below 40% of the total volume to permit formation of a good glass® and chromium oxide was
also added. Later coatings also saw the addition of boric acid to the coating.8 The coatings

consisted of at least 45% water.

The ratio of silica to phosphate within the coating has been shown to have an important effect
on the magnetic losses of the final steel with the optimal ratio of silica/phosphate being
approximately 0.7(see Figure 1.4).19.20 FT-IR spectroscopy has been shown to be an effective
tool for use in industry to measure the relative concentrations of the components in the final
coating, particularly as it is a non-destructive technique which can be used while the coating is

still on the sheet.1®
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0.0 0.5 1.0 1.5 2.0 25

Core Loss Improvement w/kg

Silica/ Phosphate Ratio

Figure 1.4 The relationship between silica/phosphate ratio and core loss of transformer steels ** %°

Magnesium phosphate based coatings have been shown to induce greater tension in the steel
sheets than aluminium phosphate coatings; however they are much less stabile towards
hydration than aluminium phosphate (see sections 3.2.1 and 3.2.2 for a fuller discussion on the

curing and stability of aluminium and magnesium phosphates).

The addition of chromium oxide was shown to improve the wetability of the coating and the
resistivity between sheets after the stress relief anneal.8 It has also been shown to increase the
solubility of the magnesium oxide within the solution and improve the moisture resistance of
the final coating. This is seen in Figure 1.5 where the presence of chromium oxide in the coating

formulation is observed to prevent a percentage mass increase of up to 3.5 % over a month.
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Figure 1.5 Variation in mass of coatings over time under humid conditions (estimated 65 %

humidity at 333 K) (data collected by A. Nolan, Cogent Ltd.)

Recent EU directives such as The Restriction of the Use of Certain Hazardous Substances in
Electrical and Electronic Equipment (RoHS)?! and Waste Electronic and Electrical Equipment
Regulations (WEEE)22 have called for the removal of hexavalent chromium from all new
electrical products. This has led to the search for either a new coating material or a new coating
additive that will stabilise phosphate coatings in the same way as chromium oxide. The key

points on which the suitability of a coating can be assessed on are

o Coating stability (no stickiness at high humidity)

e Magnetic loss reduction

e Is the curing temperature low enough to ensure curing occurs during
production?

e Ease of mixing

e Coating appearance.

1.3 STEEL PROCESSING AT COGENT POWER LTD.

An overall schematic of steel process at Cogent Power is shown in Figure 1.6. The incoming steel
arrives as large coils weighing 20 tons, with a sheet thickness of around 2.5 mm. These coils are
trimmed and passed through the annealing and de-scaling line, where acid and process known
as ‘shot-blasting’ removes dirt and scale from the surface. After this cleaning process the steel

8
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undergoes a final cold reduction, where the steel is reduced to its final thickness (0.23-0.3 mm

depending on customer requirements).

Side Trimming Annealing & De-scaling Cold Reduction

IR - und g

—’ O% . 8 O O amneaticool o De-scaling/Pickling % 0.0 O o oo
Q o]
. O o o \aoo mm’ PormmEr g —FLHL o

v

Decarburising Anneal High Temperature Coil Anneal

Furnace  Inner Cover
7 [o]

Coil

Preheat  Decarburising anneal Coat & cure

T — Stalk
O\\ oo gE E—— ot Bl o M~ L Base Plate

Thermal Flattening
Slitting

Thermal flatten  Laser
Clean Pickle Coat Preheat  anneal/cool Trim
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a
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Figure 1.6 The Steel preparation process at Cogent Power Ltd (taken from reference (23))

After this final reduction the steel passes through the decarburising anneal. This process mainly
aims to reduce the amount of carbon within the steel to less than 0.003 % by heating in a
mixture of hyrdrogen, nitrogen and water vapour.6 Other contaminants present at much lower
concentrations (such as sulphur) are also removed during this process, reducing the brittleness

of the resulting product. At the end of the anneal the steel is coated in a magnesium oxide slurry.

After this the coil passes through to the high temperature coil anneal (HTCA). The rolls are
heated to 1100 ° C in hydrogen for five days. During this anneal the grains ‘grow’ to give the
typical magnetic properties observed for grain oriented steels. During this anneal the
magnesium slurry reacts with fayalite (Fe,SiO4) on the steel surface to form forsterite (Mg.SiO4)

(see Figure 1.7).
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Fe 3% S1

De-Seale/Pickling

Hot/Cold Reduction (passed through 3
times for CGO 5 for HiB)

Fayalite Decarburisation
(FesSi0,
Amorphous Fe 3% Si
Silica Steel

High Temperature Coil
Anneal

Coatedin MgO shuory

1100 °C for 5 Days

Heatedin N, then purged with

Forsterite hydrogen
(Mgg510,)
Thermal Flattening
Line
Coating Mixture applied
Phosphate Cured at 850°C
Coating

Forsterite

(Mg,Si0,)

Figure 1.7 The coatings formed on grain oriented steel during processing a Cogent Power Ltd.

After the HTCA, the steel sheets pass to the Thermal Flattening line. This is where the final

phosphate coating is applied (Figure 1.7) and the steel is heated to 850 °C. This has the effect to

flattening the steel and also holding it under tension in order to improve its magnetic

properties. After the coating has been applied and cured, the steel may be scribed by a laser if

required, in order to further improve the magnetic properties by reducing domain size. After

this the steel goes through a final trim and is ready to be sent to the customer.

10
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1.4 AN INTRODUCTION TO SURFACE SCIENCE

Much of the work of this thesis involves analysis of the surfaces of the materials involved in
transformer steels. Surface science can be defined as the study of processes that occur at
interfaces between phases (generally between gases and solids). The surface can be viewed as
the termination of a bulk structure24, and therefore will be comprised of atoms which are in a
low co-ordination state. This makes the surfaces atoms much more reactive than bulk atoms, as

they will readily interact with other atoms.

Surface science has been employed in many fields including semiconductors (molecular beam
epitaxy was initially used a method of growing high purity compound semiconductors), self-
assembled monolayers and the development of fuel-cells; however its major applications have
been in the field of heterogeneous catalysis. Surface science is of vital importance to catalysis as
it is the surface of the catalysis that is involved in reactions and therefore it is this that must be

understood in order to develop a greater understanding of the catalytic process.

Langmuir is often credited as the founder of modern surface science?s, due to his development
of the Langmuir isotherm relating the surface coverage of an absorbant with gas pressure26 (see
section 1.6.1 for a fuller discussion of absorption isotherms) and the definition of dissociative

chemisorption.2”

Since these early developments there was a large development from the 1960s onwards?28 with
many more techniques being developed including STM in 19812930 and XPS in 196731 In 1974
Ertl used low energy electron diffraction (LEED) to study the adsorption of hydrogen on
palladium,32 a vital hydrogenation catalyst. This increase in the uses of surface science was
caused by the arrival of ultra-high vacuum (UHV, pressures lower than 1 x 10- mbar) and the

increased availability of single crystal samples.

A combination of surface sensitive techniques is used to fully characterise a surface by

answering the following questions

e What atoms are present at the surface and in what concentrations?

o Where are the molecules on the surface and what are the related bond
lengths and angles

e How strong is the bonding of absorbate atoms and how does the surface

influence reactivity?2+

11
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1.5 CRYSTAL AND SURFACE STRUCTURES

The structure of a surface is defined by the structure of the bulk. Metals generally have one of

two bulk structures, either body centered cubic (b.c.c. Figure 1.8a) or face centered cubic (f.c.c.

Figure 1.8b). Iron is an example of a b.c.c. metal, whereas palladium is an example of an f.c.c.

-

metal.

%

Figure 1.8 the structure of (a) b.c.c and (b) f.c.c. metals

(b)

In order for experiments to be performed on well-defined surface a single crystal is often used
as a reaction substrate. A single crystal is defined as ‘a material in which the crystal lattice of the
entire sample is continuous and unbroken to the edges of the sample with no grain
boundaries’.33 This means that cutting through the sample on a given plane will reveal a limited
number of atoms in a well-defined arrangement. The arrangement of the atoms exposed at the

surface can be controlled by varying the angle the plane is cut at.

1.5.1 MILLER INDICES

The surface obtained from a crystal is determined by the plane chosen to cut through it. These
are defined by Miller indices, which consist of three integers (h,k,1). The indices are determined
by taking the reciprocal of the point at which a plane intersects the three main axis of the crystal
(x,y,z Figure 1.9). the three simplest planes are the (1 0 0), (1 1 0) and (1 1 1) planes (Figure
1.10, Figure 1.11 and Figure 1.12 respectively). These planes are also more stable than other
higher index planes (e.g. 2 1 0) as they have a higher co-ordination and are therefore lower

energy.

12
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>
>

Figure 1.9 axes for Miller Indices notation

The (1 0 0) plane is shown in Figure 1.10. The plane intersects the x axis at distance a (the unit
cell) and never intercepts the y and z axis. These intercepts can be written as (a co o). If the
intercepts a are re-written in terms of a the term becomes (1 o ). Finally the reciprocals of

these values are taken to given the miller index of (1 0 0).

(a) (b)

Figure 1.10 (a) the (1 0 0) plane and (b) the resulting surface of a b.c.c. metal. The unit cell is

shown in red.

Following a similar procedure for the (1 1 0) plane (Figure 1.11) the plane intersects at (a a o)
or (1 1 o). The reciprocals of these values gives the index of (1 1 0). If this is done for the (1 1 1)

(Figure 1.12) plane the intercepts are (aa a) or (1 1 1). Reciprocals give the miller index of (1 1
1).

13
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(a) (b)

Figure 1.11(a) the (1 1 0) plane and (b) the resulting surface of a b.c.c. metal The unit cell is shown

in red.

(a) (b)

Figure 1.12(a) the (1 1 1) plane and (b) the resulting surface of a b.c.c. metal The unit cell is shown

in red.

The resulting surfaces are shown in Figure 1.10b, Figure 1.11b and Figure 1.12b with the unit
cells shown in red. The co-ordination number of the surface atoms is the number of atoms at its
nearest neighbour distance. The co-ordination numbers for the (1 0 0), (1 1 0) and (1 1 1)
surfaces are 4, 6 and 3 respectively. This means that the (1 1 1) is the most open surface and
therefore the most reactive. (1 1 0) is the most densely packed surface and therefore the more

stable of the three.

14
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The unit cell of a surface is the smallest arrangement to atoms that can be repeated in order to
form pattern of atoms on the surface. The primitive unit cell is the simplest unit cell and

contains just one atom.

1.5.2 REAL SURFACES

1.5.2.1 THE ROLE OF DEFECTS

Once a single crystal has been cut to expose the desired plain it is polished to a mirror shine.
This polishing masks atomic scale defects present on the surface. Examples of surface defects
include step edges from incomplete layers of atoms, terrace vacancies due to missing atoms,
kinks in step edges due to missing atoms and adsorbed adatoms. These defects are depicted in

Figure 1.13.

Step Edge Adatom vacancy

Figure 1.13 Schematic representation of typical surface defects

Defects are of interest to surface scientists as they are often the sites of reactions, due to their
lower coordination than non-defective sites. This is because the lower coordination gives these
sites a higher surface free energy, making the formation of bonds with adsorbates more likely,

and also increasing the strength of bonds formed.
15



Chapter 1 Introduction

1.5.2.2 SURFACE RELAXATION AND RECONSTRUCTION

As previously mentioned surfaces are high energy due to the low coordination of the surface
atoms. This means that energy is required to form a surface and that once formed a surface is
energetically unfavourable. Surfaces can be stabilized in several ways, the first of which is
surface relaxation. During this process the layer spacing’s perpendicular to the surface contract,
effectively pulling the surface atoms closer to the bulk. This slightly increases the coordination

of the surface atoms by pulling them a little closer to the atoms underneath.

If the surface energy is much higher than the energy of atoms within the bulk surface
reconstruction will occur. This is where the arrangement of atoms on a surface is altered in
order to reduce the total surface energy. A classic example of the this is the rearrangement of
the Gold (1 1 0) surface from a (1 x 1) to a (1 x 2) structure (Figure 1.1424). Surface

rearrangement is also commonly observed in semi-conductors.2+

Figure 1.14 The surface reconstruction of Au (110) from a (1 x 1) to (1 x 2) structure.

The simplest method for a surface to reduce its free energy is the adsorption of a gas atom or
molecule. This leads to the formation of bonds between the adsorbate and surface atoms,

increasing the coordination of the surface atoms.

16
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1.6 REACTIONS ON SURFACES

1.6.1 ADSORPTION ON SURFACES

When an atom collides with a surface it may either rebound off the surface (either elastically or
inelastically) or be absorbed in one of two ways. Physisorption refers to the weak absorption
ofatoms or molecules based on Van der Waals interactions where there is no interaction of
electron density. Chemisorption refers to the much stronger adsorption of atoms and molecules
leading to bond formation. The fractional coverage of an absorbate (0) is given in Equation 1.1.
When this value is one then all the available sites on a surface are occupied (known as a

monolayer).

_ Number of surface sites occupied by adsorbate

Total number of available adsorption sites
Equation 1.1 Determining of fractional coverage of a surface.

Langmuir related the number of atoms absorbed at a given temperature to the gas pressure, P,
and developed an isotherm for the determination of absorption given the following

assumptions:

e The surface is uniform and all surface sites are equivalent and may only be
occupied by one molecule of absorbate

e At constant temperature the gas and adsorbed atoms are in dynamic
equilibrium

e Adsorbate molecules are continually colliding with the surface and if they
encounter a vacant site they will stick

e if a molecule encounters a filled site it will not diffuse to a vacant site but
remains in the gas phase

e Once absorbed a molecule will not move to a neighbouring site
For a gas in dynamic equilibrium with absorbed atoms the following holds true:

Mgy + S5 @ MS(s

Equation 1.2 dynamic equilibrium between a gas and a surface
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Adsorption (the ‘forward’ reaction) will have a rate constant k., and desorption (the ‘back’

reaction) kq. The equilibrium constant (K) for this reaction is given by Equation 1.3

K = Lo
ka
Equation 1.3 the equilibrium constant for the reaction given in Equation 1.2

At pressure P and fractional surface coverage 0 the rate of adsorption is given by Equation 1.4

and the rate of desorption by Equation 1.5.
7, = ko P(1—0)

Equation 1.4 rate of adsorption of gas molecules on a solid surface, where (1-8) is the fraction of

vacant sites present on the surface
Tq = kd9
Equation 1.5 rate of desorption of gas molecules from a solid surface

At equilibrium the rates of these two processes are equal, as shown in Equation 1.6. This can

then be rearranged to give the Langmuir Isotherm in its usual form (Equation 1.7).
k,P(1—6) = k,0
Equation 1.6

5 KP
" 1+ KP

Equation 1.7 The Langmuir Isotherm. (8= surface coverage, K= equilibrium constant, P= pressure)

The main drawback of the Langmuir Isotherm is that it does not allow for the formation of
multilayers during adsorption. The heat of adsorption for a multilayer will be different to that of
monolayer formation due to the differences in adsorbate-surface and adsorbate-adsorbate bond
strengths.24 Brunauer, Emmett and Teller applied the following additional assumptions to the

Langmuir Isotherm

o The first adsorbate layer forms on a uniform surface with identical surface

sites (as with the Langmuir isotherm)
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e Adsorption of a second layer can take place on top of a first, third on top of
second etc.

e When P=P, (the saturated vapour pressure of the adsorbate) an infinite
number of layers will form

e The rates of condensation and desorption are the same for each layer at
equilibrium

e In a multilayer system all thermodynamic equilibrium constants for

adsorption (K°) are equal for each layer

Application of these assumptions gives the BET isotherm (shown in its linear form, Equation
1.8).3¢ The BET adsorption isotherm is also routinely used to measure the surface area of

powdered materials.

P _1+(C—1)XP
Ny,(P,—P) NC NC ~ P,

Equation 1.8 The BET isotherm (P= pressure, N= total number of adsorption sites, Ns= number of

occupied surface sites, C= BET constant (ze'®!" @41 vepl/RT)

1.6.2 ADSORPTION KINETICS

The sticking probability (S) is a measure of the likelihood of the collision of a gas molecule on
the surface resulting in adsorption. Equation 1.9 shows the relationship between sticking
probability and the coverage for Langmuir adsorption. However, this dependence is not linear
in practice and generally sticking probability remains high as coverage increases, before

dropping rapidly as 6 approaches 1.
S=5,(1-06)
Equation 1.9 the relationship between sticking probability (S) and the coverage of a surface

This observation can be explained as the formation of a precursor state where the incoming
molecule approaches a filled adsorption site and forms a weak interaction with the surface
before diffusing to a vacant site. The adsorption of this precursor state is then dependent on the
lifetime of the interaction with the surface (to) and the enthalpy of adsorption (AH®.gs). The time

this precursor is present on the surface (or residence time, t) is given by Equation 1.10
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T = TOeAH ads/RT

Equation 1.10 the Frenckel equation giving the residence time of a precursor state on a surface

before adsorption

The longer the precursor is on the surface (i.e. the greater t) the more likely adsorption is to

occur.

1.7 THESIS SYNOPSIS

The experiments in this thesis can be split into two categories. The first set deals with the
synthesis, curing and aging of phosphates and the effects of different additives to their stability.
The aim of these experiments is to provide an insight into the properties of both test and on-line
coatings developed at Cogent Power Ltd. This can be done by characterising the phosphates
using a variety of techniques (including vibrational, spectroscopic and thermal methods). The
second set of experiments aims to characterise the steel substrate and the first forsterite coating

using surface science methods.

This chapter has provided an overview of surface science and electrical steels and their
coatings. A brief description of the main properties of electrical steels has also been given, along

with a history of coatings used.

Chapter two provides a description of all the techniques used, including relevant background
theory and limitations to the techniques. A full description of the UHV chamber used in this

investigation is given, as well as the reasons for the need for these conditions.

Chapter three examines the properties of model phosphate coatings, such as the effects of the
curing process and the addition of different chromium oxides. The stability of the phosphates in

humid environments is also probed through the use of a humidity chamber.

Chapter four covers XPS studies of phosphate coatings as powdered coatings, powdered model

coatings and coatings on steel. The forsterite coating and bare steel substrate are also studied.

Chapter five summarises the main findings of the previous results chapters and gives the main

conclusions taken from this work, along with a discussion of possible future work.
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2.1 INTRODUCTION

During these investigations a wide number of samples and techniques have been studied. This
chapter aims to provide information on the samples used- single crystals, steel samples and
powdered phosphate samples. This is followed by a description of basic theory behind the

analytical techniques used, their practical application and describes the equipment used.

2.2 SAMPLE PREPARATION

2.2.1 STEEL SHEET SAMPLES AND HIGH PURITY GASES

Sheets of industrial steel samples were acquired from Cogent Power Ltd. Forsterite (MgSiO4)
coated and fully coated samples were obtained from the steel processing line and bare steel was

produced by pickling forsterite coated samples in hydrogen fluoride (HF) at Cogent Power Ltd.

Before experimental work can be performed in the UHV chamber all samples must be cleaned in
order to remove contaminants such as adventitious carbon. All cleaning was done in situ by
sputtering and then annealing. Sputtering was performed using a PSP ISIS 3000 sputter gun. Ar+
ions were used with ion energy of 2 kV for 30 minutes unless otherwise stated. XPS was used to

confirm the surface was clean before experiments began.

Oxygen and argon (99.6% and 99.999% purity respectively) were present on the UHV gas line

and were purchased from Argo International Ltd.

2.2.2 POWDERED INDUSTRIAL SAMPLES

Industrial coatings (typically consisting of aluminium orthophosphate and colloidal silica) were
collected as liquids from the steel processing line ( M2 line) and dried at 100 °C to produce a
white powder. Additionally, a selection of powdered trial industrial coatings were received from

Cogent Power Ltd. and used as received.
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2.2.3 PHOSPHATE PREPARATION AND HUMIDITY TREATMENT

Aluminium orthophosphate (= 95% purity) and chromium orthophosphate (99.9% purity) were
purchased from Sigma Aldrich Ltd. and used as received. All curing was performed by heating in

air at the required temperature for 15 minutes.

Magnesium phosphate was synthesised by the addition of phosphoric acid solution in water (2
85 wt% Sigma Aldrich ACS reagent) to a slurry of magnesium oxide (Sigma Aldrich 98 % purity)
in water with stirring at room temperature. This mimics the coating preparation route followed

in industry.

Mixed model coatings were produced via the addition of chromium VI oxide (CrOs, 298% purity
Sigma Aldrich Ltd.) to a solution of the appropriate phosphate (typically 4.69 g) in water (50

cm3) with stirring at room temperature.

[ ——— Sample

‘ ga L8

Sealed chamber
heated to 63 °C

Water Container

Figure 2.1 The Humidity Chamber used in this work

A humidity chamber was constructed for use during the PhD in order to investigate the effects

of humidity on phosphates. A schematic of the chamber is shown in Figure 2.1.
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The humidity and temperature inside the chamber was monitored for two week periods
regularly using a RS 1364 digital humidity and temperature meter, in order to ensure they
remained constant throughout. Example data from this process is shown in Figure 2.2. This

testing showed the chamber to be stable provided that the water levels were kept constant.
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Figure 2.2 Temperature and humidity inside the chamber. The red lines indicate points where the

chamber was opened for refilling

2.3 THE ULTRA HIGH VACUUM SYSTEM

Most surface science techniques are performed under vacuum for three main reasons. The first
reason is to prevent scattering of electrons by gas molecules. This is important in techniques
such as XPS which depend on the detection of electrons (see section 2.5). Prevention of this

scattering requires pressures below 1 x 10-7 mbar.

A higher vacuum is required to prevent damage to the X-ray source and electron detector from
discharges caused by the high voltages involved (up to 15 kV for the X-ray source). This requires

pressures below 1 x 10-¢ mbar.
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The final reason a low background pressure is required is to prevent contamination of reactive
sample surfaces by adsorption of background gases. The rate of surface bombardment by gas
molecules is given by the Hertz-Knudsen equation (see Equation 2.1), derived from

consideration of the kinetic theory of gases!.

Z= P T
(2rmkT) /2
Equation 2.1 the rate of surface bombardment by gas phase molecules. p= pressure, m=

molecular mass, T= temperature, k= Boltzmann constant

The rate of contamination of the sample surface is then determined by the sticking probability
(S, see Equation 2.2) which is a measure of how many gas molecules are absorbed when they

collide with the surface.

Equation 2.2 Measurement of sticking probability. S= sticking probability, Ns= number of surface

sites occupied by absorbate, N= total absorption sites

If carbon monoxide (a common gaseous contaminant) is used as an example, at a pressure of 1
x10-¢ mbar and room temperature (298 K) the bombardment rate is calculated to be 2.87 x
1014 cm-1s-1, Using the assumption that the atomic density of the surface is 1 x 1015 cm2, and the
sticking probability is 1 (i.e. the surface is highly reactive and every collision results in
absorption) the surface will be completely contaminated (i.e. a monolayer of carbon monoxide

forms) after 3.48 seconds.

If the calculation is repeated for a pressure of 1x 10-1° mbar the surface will be completely
contaminated after 9.7 hours, which is an appropriate time frame for the majority of

experiments. Pressures below 1 x 10-° mbar are known as ultra-high vacuum (UHV).

The system used in this work is equipped with XPS, molecular beam, a mass spectrometer for
molecular beam experiments and leak detection, a sputter gun for cleaning of samples, Pirani
and lonisation gauges for the measurement of pressure in the chamber and gas line. In addition
to the experimental techniques a side chamber is also present, separated from the main
chamber by a gate valve. This allows for a second sample to be inserted without the need to

bring the entire system up to atmosphere. Schematics of the chamber are shown in Figure 2.3.
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Figure 2.3 (a) Schematic, (b) and (c) photographs of the UHV Chamber used in this work

In order to achieve the low pressures required for experimental work the chamber is equipped
with two types of pumps: turbo molecular and rotary vane. Rotary pumps are one of the most
widely used types of pump and are a form of positive displacement pump. In the pump a
slotted rotor turns inside a cylindrical stator driven by an electric motor, gas is drawn into
the pump, compressed and expelled through the exhaust valve. The rotary pumps on the
vacuum chamber are used to ‘rough down’ the system from atmosphere to around 1 x 10-2
mbar, after which the large turbo pump is started. The rotary pump then acts as a ‘backing’
pump for the main turbo. The turbo molecular pump is a form of molecular drag pump (a
kinetic pump where gases molecules are given momentum through contact with the surface of
the high speed motor directing the molecules towards the pump outlet) consisting of a rotor of

slotted discs rotating between the discs of the stator.2
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Once the turbo pump has reached pressures of around 1 x 10-7 mbar the system must be ‘baked’
to temperatures of up 140 °C in order to achieve UHV conditions via desorption of background

from the chamber walls and equipment.

Measurement of pressure inside the chamber is required in order to monitor the pumping down
in the chamber (and checking for any possible leaks) as well as monitoring sputtering and the
levels of gas the sample is exposed to during dosing. Due to the large range of pressures
involved in the UHV chamber work (atmospheric to 1 x 10-1° mbar) the chamber is equipped

with two types of gauges: the Pirani and ionisation gauges.

The Pirani gauge is a type of thermal conductivity gauge used to measure pressures between
atmospheric and 1 x 104 mbar. The gauge works on the basis that the thermal conductivity of a
gas is proportional to its pressure within this range. The gauge consists of a hot metal filament
(typically platinum) suspended in a tube, and either the temperature or current of the filament
is kept constant. At higher pressures gas molecules will collide more frequently with the
filament and result in cooling. Therefore in a lower pressure the filament will be hotter (lower
pressures result in fewer collisions and therefore less cooling). As the resistance of the wire is
temperature dependent this allows for pressure in the chamber to be measured.2 Pirani gauges

are used on the gas line and during the initial pumping down of the UHV chamber.

The Ionisation gauge is used to measure pressures in the main chamber between 1 x 104 and 1
x 10-11 mbar. Ionisation gauges rely on the ionisation of molecules (A) in a low pressure gas by a

beam of energetic electrons according to Equation 2.32
A+ e” 5 AT+ 2e”
Equation 2.3 ionic emission

The resulting ion current is given by Equation 2.4. The ions are collected by a negatively
charged electrode called the collector and the current in the collector is proportional to the rate
of ionisation which can be used to give a measurement of the pressure. The lower limit of the
gauge is caused by the photoelectric effect as electrons produced will collide with the grid

causing X-Ray emission. This emission causes photoelectric noise in the detector.
It =nlol™

Equation 2.4 ion current produced during thermionic emission. I'= ion current, n=molecular

density, |= average electron path, o= ionisation cross-section, I'= electron current
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The Ionisation gauge used on the UHV chamber is a form of hot cathode gauge known as the
Bayard-Alpert hot cathode ionization gauge. This gauge consists of three electrodes (collector,
filament and grid) with a small ion collector inside the grid. Electrons are emitted from the
filament and move back and forth before entering the grid. During this process the electrons

will collide with gas molecules to form ions.

2.4 QUADRUPOLE MASS SPECTROMETER (QMS)

The quadrupole mass spectrometer (QMS) is used in the ultra-high vacuum chamber in
conjunction with the molecular beam, monitoring the composition of residual gases within the
chamber, monitoring the purity of reactant gases as well as for leak detection. A schematic of a

quadrupole mass spectrometer is shown in Figure 2.4.

Fesonant Ton

Quadrupole Dretector

Source

Figure 2.4 schematic of the quadrupole mass spectrometer

The analyser consists of four precisely matched metal poles set parallel to each other and
separates ions based on their mass to charge (m/z) ratio. Opposing rods in the quadrupole are
electronically connected and a radio frequency (RF) applied between the pairs with a direct
current voltage superimposed. Two poles will have an applied potential of (U + Vcoswt) and the
others a potential of -(U + Vcoswt) (U is dc voltage and Vcoswt is the ac voltage where w is the
angular frequency). The ratio of these frequencies is varied and as the ions pass through the
quadrupole only ions of a specific m/z (mass charge) ratio will reach the detector- all others will
collide with the rods. Systematic variation of the ratio of frequencies (either through alteration

of w or U/V) produces a mass spectrum.
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A ThermoVG QMS was used throughout this investigation in conjunction with the Gas Works
Software suite. This mass spectrometer is capable of monitoring several masses simultaneously
allowing for the study of initial beam reactivity, in addition to the products evolved in surface

reactions during molecular beam experiments.

2.5 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

2.5.1 THEORY

X-Ray Photoelectron spectroscopy (XPS) is one of the most widely used surface characterisation
techniques due to its versatility and high surface sensitivity. XPS allows for not only the
determination of elements present on a surface but can also provide information on chemical

state of the elements.

XPS is reliant on the photoelectric effect first reported by Hertz in 18873 where the
bombardment of a metal with photons will cause the emission of electrons. Around ten years
later Thomson identified the emission was caused by light* and in 1915 Einstein provided a full
description of the effect> where discrete quanta of light are adsorbed causing electrons of
specific energy to be emitted provided the photon energy (hv) is greater than the work function
(the minimum energy required to remove an electron from the highest occupied energy level to
the vacuum level, @) (Equation 2.5).! Siegbahn utilised this photoelectric effect in the
development of XPS (or ESCA (electron spectroscopy for chemical analysis)) during the 1960s.6

EKINth_ EB+ (p

Equation 2.5 the energy of elctrons ejected during the photoelectric effect E¢ = kinetic energy of
ejected electron, h= Plancks constant, v= wavelength, Ez= binding energy of electron, = work

function

During an XPS experiment a monochromatic beam of X-rays is aimed at a solid surface causing
the emission of core (electrons from the inner quantum shells which do not participate in
bonding) and valence electrons (electrons from the weakly bound outer levels). Equation 2.5
shows that for a fixed photon energy photoemission from an atom with well-defined core-levels
will produce photoelectrons with well-defined kinetic energies. The process of the X-ray

excitation of a core shell electron is shown in Figure 2.57. These core electrons are the key to
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chemical identification using XPS, as they are relatively insensitive to chemical bonding and

maintain consistent binding energies specific to the element.

Ejected photoelectron, kinetic
f energy Elun

Horay,
energy hv

Figure 2.5 The X-ray excitation of a core shell electron during XPS

The energy of the photoelectron will be dependent on both the element and the oxidation state.
The intensity of electrons (N(E)) is recorded as a function of kinetic energy and the resulting XP

spectrum is usually plotted as N(E) against binding energy.1”

—d
I(d) =1 (—)
( ) Oexp A(E)
Equation 2.6 The dependence of electron intensity on the distance travelled through the sample

I(d) is the intensity after travelling distance d through the solid, 1, is the initial intensity and A(E)is
the IMFP

The high surface sensitivity of XPS arises from the inelastic mean free path (IMFP A) of the
excited electrons generated during the experiment. The IMFP refers to the average distance the
electron travels through the sample before it is inelastically scattered, and the intensity decays
to 1/e of its initial value. The intensity of the electrons is dependent on the distance travelled
through the solid and is known to obey Equation 2.6. The low IMFP of the electrons means that
whilst the initial X-rays can travel several millimetres into the bulk of the sample the resulting

photoelectrons will only be from the first few atomic layers.
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Figure 2.6 The 'Universal Curve'illustrating the relationship between the IMFP and Energy of the

electron®

The IMFP is known to have a strong dependence on the kinetic energy of the electron. This
relationship is shown the in ‘universal curve’ (Figure 2.6°) constructed from the measurement
of IMFP for electrons generated from a range of metals. The figure clearly shows a minimum in
IMFP when the electron has an energy of around 50 eV, and this is where the highest degree of
surface sensitivity will occur. An empirical fit for the data was suggested by Seah (Equation
2.78). When the kinetic energy is greater than 50 eV the IMFP increases as the IMFP is directly
proportional to the square root of the energy and therefore velocity. This can be rationalised as
the electron having a greater velocity, reducing the time taken to pass through the solid and

therefore reducing the probability of a collision (and therefore inelastic scattering) occurring.

A 538a

nm E?

+ 0.41(13/2 (EKin) 1/2

Equation 2.7 The Dependence of an electrons mean free path on its energy where A is the IMFP, E is

the kinetic energy and a is the mean atomic diameter

Once photoemission has occurred during the XPS experiment there is a vacancy present in the
core electron levels. This ‘hole’ is filled by the transition of an electron from a higher energy

shell (known as the down electron). Once this transition has occurred the energy given off by
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the electron is lost in one of two ways. The first is that the energy can be transferred to another
electron, causing the emission of a second electron from the atom. This is known as the Auger

process and is depicted in Figure 2.7. The emitted electron is known as the Auger electron.

The energy of the Auger electron is independent of the energy of the radiation used to cause the
first excitation and therefore the electron may be used for elemental identification. All elements
apart from hydrogen and helium (i.e. those with three or more electrons) will produce an Auger
spectrum, with the complexity increasing with the number of electrons due to the greater

number of transitions available.

Auger electron

'Photoelect:ron

owmn electron

hw

‘hole'

Figure 2.7 The Auger Process

The second process through which the atom can release the energy emitted by the down
electron is to emit it as a photon of light. This process is known as X-ray fluorescence. The
probability of Auger emission and X-ray fluorescence relative to atomic number is shown in
Figure 2.810. It is clear that Auger emission is favourable for elements with low atomic number

whereas X-ray florescence becomes dominant for heavier elements.
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Figure 2.8 The probability of Auger emission and X-ray Fluorescence as a function of Atomic

Number (taken from reference (11)
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A typical wide scan of a clean Fe 3 % Si single crystal is shown in
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Figure 2.9. The spectrum consists of a series of peaks from XPS and Auger transitions over a
background level of low energy electrons arising from inelastic scattering. The background is
much larger at higher binding energy and consists of inelastically scattered electrons from XPS
transitions and Bremsstrahlung radiation (produced by the deceleration of a charged particle
when deflected by another charged particle, with a continuous spectrum) arising from X-ray

generation.
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Figure 2.9 A typical XP spectrum of a clean Fe 3% Si (100) surface

2.5.2 EXPERIMENTAL.

Two XPS systems were used to collect the spectra used in this study. All XP spectra from the

heating studies of the steel sheet samples were collected using a PSP TX400 X-ray source and

resolve detector with a Spellman SL600 electronic supply. A pass energy of 100 eV was used for

the wide scans and 50 eV for all regions.

The X-ray gun (Figure 2.10) consists of a twin anode source which produces both magnesium

Ka (1253.6 eV) and aluminium ka (1486.6 eV) radiation. The gun contains two filaments which

produce electrons via thermionic emission. These electrons collide with the anode to produce

the required emission- switching the filament used allows for a change in excitation source.
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The X-rays produced leave the source through the aluminium window which has two roles in
protecting the sample from heating effects, stop and reducing the amount of Bremsstrahlung

radiation and secondary electrons to reach the sample.
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Figure 2.10 Schematic of the x-ray gun head, taken from the PSP vacuum technology x-ray source

for XPS laboratory manual.

The detector used was a hemispherical analyser as developed by Siegbahn in 19676. The
detector conisists of two concentric hemispheres with a potential difference between them. This
electrostatic field only allows electrons of a specific energy (the pass energy) through the
detector, higher energy electrons will hit the outer hemisphere, lower energy electron the inner
one. Electrons are slowed by a negative electron known as the retard plate. By varying the
voltage on this plate electrons of different kinetic energy can reach the detector at the end of the

analyser and a spectrum can be recorded.

The XP spectra of all powdered samples and some steel sheet samples were collected on the

Kratos AXIS ULTRA- DLD.

2.5.3 XPS INTERPRETATION AND QUANTIFICATION

One of the major advantages of XPS in surface science is it allows for the calculation of the
concentration of atoms adsorbed onto the surface of the crystal of interest, as the area of an XPS

peak is directly related to the surface abundance of an element. Madey first proposed an
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equation relating the surface concentration of an adsorbate to its XPS signal in 197312, This was
modified by Carley and Roberts in 1978 into the well-known Carley-Roberts equation (Equation
2.813)

Key o 1y o usNyA;pscos6
Kes I HaMmg

Equation 2.8 The Carley- Roberts equation for the quantification of an absorbate on a surface.
Where o= surface coverage, A= absorbate, S= substrate, Ke= kinetic energy, I= Intensity, u=
ionisation cross section, N,= Avagadros Constant, A= mean free path of substrate electrons through

substrate, p= density of substrate

Data for determination of the asymmetry constant have been published by Reilman et al.14 The
ionisation cross section of XPS peaks (1) were tabulated for each element at 1254 and 1487 eV
(Ka emissions of magnesium and aluminium respectively) by ] Scofield.t> Unfortunately these
values do not allow for variation caused by the angle between the analyser and x-ray source.

The corrected ionisation cross section is given by Equation 2.9

u = u<1 —§Pz(cos 9))

Equation 2.9 Corrected ionisation cross-section u= ionisation cross section, 8= asymmetry constant,

3x%-1
2

0= angle between x-ray source and analyser, P,(x) =

Many of the terms within the Carley-Roberts equation remain constant for a particular
absorbate-substrate system and therefore the equation can be simplified as shown in Equation

2.10.
oq = A(l4/I5)
Equation 2.10 Simplification of the Carley-Roberts Equation

A major weakness of the Carley- Roberts equation is that it will only hold true for coverages less
than one monolayer. For higher coverages Equation 2.11 must be used as it takes into account

the attenuation of the substrate XPS signal by the absorbate.
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Allnl — Inly)
d= ———
—cosf

Equation 2.11 Calculating the Depth of a surface absorbate where d= film thickness, I= intensity of

substrate, l,= intensity of clean substrate A= IMFP of substrate electrons through absorbate

2.5.4 DATA ANALYSIS

All XPS analysis was performed using the CasaXPS software.l¢ Regions were created around
each elemental transition and a Shirley background was applied. The expected number of
components was inserted under the curve and adjusted until a reasonable fit was achieved. In
general the full-width half maximum values were restricted to remain below 2 when fitted data
collected using the Kratos spectrometer, slightly wider components were allowed when fitting

data collected with the PSP spectrometer.

When Spin-Orbit splitting was observed (for example in the Fe 2p spectrum) components were
fitted in pairs with the intensity and full with half maximum values constrained relative to each
other. In the Fe 2p this would mean the component within the 1/2 transition would be
constrained to have the same full width half maximum value as the 3/2 transition. The area of

the 1/2 component would be constrained be half that of the 3/2 transition.

2.6 ATTENUATED TOTAL REFLECTANCE INFRARED
SPECTROSCOPY (ATR-IR)

2.6.1 INTRODUCTION TO INFRARED SPECTROSCOPY

Infrared Spectroscopy (IR) is a powerful technique for the probing of molecular bonds. The
technique is an absorption technique and uses light in the range 10-4000 cm! depending on the

information required, however commonly the range of 400-4000 cm! is used (mid-infrared).

An in depth discussion of the interaction of molecules with IR radiation can be found in any
book covering basic spectroscopy for example ‘Fundamentals of Molecular Spectroscopy’ by

Banwell and McCash??
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2.6.2 EXPERIMENTAL

The infrared spectrometer used in this study is the Varian 600 UMA FT-IR microscope. It is a
Fourier transform infrared (FT-IR) spectrometer and is capable of attenuated total reflectance
(ATR) spectrometry. During an IR experiment Infrared light is passed through the sample and
then an interferometer with a mirror. This results in an ‘interferogram’ which is processed
using a Fourier Transform to produce the required spectrum. FTIR is favoured over other IR
methods as data from all frequencies is collected simultaneously, improving both the speed of
collection and the signal to noise. The resulting output is the absorbance as a function of

wavenumber.

In this study the ATR method was used to collect the IR spectrum. The main benefits of using
this method are the increase in surface sensitivity, the reduction in sample preparation time and
the increase in signal. In ATR-IR the sample is pressed against a crystal with a high refractive
index (in this case germanium). The Infrared beam passes through the crystal and is internally
refracted. The internal refraction causes the formation of an evanescent wave which extends out
of the crystal slightly and into the sample. Some of this wave is absorbed by the sample and
alters the wave. These alterations are detected and are used to produce the infrared spectrum of

the sample as summarised in the Figure 2.11.

In order for the technique to be effective good contact must be between the sample and
germanium crystal as the evanescent wave only travels a few microns outside of the crystal.
Additionally the refractive index of the crystal must be higher than that of the sample or internal

reflectance will not occur.
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Figure 2.11 Schematic of ATR a) internal reflection within the germanium crystal b) penetration

into the sample pressed against the crystal. Adapted from Banwell and McCash®’

2.7 RAMAN SPECTROSCOPY

2.7.1 INTRODUCTION TO RAMAN SPECTROSCOPY

As with infrared spectroscopy (IR) Raman spectroscopy is a vibration technique which probes
bonds present in molecules. Raman spectroscopy is often used as a complimentary technique to
IR as the techniques have different selection rules and therefore probe different bonds. In IR
spectroscopy a permanent electric dipole is required for a molecule to be spectroscopically

active however in Raman spectroscopy a change in polarisabilty is required.
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During Raman spectroscopy a beam of monochromatic light (typically from a laser) is scattered
by a sample. This beam of light is viewed as a stream of photons with energy hv. If the light is
directed at a molecule it can interact with it in several ways. If the light is scattered elastically
(no change in energy of the incident photon) as the majority of photons are the scattering is
known as Rayleigh scattering. A very small percentage of the photons are inelastically scattered
(energy is lost or gained)-this is known as Raman scattering (see figure 1). Raman scattering
can be further divided in to Stokes (where energy is lost) and anti-Stokes (where energy is

gained) scattering.

Wirtual
Energy States

Wibrational
Energy States

Eayleigh Stokes Anti-Stokes
Scattering Scattering Scattering

Figure 2.12 Rayleigh and Raman Scattering

Energy is lost or gained by the photon through the following process. The incident photon
exposes the molecule to an oscillating electric field inducing a time-dependent electric dipole
moment in the molecule. This dipole itself emits electromagnetic radiation with is seen as the

lower or higher energy photon.

As the internal energy of the molecule is quantised (can only have specific values) the energy of
the scattered light will only be altered the specific amounts. As the energy of light is related to
its frequency the frequency components of the scattered light will be shifted from the incident

frequency by discrete values (giving the observed bands in the Raman spectrum).
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2.7.2 EXPERIMENTAL

In a typical modern Raman spectrometer monochromatic light from a laser is focused on a
sample. The scattered light is viewed at a right angle to the incident radiation and is resolved
into its component wavelengths with a high resolution instrument such as a monochromator or

interferometer. This instrument set up is summarised below in Figure 2.13.

_ Sample
Incident
| |
Light Vex | |
Source
Scattered Vex and
nght Vex  Vint
Detector

Figure 2.13 typical experiment set-up of a modern Raman spectrometer

The Raman spectrometer available in the School of Chemistry is a Renishaw microscope with
two lasers- one with a wavelength of 514 nm (visible light) and one with a wavelength of 785
nm (near IR). The spectrometer uses a CCD (charged couple device) detector. All spectra
reported in this investigation were recorded by placing a small amount of sample on a clean
aluminium slide and focusing the laser using a camera within the Raman enclosure. All spectra
were recorded using the argon (Ar+) laser (A= 514 nm) and the spectrometer was calibrated

daily using a silicon standard.

2.8 POWDER X-RAY DIFFRACTION (XRD)

2.8.1 INTRODUCTION TO XRD

XRD is one of the oldest and most widely used characterisation techniques!? developed by the

Braggs at the turn of the century. The technique can be used to probe both the phases present in
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a sample and the particle size. The wavelength of an X-ray is generally around a few angstroms
(i.e. comparable to atom spacing within a solid) meaning it will be diffracted by a well ordered
solid. The diffraction angle of the scattered X-rays can be predicted using the Bragg equation
(Equation 2.12)

nAd = 2dsin@

Equation 2.12 The Bragg Equation predicting Diffraction angle of X-rays diffreacted by a well

ordered solid n= an integer, A= wavelength of X-rays, d= lattice spacing, 0= diffaction angle

This equation assumes that the lattice planes of the crystal are stacked and each reflect the
incident radiation as shown in Figure 2.14. The net difference in path length between the waves
is AB + BC which equates to 2dsin®. If this distance is equal to integral number of wavelengths
(i.e. nA= 2dsinB) the waves will be in-phase and constructive interference will occur, allowing
the spacing between atoms to be calculated using the Bragg equation (Equation 2.12). If AB + BC

is not equal to nA than the interference will be destructive and no signal will be detected.

AN

CONINS

Figure 2.14 X-ray diffraction within a solid

Powdered samples were used in this investigation and therefore a powder diffractomeeter was
used to measure the bulk composition. A powder consists of many randomly oriented crystals,

within which several will satisfy the Bragg equation.
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2.8.2 EXPERIMENTAL

The XRD used in this investigation was the Panalytical X-pert pro spectrometer. The copper Ka
radiation was used with a voltage of 40 kV and current of 40 mA. The spectra were analysed

using the High Score Plus database.

2.9 THERMO-GRAVIMETRIC ANALYSIS (TGA)

2.9.1 INTRODUCTION TO TGA

Thermal gravimetric analysis (TGA) is a form of analysis where changes in weight are
monitored relative to temperature. The analysis requires a high degree of precision in
monitoring both the weight and temperature of a sample. During thermogravimetric analysis
the sample is heated to a high enough temperature to cause the decomposition of components
of a sample, which are then lost from the sample as a gas. If the components of the mixture are
known than percentage weight losses from the sample can be used to determine what is

evolved.

TGA is often used in conjunction with differential thermal analysis (DTA) or differential
scanning calorimetry (DSC). These techniques are used to determine if the degradation seen in
the TGA is endothermic or exothermic, and also provide information on processes with no
associated weight loss (i.e. melting and crystallisation). As many weight loss curves are unclear
the information is often plotted in a differential weight curve in order to identify the points with

the highest weight loss.
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2.9.2 EXPERIMENTAL

The TGA used in this investigation was the Stanton-Redcroft STA-780. A ramp rate of 10 °C min-
1 was used for all experiments and the sample heated from room temperature to approximately

800 °C.
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Chapter 3 The Structure and Stability Of Model Phosphate Coatings

3.1 INTRODUCTION

In this chapter the structure and stability of model phosphate coatings are studied. The final
phosphate coating is important for reducing the energy losses (caused by magnetostriction- the
expansion and contraction of steel when a current is applied) by holding the sheet under
tension. The application of a phosphate based coating has been shown to reduce losses by 10-15
% when compared to uncoated steel when evaluated via the loss separation method?!. “Stress
coatings” were introduced by Nippon Steel in 1965 and phosphates were studied extensively

from the early 70’s.2

There are several structural forms of phosphate- the main ones of relevance for this work are
orthophosphates (PO4) pyrophosphates (P207) and metaphosphates (PO3), the structures of
which are shown in Figure 3.1. The aim of this work is to build an understanding of the changes
that occur in the phosphates during the curing process used in production (see chapter 1) and
during usage of the electrical steels. A full understanding of these processes is vital to the
development and optimisation of new coating materials. The structures will be studied using
spectroscopic (ATR-IR and Raman) and diffraction (XRD) techniques and their stability under

humid conditions will be probed.
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Figure 3.1 The structures of (a) orthophosphates (PO,) (b) pyrophosphates (P,0;) and (c)
metaphosphates (PO3)

The addition of chromium (VI) oxide (CrOs) is known to improve the stability of electrical steel
coatings and therefore the effects of its addition to the model coating will be investigated in this

chapter.

Full characterisation data was collected for all samples (ATR-IR, Raman, TGA, XRD and XPS
where relevant); however only the data central to the discussion is included within this chapter.

All other data can be found in appendix one (page 196).
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3.2 BACKGROUND

3.2.1 THE STRUCTURE AND STABILITY OF ALUMINIUM PHOSPHATES

Aluminium phosphate is the primary constituent of the coatings currently used on electrical
steels at Cogent Power Ltd. It has been extensively studied in the literature, primarily in its uses

as a binder3-9 but also as a corrosion resistant coating for metals.10-14

Aluminium phosphate binders are typically synthesized from a mixture of aluminium hydroxide
and phosphoric acid, and are cured by heating in airé. During this curing process the hydrated
orthophosphate undergoes dehydrolytic condensation to form polymeric phosphates containing

P-O-P bonds3.7.1518 (Equation 3.1).
Mx(H2P04-)y + Mxr(HP04)yr = M;F, 03541 + mH,0
Equation 3.1 The dehydrolytic condesation of orthophosphates to for polyphosphates?

This reaction is known to continue as further curing occurs (generally above 773 K5), causing
the formation of metaphsophates3 (Equation 3.2). The curing process produces a mixture of
phosphates with end, chain and branched functionalites (sometimes referred to as Q!, Q2 and Q3
polymerisation respectively?9 20), and it is believed that increasing the amount of branched

functionality within a chain increases its stability.
nM,(H,P0,), —» (M,PO3), + mH,0
Equation 3.2 Metaphosphate formation during the curing of orthophosphates®

Tricot et al* have used a combination of NMR and XRD to study the phase changes that occur
during the curing of two aluminium phosphate binders synthesized from a mixture of
aluminium hydroxide and phosphoric acid. The main phases observed are shown in Table 3.1;
however not all diffraction peaks were assigned indicating that additional phases were present
within the binder. Binders with a P/Al ratio greater than 3 are much more chemically stable
than those between 2-3 (solutions of which are known to precipitate after a few weeks at room
temperature?!) and XRD indicated that the more stable binder formed the metaphosphate phase
and was completely cured at 623 K (150 K lower than the less stable binder). Increasing
aluminium to phosphorus ratio further to 1:4.2 caused the formation of the cyclic

metaphosphate Al,P¢015 (Figure 3.2).6
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Phases Phases
Temperature / K
P/Al= 3 P/Al= 3.5
423 Al(H,PO,); Al(H,PO,);
473 Al(H,PO,); -
A/H2P3010'XH20
623 Al(POs)s[A]
+ Al(POs)s[B]
773 Al(PO;)s[A] Al(PO;)s[A]
873 Al(PO;)s[A] Al(PO3)s[A]
1123 Al(PO;)s[A] Al(PO;)s[A]
1273 Al(PO;)s[A] Al(PO;)s[A]
1473 Al(PO;)s[A] Al(PO;)s[A]

Table 3.1 phases observed in aluminium phosphate binders during curing® (Al(POs); [A] is a cubic

crystal structure whereas Al(PO3); [B] is monoclinic)

Figure 3.2 The structure of cyclohexaphosphate (Al,Ps01g)

Kobayashi studied the hydration of phosphate glasses and concluded the reaction depicted in
Figure 3.3 and argued that the P=0 group destabilized the glass towards hydration as the m-

bond is weaker than the o-bond in P-O group due to a poor atomic orbital overlap?2.
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Figure 3.3 The hydration of aluminium phosphate glasses (adapted from reference (22))

It is believed that additives can increase the stability of aluminium phosphate binders by
increasing the amount of branching within the phosphate network. It is also thought that these
additives can promote the curing reaction at a lower temperature (possibly by the substitution

of hydrogen within phosphoric acid with a metal ion causing an irregular structure).5 9 23,24

Chromium (VI) oxide (CrOs) has been widely studied as an additive to aluminium phosphate3. 9.
Addition of chromium oxide was found to promote the dehydrolytic condensation reaction and
formation of an amorphous phase at lower temperatures. This suppression of crystallisation
was found to increase with chromium concentration, and it was argued chromium’s small cation
size increased the disorder in the phosphate chain.® Curing temperature was found to be
important for stability of chromium containing binders; all binders cured below 423 K were
very unstable towards hydration3. Curing in an autoclave at high pressures (for example 10

atm)was also found to improve the stability of the binders.3

Other additives to aluminium phosphate have been investigated, including AINS, MgO5, Cu,05,
Zr0y5 8, Al,038 25 and TiO28. Hong et al studied aluminium nitride, magnesium oxide and
hydrated zirconia as replacements for chromium oxide as an additive as the materials had
previously been shown to lower the hardening temperature and improve rehydration
resistance of aluminium phosphate binders.5 7. 26 All of the additives were found to promote the
curing reaction with increasing amounts of additives. Aluminium nitride was found to be
significantly better than the other additives with zirconia being the worst promoter. Aluminium
nitride was also found to be the best additive at preventing rehydration of the phosphate. Singh
et al compared the use of aluminium phosphate as binder for a variety of steel corrosion
resistant coatings with ivory-400 (a commercially available binder).8 The alumina coatings were
found to be the most stable of the aluminium phosphate containing coatings; however the ivory-

400 binder was found to be more effective in all cases.
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3.2.2 THE SYNTHESIS AND STABILITY OF MAGNESIUM PHOSPHATES

Whilst the synthesis and thermal treatment of magnesium phosphate has been studied?27-3¢
(mainly as phosphate cements) it has been done so less broadly than aluminium phosphate. It
has been shown that when a one to one ratio of magnesia to phosphoric acid is reacted a violent
exothermic reaction occurs?3 27 following the pathway shown in Equation 3.3 as opposed to the

expected route described in Equation 3.4. The phases present were identified using XRD.
2MgO0 + 2H;P0O, + H,0 - Mg(H,PO,),2H,0 + MgO
Equation 3.3 The 1:1 reaction between magnesia and phosphoric acid
MgO + H;PO,+ H,0 -» MgHPO, - 3H,0
Equation 3.4 the expected reaction between a 1:1 mixture of magnesia and phosphoric acid

Higashi and Taguchi showed that heating the product in Equation 3.3 to 333 K whilst
maintaining a pH of 2.5-3.5 would result in the formation of the hydrogen free phosphate
(Mg3(P04)2).37 A 1:1 mixture of magnesium hydroxide and phosphoric acid has been shown to
react via Equation 3.4, and the resulting product formed a pyrophosphate (a-Mg;P,07) after
curing at 773 K.32

Dudenhoefer et al3® synthesised the other hydrates of monomagnesium phosphate
(Mg(H2P04)2:3H20 and Mg(H2P04)2-4H20) using magnesium carbonate as a precursor instead of
magnesium oxide. The authors showed the tetrahydrate was only stable under acidic
conditions, and therefore ethyl acetate was required as a solvent in order to perform
purification of the sample (standard washing drying techniques caused decomposition to the

trihydrate).

Magnesium phosphate (Mgs(PO4).) syntheses have been reported since the 60’s3L 37, 38,
Synthetic routes include the treatment of metal salts with phosphoric acid (either as oxides or
hydroxides)3’, or the heating of magnesium diphosphate and magnesium oxide in platinum
tubes3s. Both of these methods required heating to high temperatures (923 and 1373 K

respectively) in order to produce pure anhydrous phosphates.

Baykal et al3! synthesised the phosphate at room temperature from sodium phosphate and
magnesium chloride in phosphoric acid by maintaining a pH of 5.1. The resulting phosphate was
characterised using IR, SEM, XRD and DTA. SEM showed the phosphate was microporous with
an open framework structure. The authors related this structure to the catalytic activity that has

been observed for magnesium phosphates in various reactions including the conversion of 2-
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hexanol to hexanes or hexones depending on structure,3? the dehydration of 2-propanol3 and

oxidative coupling of methane.*

HsPO,
3MgCl2(aq) + 2NazPOupq) — Mg;(P0O,) 2(s) T 6NaCl(aq)

Equation 3.5 the synthesis of magnesium phosphate from magnesium chloride and sodium

phosphate™

It has been shown that the molar ratio between the phosphoric acid and magnesium oxide is
important to the final phosphate formed, with water soluble products forming when the acid
content is too low.36 In addition the sources of magnesium and phosphorus have an important

effect on the phosphate formed.32 35

Mousa35 showed a 1:1 Mg/P ratio generally formed MgHPOQ4-3H,0, which they author observed
formed the pyrophosphate Mg,P,07 upon calcination (1123 K for 6 hours) when magnesium
hydroxide and phosphoric acid were used. Increasing the magnesium content was found to
produce Mg3(P04)2:22H,0 with calcination under the same conditions leading to the loss of the

waters of hydration.

The thermal transformations of magnesium phosphates has been studied by Boonchom;33 34
however this work was mainly restricted to temperatures below ?? K (compared to the 1123 K
temperature reached during the coating curing at Cogent Power Ltd) and studied the loss of
waters of hydration. It was found that MgHPO4-3H:0 lost both the waters of crystallisation and
underwent dehydrolytic condensation in one well defined step between 400-623 K. The author
stated “waters of crystallization cannot usually be removed without destruction of the anion

structure” and gave the overall reaction for this one step as shown in Equation 3.6
MgHPO, - 3H,0 — 1/2 Mg,P,0, + 3.5H,0
Equation 3.6 The one step decomposition of MgHPO,4-3H,0

Abdelrazig and Sharp studied the phase changes that occur when heating ammonium
dihydrogen phosphate (ADP) with an excess of magnesium oxide. The key phase changes are
given in Table 3.2. Magnesium phosphate formed at 498 K, and reacted to form the
pyrophosphate (Mg,P,07 and metaphosphate (Mg(P03).) at 723 K.
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Temperature
Phases Observed
/K
413 MgO and ADP
MgO and amorphous phase
498
(HsPO4 or NH,H,PO,)
MgO, amorphous phase,
603
MgNH,(PO;);
MgO, amorphous phase,
723
MgNH,(POs); Mg(POs),
973 Mg,P,0, Mg(POs),
1158 Mg,P,0;Mg(POs), Mgs(PO,),

Table 3.2 the phases observed during the heating of magnesium phosphate and ADP

Aramendia et al followed the curing process of some commercially available magnesium
phosphates32 and showed the resulting products were dependent on the starting phosphate.
Curing of the orthophosphate Mgz(P04)2:8H20 caused on the loss of water up to 700 °C (with an
amorphous phase forming between 393- 773 K).

3.3 THE SYNTHESIS AND CURING OF MODEL PHOSPHATE
COATINGS

3.3.1 CURING OF MODEL ALUMINIUM PHOSPHATE COATINGS

Coatings used on electrical steels at Cogent Power typically consist of aluminium
orthophosphate, colloidal silica and water. The colloidal silica is use in the coating both as a
bulking agent and in order to improve the wettability of the coating. It is believed that
aluminium phosphate is responsible for the major properties of the coating and therefore is the
component of interest. Model coatings consisting of just the phosphate were produced in order

to simplify the data collected, allowing for an easier interpretation.

A portion of aluminium orthophosphate (Sigma Aldrich reagent grade) was cured at 1123 K in
air for 15 minutes. The ATR-IR spectra before and after curing are shown in Figure 3.4. The
bands observed in both the Raman and IR spectra and their assignments® 4142 are given in Table

3.3. It is clear there is no change in the IR spectrum after curing, indicating that the phosphate in

57



Chapter 3 The Structure and Stability Of Model Phosphate Coatings

unchanged by this process. This is also observed in the Raman spectra of the aluminium

phosphate samples (Figure 3.5).

Al-P-O stretches

AlPO,4

stretches

T T T T T g T v
1600 1400 1200 1000 800

-1
Wavenumber / cm

Figure 3.4 The ATR-IR spectra of aluminium orthophosphate (a) before and (b) after heating at
1123 K for 15 minutes in Air.
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Figure 3.5 The Raman spectra of aluminium orthophosphate (a) before and (b) after heating at

1123 K for 15 minutes in Air.
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IR bands Raman Bands Assignment Reference
Jem™ /Jem™

1311.59 (w) 1112.9 Asymmetric PO, "
stretch

1130.28 (sh) Asymmetric PO, ‘i
Stretch

1095.56 (vs) Symmetric PO, r*
stretch

740.66 (w) Asymmetric ]
Al-O-P

694.37 (m) Asymmetric [*]
Al-O-P

461.3 Symmetric bend "

437.4 Symmetric bend ]

417.6 Symmetric bend "

Table 3.3 The main bands observed in the ATR-IR and Raman spectra of aluminium orthophosphate

(w= weak, m= medium, s= strong, v= very, sh= shoulder)

During curing it is expected the aluminium orthophosphate would undergo dehydrolytic
condensation to form either meta- or pyrophosphate. If this was to occur we would expect to
see the broad band 1095 cm-! become sharper and shift to a higher wavenumber. Additionally
we would expect to see a new band(s) appear due to the formation of P-O-P bonds. These bands
are expected either between 950 and 1000 cm! if a linear metaphosphate if formed or two

bands at around 800 and 1050 cm! if a ring metaphosphate is formed.?

TGA (see appendix one) confirmed there was no phase change during the heating process. The
lack of change observed in these spectra is in sharp contrast to results previously seen from the
curing of aluminium phosphate binders.* > For example Tricot et al* observed dehydrolytic
condensation at 773 K and 623 K, depending on the starting aluminium phosphate binder. The
phosphates studied by Tricot et al* contained hydrogen whereas the aluminium orthophosphate
studied here does not, indicating that the presence of hydrogen may destabilise the
orthophosphate and make P-O-P bond formation more favourable. In addition, the literature
samples were synthesised from an excess of phosphoric acid, which was present during curing.
The sample investigated here was a purified phosphate with no acid present, which may also

have an impact on the curing process.
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3.3.2 THE SYNTHESIS AND CURING OF MODEL MAGNESIUM PHOSPHATE
COATINGS

The model magnesium phosphate coatings are based on a test coating trialled at Cogent Power
Ltd. The coating consists of aluminium phosphate, magnesium oxide, phosphoric acid, colloidal
silica and water. As the presence of magnesium oxide and phosphoric acid are the only
differences between the test coating and the current on-line coating modelled in section 3.3.1
this coating was modelled by the mixture of phosphoric acid and magnesium oxide known to

produce a magnesium phosphate.2?

The procedure followed for the synthesis of model magnesium phosphate coatings is outlined in
chapter 2 (section 2.2.2). A portion of the resulting powder was heated in air for 15 minutes at
1073 K and the ATR-IR and Raman spectra were collected before and after heating (Figure 3.6
and Figure 3.7 respectively). This sample will be referred to as phosphate 2. As a clear change
was observed in both sets of spectra the powder was cured in 100 K intervals and spectra

collected at each stage.

Absorption in the region of ~1050 cm! is typical of a metal oxygen double bond(see for
example references (41) and (43)) In the spectra of the samples cured at 573 and 673 K the
absorption bands between 950 and 1087 cm-! can be assigned to the P=0 stretch, and vibrations
at lower energy than this to the phosphorus oxygen single bonds. These assignments provide
strong evidence for the formation of the phosphate in the solution as observed by others.27. 3135,
37 As these are the only absorption bands present in the spectra it is likely that a magnesium

orthophosphate is formed.

Curing above 673 K saw the shift of the centre of the P=0 absorption band to a slightly lower
wavenumber (from 1047.3 to 1030.0 cm) and the formation of new bands at 1294.2 and
1317.4 cm-1. These higher energy bands can be assigned to symmetric stretches of the P-O-P
bond and indicate that the phosphate undergoes dehydrolytic condensation to form either a
pyro- (P207) or metaphosphate (PO3). This differs from the aluminium orthophosphate which
did not undergo any changes during curing. This is interesting when compared to observations
made in industry where coatings containing magnesium phosphate have been shown to impart

a greater tension on the steel sheets than those consisting solely of aluminium phosphate.

Inspection of the Raman spectra from the same samples (Figure 3.7) showed a similar change in
the spectra between 673 and 773 K. Assignments of the absorption bands are given in Table 3.5
and there is some indication of P-O-P bonds being present in the sample. This indicates that a

pyrophosphate is present in the sample. ATR-IR probes the surface of the powder whereas
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Raman is a bulk technique, so more orthophosphate being present on the surface of the powder

may be the cause of the differences in the spectra from the two techniques.

P=0 (1073 K)

(973 K)
P-O-P

(873 K)

(773 K)

(673 K)
(573 K)

P-0

| ] t 1] l ) l ) l )
600 1400 1200 1000 800
Wavenumber /cm”’

Figure 3.6 The ATR-IR spectra of phosphate 2 after heating for 15 minutes in Air.

IR Adsorption bands Assignment Reference
573-673 K 773-1073 K
713.66 719.47 P-0
744.52 pP-O0
912.33 P-0
989.48 P=0
1047.34 1029.99 P=0
1087.85 P=0
1180.43
1294.23 P-O-P
1317.38 P-O-P

Table 3.4 The major absorption bands observed in the ATR-IR Spectra of magnesium phosphates

and their assignments
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P-0 P-O-P

P=0

(1073 K)

(973 K)

(873 K)

(773 K)
(673 K)

(573 K)

0 200 400 600 800 1000 1200
Raman Shift / cm”

Figure 3.7 The Raman spectra of phosphate 2 after heating for 15 minutes in Air.

Raman Adsorption Bands / Raman

Shift cm™ Assignment Reference
573-673 K 773-1073 K
380.9
387.97
410.62 414.86 P-0
438.82 P-0
459.90 P-0
473.91 P-O
518.59
612.66 615.41
686.54
724.56 P=0
909.22 P=0
975.05 930.35 P=0
1148.81 1168.03 P-O-P

Table 3.5 The Absorption bands observed in the Raman Spectra of phosphate 2 and their

assignments
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Inspection of the X-ray diffraction patterns of the magnesium phosphate after heating at 573
and 1073 K (Figure 3.8) confirmed the assignments of trimagnesium orthophosphate
(Mg3(P04)2-xH20) and a magnesium metaphosphate which was identified as magnesium cyclo-
tetraphosphate (Mgz(P0O3)s,Figure 3.8c). In addition the sample heated to 573 K was found to
contain the pyrophosphate MgHP,07. This pyrophosphate has previously been observed when
heating magnesium orthophosphate (Mg(H2P04)2:2H20) above 523 K.#¢ The presence of the

pyrophosphate provides support for the band assignments in the Raman spectra.

» MgH_P O, (00-020-0675)
Mg,(PO,), (01-088-0413)
¢ Mg,P,0_, (01-070-1803)

; (b)

10 20 30 40 50 60 70 80

20
- 0o
Y
/P\o\ o
ox/ 7
_/P\ / ©
o oy
Ny

(c)

Figure 3.8 The XRD spectra of phosphate 2 after heating to (a) 573 and (b) 1073 K in air for 15

minutes and (c) the structure of the observed metaphosphate
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Figure 3.9 TGA of fresh magnesium phosphate dried at 573 K

The TGA of the dried magnesium phosphate is shown in Figure 3.9. It is clear there are two
transitions within the TGA. The first gradual transition up 373 K is associated with the loss of

water adsorbed by the powder. The second sharper transition at 636 K was associated with a
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10.9 % drop in sample mass. Equation 3.7 shows the proposed reaction occurring in this
transition. The loss of water and oxygen within this reaction would account for a mass reduction

of 12.5 %.
2MgHP,0, - H,0 - Mg,(P03), + 2H,0 + 1/, 0,
Equation 3.7 The proposed reaction observed in the TGA of magnesium phosphate

Attempts were made to synthesis a sample consisting of only magnesium orthophosphate
(mainly by heating on a hot plate overnight), however all resulting powders were found to

contain the pyrophosphate.

3.3.2.1 THE EFFECTS OF MAGNESIUM OXIDE: PHOSPHORIC ACID RATIO

In order to probe the effects of magnesium oxide: phosphoric acid ratio a series of samples were
synthesised containing 25, 50 and 75 molar % magnesium oxide in order to produce samples
with an excess of phosphoric acid or magnesium oxide. The sample studied in the previous
section contained 40 % magnesium oxide. All samples were fully characterised using IR, Raman,
XRD and TGA, however some data has been placed in appendix one (page 196) in order to
improve the flow of the chapter. All samples were produced under the same conditions using

the same method as described in chapter 2.

3.3.2.1.1 25 % MAGNESIUM OXIDE

Synthesis of magnesium phosphate from a 1:3 mixture of magnesium oxide and phosphoric acid
produced a colourless gel, which formed a hard white powder when heated to 673 K. Attempts
were made to dry the sample at 573 K (as with the previous sample) however no powder
formed until 673 K. This sample is referred to as phosphate 3. The Raman spectra of the
resulting powder are shown in Figure 3.10, and the key absorptions are listed in Table 3.6 and

Table 3.7 along with the main IR bands (the IR spectra are shown in appendix one).

65



Chapter 3 The Structure and Stability Of Model Phosphate Coatings
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Figure 3.10 The Raman spectra taken from magnesium phosphate 2 after heating between 673

and 1073 K.
Raman Adsorption /
o IR adsorption/ cm™ Assignment References
362.4 Lattice Vibrations
497.6 Lattice Vibrations
725.2 P-O-P bend “
916.2 P-O-P stretch *
725.8 1003.0 P-O stretch .46
909.2 1166.9 P-O stretch “
981.5 Asymmetric P-O-P stretch v
1093.4 Symmetric PO; stretch 4
1261.4 P-O ionic stretch °

Table 3.6 The major absorption bands in the IR and Raman spectra of phosphate 3 when dried at
673 K
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Raman Adsorption /

o IR adsorption/ cm™ Assignment References
194.1 Lattice Vibrations
244.9 Lattice Vibrations
338.2 Lattice Vibrations
355.3 713.7 P-O-P bend w47
414.8
615.3 P-O stretch “
922.0 P-O-H bend *
687.8 P-O stretch “
721.8 985.6 P-O stretch 46
1166.7 PO; symmetric stretch 47
1197.8 P=0 “
1685.8 (broad)

Table 3.7 The major absorption bands in the IR and Raman spectra of phosphate 3 when heated
between 773 and 1073 K

It is clear from Figure 3.10 and the data collected in the tables that a phase changes occurs
between 673 and 773 K. The IR and Raman data indicates that the initial dried powder collected
at 673 K is pyrophosphate, with good agreement to the assignments collected by Corbridge and
Lowe in the IR spectra,*s and the Raman absorptions observed by Popovic* and Sarr.*” This
assignment of magnesium pyrophosphate is also in good agreement with the assignment of

phosphate 2 when dried, and the observations by Hinsch et al.*¢

Inspection of the Raman and IR spectra of the sample after heating above 673 K shows there is a
clear change in the sample, with the peak at 981.5 cm arising from the P-O-P stretch in
magnesium pyrophosphate decreasing and the peaks at 721.8 and 1166.7 cm-! (characteristic of
metaphosphate P-O symmetric stretch and PO3 symmetric stretch respectively) increasing with
temperature.. Based on the spectra it appears that the sample is a metaphosphate chain. It is
most likely to be a straight linear chain than a ringed phosphate, due to the lack of adsorptions
associated with ring bending and breathing (typically around 370 and 380 cm-! 48). Three
absorption bands were observed in the region 650-800 cm! of the Raman spectrum, and the
number of bands present here has previously been shown to give a measure of the periodicity of

the phosphate chain.*6. 49
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When the sample was heated to 1073 K, an additional adsorption band appeared at 901.2 cm,
however it is unclear what this adsorption is associated with. Unfortunately the sample was too
hard to achieve a good contact with the ATR crystal and the IR spectrum could not be collected,
meaning this could not be probed further. As this was the only change observed in the Raman

spectrum, it is likely that the sample is still a linear metaphosphate chain.

3.3.2.1.2 50 % MAGNESIUM OXIDE

A sample was prepared containing equal amounts of magnesium oxide and phosphoric acid
(referred to as phosphate 4). As with previous samples the sample was dried at 573 K and
portions were heated in air for 15 minutes in 100 K intervals. The Raman spectra of the
resulting powders are shown in Figure 3.11 and the IR spectra in Appendix 1. The main

absorption bands from both sets of spectra are listed in Table 3.8 and 3.9.

Inspection of Figure 3.11 shows there is a clear change in the Raman spectrum between 673 and
773 K (as observed in phosphate 2). This change was also observed in the IR spectra. The
position and relative intensities of the bands in the IR and Raman spectra showed good
agreement with those observed by others for pyrophosphates*5>-47 however the two highest
wavenumber IR absorbances ( 1089.8 and 1180.4 cm-1) can also be assigned to orthophosphate
P-O stretches, or pyrophosphate ionic P-O stetches#>. XRD (see Appendix 1) indicates both
magnesium orthophosphate and pyrophosphate are present within the sample, supporting this

assignment.
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Figure 3.11 The Raman spectra taken from phosphate 4 after heating between 573 and 1073 K.

Raman Adsorption / IR adsorption/

emd et Assignment References
185.4 Lattice vibrations
315.3 719.4 P-O-P bend 546
412.0
486.4
920.0 P-O-P stretch *®

609.8 991.4 P-O stretch 9546
727.2 P-O-P symmetric stretch v
973.6 PO; asymmetric stretch 47

1047.3 P-O stretch ®

P-0O ionic stretch pyrophosphate or 5
1089.8 K

P-O stretch orthophosphate

1144.9 PO; asymmetric stretch v

P-O ionic stretch pyrophosphate or
1180.4 *

P-O stretch orthophosphate

Table 3.8 The major absorption bands in the IR and Raman spectra of phosphate 4 when heated to

573 and 673 K
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Raman Adsorption /

o IR adsorption/ cm™ Assignment References
143.0 Lattice vibrations
172.3 Lattice vibrations 8
192.7 Lattice vibrations %
246.3 Lattice vibrations
293.8 Lattice vibrations
336.7 Lattice vibrations 8
355.3 Ring bending =
389.3 (shoulder)
416.2 Ring breathing .
459.8
507.4
551.9
616.7 721.4 P-O-P stretch 48
687.8 744.5 P-O-P stretch 45,48
933.5*
878.7 1037.7 P-O stretch 45,46
931.6
1059.7 P-O asymmetric stretch %
1150.0 (shoulder) P-O symmetric stretch °
1168.0 O-P-O symmetric stretch %
1296.2 P=0 stretch ®
1321.2 P=0 stretch *

Table 3.9 The major absorption bands in the IR and Raman spectra of phosphate 4 when heated
between 773 and 1073 K. the adsorption labelled with a * was only observed in the IR spectrum

after the sample has been heated to 873 K.

A clear change is observed in both the IR and Raman spectra between 673 and 773 K. As the
sample is heated further the absorption bands in the Raman spectra become sharper and more
intense. The spectra indicated that the sample had undergone a condensation reaction and was
now a cyclic metaphosphate. This was confirmed in the XRD which indicated the sample was

cyclic tetrametaphosphate (the same result as phosphate 2).
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3.3.2.1.3 75 % MAGNESIUM OXIDE

The final phosphate produced in this section was made using 75 % magnesium oxide (giving an
excess of magnesium oxide, unlike all the previous samples where an excess of phosphoric acid
was used). As with the previous samples portions were heated in air for 15 minutes in 100 K
intervals and the Raman and IR spectra were collected. The Raman spectra are shown in Figure
3.12 and the IR spectra in appendix 1. All major absorbencies are listed in Table 3.10 and 3.11
along with their proposed assignments. Inspection of the Raman spectra shows that the changes
are more gradual than in previous samples with the spectra collected from samples heated to
673 and 773 K appearing to be a mixture of the spectra produced at 573 K with ones produced
at 873 K and above. The spectrum produced from the sample heated to 573 K indicated the
sample was a mixture of magnesium pyrophosphate and unreacted magnesium oxide- in good

agreement with the IR spectra and the X-ray diffraction patterns (see appendix one).

P-O-P bend
(1073 K)
(973 K)
(873 K)
(773 K)
(673 K)
P-0O Stretch

(573 K)

P-OH

Stretch

|| I I l 1 I ] ' || I ||
0 200 400 600 800 1000 1200

Raman Shift / cm””

Figure 3.12 The Raman spectra taken from phosphate 5 after heating between 573 and 1073 K.

After heating to 873 K and above the absorption bands became much sharper and there was a
clear change in the position and number of peaks. The assignment of these peaks indicates that
either pyro- or metaphosphate is present in addition to the unreacted magnesium oxide. XRD
indicated that a short chain metaphosphate had formed by 1073 K (Mg(POs).), but that

pyrophosphate and magnesium oxide were still both present in the sample.
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Raman Adsorption IR adsorption/
. s Assignment References
/cm cm’

734.9 P-O-P bend il

907.8 P-OH asymmetric stretch 0

1028.5 (v. broad) P-O stretch 4

Table 3.10 The major absorption bands in the IR and Raman spectra of phosphate 5 when heated
to573 K

Raman Adsorption IR adsorption/ Assignment References

/cm? cm™

244.9 Lattice vibration

355.3

551.9

721.4 P-O-P stretch in ring or pyrophosphate 45

964.4 P-O-P stretch il

1059.7

1168.0

1294.2 (sh) P=0 stretch “

Table 3.11 The major absorption bands in the IR and Raman spectra of phosphate 5 when heated
between 873 and 1073 K.
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Based on the Raman spectra it can be concluded that at 673 K and 773 K the sample is a mixture
of pyro and metaphosphate with the metaphosphate concentration increasing as the sample is

heated to higher temperatures.

3.3.2.4 SUMMARY

The main phases of all magnesium phosphate samples are shown in Table 3.12 as determined
by XRD (the only exception is phosphate 3, where poor yields meant there was not enough
sample available to run XRD). It is clear that all dried samples consisted of magnesium
pyrophosphate, indicating it is highly likely that magnesium orthophosphate was formed in
solution and reacted as the sample was heated during drying (as noted by others#4). The
metaphosphate formed during curing was found to have some dependence on the amount of
oxide present, as an excess of magnesium oxide produced small 2 membered rings as opposed

to the larger 4 member rings seen in phosphates 2 and 4.

All samples containing an excess of phosphoric acid were found to completely react to form the
metaphosphate, whereas the sample containing excess magnesium oxide (phosphate 5) only
formed a pyrophosphate. This supports the proposition made in section 3.3.1 that an excess of

phosphoric acid is required during curing for the formation of metaphosphate.

Sample Phosphate 3 Phosphate 2 Phosphate 4 Phosphate 5
. Mgs(PO,)>-xH;0, Mgs(PO,),,
Dried Pyrophosphate MgO, Mg,P,0;
MgHP,0, MgH,P,0,
Linear Mg(POs),, MgO,
Cured Mg,P,0;, Mg,P,0,,
Metaphosphate Mg,P,0;

Temperature of
phase transition 673-773 636 673-773 K 573-773 K
/K

Table 3.12 The phases present in all magnesium phosphate samples and the temperature of the

phase transition
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3.4 AGING OF MODEL PHOSPHATE COATINGS

Initial investigations by Cogent Power Ltd indicated that when aluminium phosphate and
aluminium/ magnesium phosphate mixed coatings were left in humid atmospheres a steady
increase in the mass of the coating was observed (Figure 3.13). It is clear from the figure that
the mass of both coatings increased with time. This is thought to be due to the coating absorbing
water from the atmosphere; however there is little other information on what is happening to
the coatings during this process. The data indicates that for the first 15 days the rate of increase
in coating mass is similar for both coatings, however after this point the coating containing
magnesium phosphate begins to gain mass much more rapidly than the pure aluminium

phosphate coating.

4.0 —
—a— Aluminium Phosphate

35 | —®— Aluminium Phosphate
+ Magnesium Phosphate

3.0

2.5

20

1.9

1.0

0.5

Percentage Mass Increase

0.0

0 5 10 15 20 25 30 35
Time / Days

Figure 3.13 The changes in mass of industrial phosphate coatings when left in humid atmospheres

(approximately 65 % humidity at 333 K) as monitored by A. Nolan at Cogent Power Ltd.

In order to monitor the chemical changes occurring in the phosphate coatings the model
coatings discussed previously were placed in the humidity chamber described in Chapter two.
Samples were taken from the chamber weekly and their ATR-IR spectra were collected. IR
spectroscopy was chosen to monitor the samples as it was a fast technique that could quickly

identify any changes in the sample.
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Figure 3.14 shows that the model aluminium phosphate coating (phosphate 1) was unchanged
after three weeks in the humidity chamber. This was expected as IR had previously indicated

that curing had no effect on the phosphate (see Figure 3.4).

As Received

Aged 1 week

Aged 2 weeks

Aged 3 weeks

Cured at 1123 K

Al-P-0

Stretch
PO, Stretch

=2 e L L e L e B e P |
1500 1400 1300 1200 1100 1000 900 800 700
Wavenumber /cm”

Figure 3.14 The effects of aging in a humidity chamber on the IR spectrum of a model aluminium
phosphate steel coating. The IR spectra of the coating before aging (but after heating to 1173 K)

and without any heat treatment are also shown for reference.

The effects of aging on the model magnesium phosphate coating (sample 2) are shown in Figure
3.15. Itis clear from the data that as with the model aluminium phosphate coating the sample is
unchanged after one week in the humidity chamber as the spectra of the aged and week old
sample are identical. This is in good agreement with the data obtained by Cogent Power Ltd
(Figure 3.13) which indicated aluminium and magnesium phosphate coatings had a similar

percentage mass gain after aging for one week.

After aging for two weeks a shift was observed in the absorbance arising from P=0 (from 1045.4
to 1097.5 cm-1). This is thought to be due to the breakdown of the metaphosphate rings to either
pyro or orthophosphate. The multiple band structure observed in the spectrum taken from the
freshly dried sample (Figure 3.6, also shown in Figure 3.15 for reference) is not observed in the
sample aged after two or three weeks, however the overall shape of the spectra and positions of
the absorption bands in the aged samples are similar to those observed in the freshly dried

sample, indicating that the rings formed during curing are broken down in humid atmospheres.
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This change in structure at two weeks is again in good agreement with the data collected at
Cogent Power Ltd (Figure 3.13) which indicated that the mass of the magnesium phosphate
containing coating began to increase much more rapidly than the mass of the aluminium

phosphate coating after ten days.

P-O Stretch Dried

Aged- 3 weeks

Aged- 2 weeks

P-0-P
tretc
Aged- 1 week
w Cured

P=0 Stretch
e e e e e P
1500 1400 1300 1200 1100 1000 900 800 700
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Figure 3.15 The effects of aging in a humidity chamber on the IR spectrum of a model magnesium
phosphate steel coating. The IR spectra of the coating after heating to 673 K and 1073 K are also

shown for reference.

3.5 THE EFFECTS OF CHROMIUM ADDITION ON MODEL
PHOSPHATE COATINGS

The addition of chromium (VI) oxide to has been shown to dramatically increase the stability of
both magnesium and aluminium phosphate coatings, with little change in mass over thirty one
days within a humidity chamber (see Figure 3.16), however there is little understanding of the

chemical effects of adding chromium oxide to the phosphate.

As it has been shown that the curing process has an important effect on the pure phosphate
coatings (in particular the magnesium phosphate) the curing of the phosphate coatings will be

studied again when different amounts of chromium oxide are added. The curing of the
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chromium oxide by itself will also be studied, in order to determine what effect the phosphate

has on the oxide during heating.
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4.0 — —®— Aluminium Phosphate
i + Chromium (VI) Oxide
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Figure 3.16 The mass changes of industrial phosphate coatings and the effects of chromium oxide

on stability when left in humid atmospheres as monitored by A. Nolan at Cogent Power Ltd.

3.5.1 THE CURING OF CHROMIUM OXIDE

The thermal decomposition of chromium trioxide has previously been studied by others;52-54
however there is some disagreement on the route the thermal decomposition follows. Both
authors agree that heating above 773 K leads to formation of the chromic oxide a-Cr;0s3. J6Zwiak
stated that the decomposition is a two or three stage process over a temperature range 543-
773 K with the intermediate CrO,.52 This intermediate was likely to be a mix of Cr30s, Crs012,
Cr20s5 and CrO;, with the exact composition being determined by decomposition conditions. This

decomposition route is summarised in Equation 3.8.

-y0, —z0,
CrO; — Cr0, — (1,04

Equation 3.8 The thermal decomposition of chromium trioxide as proposed by JéZwiak et al.”> An

additional intermediate may be formed depending on reaction conditions.
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Fouad observed a two-step decomposition process when the trioxide was heated in both
oxidation (Nz/ Air) and reductive (H2) atmospheress3. The first stage occurred between 613-
633 K and was associated with a 9.4 % drop in mass. This stage was attributed to the formation
of chromium chromate (Crz(Cr04)3)5*% and was described by the author as a exothermic
deoxygenation and polymerisation reaction. This chromate then decomposed between 688 and
763 K with a 24 % drop in mass to form a-Cr;03. DSC analysis indicated that this step was

endothermic. This reaction pathway is summarised in Equation 3.9.

1
-30, _4'502
10Cr05 223K 7¢r, (€r0,); 222K 501,04

Equation 3.9 The thermal decomposition of chromium trioxide as proposed by Fouad* **

Due to the disputes in the literature it was decided to repeat thermogravimetic analysis on
chromium trioxide before further study, in addition to full characterisation of the starting and
ending materials and any intermediates. When the sample was heated in 100 K intervals it was
observed to change from a purple powder to a black/brown powder between 573 and 673 K
and to a green powder above 773 K, indicating the decomposition was most likely to be a two
stage process. The ATR- IR spectra of the sample as it was heated (Figure 3.17) supported this
observation as there were clear changes in the spectra between 573- 673 Kand 773- 873 K. The
spectra collected below 573 K were in good agreement with other spectra recorded from
chromium trioxide in the literature and the ones recorded above 773 K were similar to those
recorded from chromium (III) oxide,’s however there is little data available for the intermediate

oxides observed between 573- 773 K.
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Figure 3.17 The effects of heating on the ATR-IR spectrum of chromium (VI) oxide

Thermogravimetric analysis of the chromium oxide as received from Sigma Aldrich (Figure
3.18) indicated that there were two transformations during the heating, one at 607 K and one at

758 K.

The phase transformation at 607 K is associated with a 20.7 % drop in mass. The temperature of
this first mass loss is similar to the range recorded by Fouad,53 however the mass decrease is
much greater and does not allow for the assignment of chromium chromate as the intermediate.
This percentage weight loss is equivalent to the loss of 1.3 oxygen atoms from the CrOs
molecule; however the shape of the differentiated TGA graph (Figure 3.18) is very broad and
there may be a second stage present. The best assignment that can be given to this mass loss is

the formation of a mixed chromium oxide of the form CrOy as described by J6Zwiak et al.52

The second transition at 758 K is associated with a 14.9 % drop in mass. As this final product
has already been identified using vibrational spectroscopies as chromium (III) oxide (Cr203) this
mass loss is most likely to be associated with the reduction of Cr,0s. Based on this deduction

part of the thermal decomposition is summarised in Equation 3.10.

1

202 —02
2Cr0; —— (1,05 — (1,04

Equation 3.10 The proposed reaction observed in the TGA of Chromium (V1) oxide
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Figure 3.18 TGA of Chromium (VI) oxide (Sigma Aldrich, 298 % pur.)
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3.5.2 THE EFFECTS OF CHROMIUM ADDITION TO MODEL MAGNESIUM
PHOSPHATE COATINGS

Whilst aluminium phosphate is of more interest industrially as it is the currently used coating
material online it was decided to investigate the effects of chromium oxide on magnesium oxide
first. The two main reasons for this were that we had developed a greater understanding of
magnesium phosphates behaviour during curing than aluminium phosphate and changes in
magnesium phosphate were easily monitored using vibrational spectroscopies. Additionally it
has previously been shown that chromium (VI) oxide has a greater effect on the magnesium

phosphate.

3.5.2.1 THE ROLE OF CHROMIUM OXIDE CONCENTRATION

In order to probe the effects of chromium oxide on model magnesium phosphate coatings a
range of samples were produced with differing concentrations of chromium VI oxide present.
ATR-IR spectra from the resulting powders after drying and curing are shown in Figure 3.19

and Figure 3.20, and the Raman spectra are in Figure 3.21 and Figure 3.22.

Inspection of the ATR-IR spectra after drying (Figure 3.19) shows that they are a mixture of the
spectra collected from the dried pure compounds (also shown in Figure 3.19 for clarity). The
absorption bands observed in the ATR-IR spectra of the mixed coatings are listed in Table 3.13
along with their assignments. These mixed spectra indicate that the compounds within the

coating are physically mixed; however at this point no chemical interaction has yet occurred.
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Figure 3.19 The ATR-IR spectra of magnesium phosphate/ chromium (VI) oxide model coatings

after drying at 573 K. The percentage concentration of chromium (VI) oxide is given for each

spectrum.

Absorbance/ cm™ Assignment
3394.7 Water
1629.8 Chromium Trioxide

Magnesium
1084.0
Orthophosphate
941.3 Chromium Trioxide
Magnesium
896.9
Orthophosphate
746.5 Chromium Trioxide

Table 3.13 The absorption bands in the ATR-IR spectra of mixed magnesium phosphate/ chromium

oxide samples after drying at 573 K.

The addition of chromium trioxide to magnesium phosphate has a dramatic effect on the IR

spectra even at low concentrations. As the concentration of chromium oxide increases the bands

associated with absorption by chromium oxide become much more prominent- particularly

those at 1629.8 and 941.3 cm'l. By 60 % chromium oxide concentration the spectrum is

dominated by oxide absorption bands. It is also clear from the spectra that the mixed coatings
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have absorbed a large amount of water as indicated by the absorption at 3394.7 cm-! (typical of
a hydroxyl stretch) this was not observed in the IR spectrum collected from the pure

magnesium phosphate sample.

Inspection of the ATR-IR spectra of the samples after curing (Figure 3.20) shows marked
changes after the addition of chromium trioxide. At low concentrations of chromium oxide the
absorption band at 1028.1 cm! associated with the P-O stretch appears to broaden and resolves
into two separate peaks at 954.8 cm and 1080.1 cm-! as oxide concentration increases to 40 %.
As the concentration of chromium increases further the two bands begin to merge as the
intensity of the lower wavenumber band increases and begins to dominate this region of the
spectrum. This additional band cannot be assigned to either the magnesium metaphosphate or
chromium (III) oxide and instead could be part of the magnesium orthophosphate spectrum,
indicating the chromium oxide may be inhibiting the formation of metaphosphate previously

observed in the pure magnesium phosphate samples.
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Figure 3.20 The ATR-IR spectra of magnesium phosphate/ chromium (VI) oxide model coatings
after curing at 1073 K. The percentage concentration of chromium (VI) oxide is given for each

spectrum.

The rest of the bands observed in the IR spectrum are part of the magnesium metaphosphate

spectrum (also shown in Figure 3.20 for clarity). No absorptions from chromium (III) oxide
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were recorded, which is most likely to be because the strongest absorptions associated with the

oxide are outside the range of these spectra.

Inspection of the Raman spectra of the mixed model coating samples after drying (Figure 3.21)

yielded similar results to those observed in the ATR-IR spectra. As with the ATR-IR data the

observed absorption bands are listed in Table 3.14 with their assignments. The spectra

indicated that both chromium trioxide and magnesium orthophosphate were present in the

samples in good agreement with the IR spectroscopy. Mixing the compounds reduced the

number of observed bands in the Raman spectra so that only the strongest absorptions for each

compound were visible in the spectra.
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Figure 3.21 The Raman spectra of magnesium phosphate/ chromium (VI) oxide model coatings

after drying at 573 K. The percentage concentration of chromium (VI) oxide is given for each

Spectrum.
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Absorbance/ cm™ Assignment
115.2
240.6
378.1
493.5 Magnesium Phosphate
757.0
897.3 Magnesium Phosphate
976.4 Magnesium Phosphate
1003.8
1058.5 Magnesium Phosphate

Table 3.14 The absorption bands in the Raman spectra of mixed magnesium phosphate/ chromium

oxide samples after drying at 573 K.

The Raman spectra after curing (Figure 3.22) showed a similar reduction in the number of
bands as the samples after drying. The spectra supported the conclusions drawn from the ATR-
IR spectra and indicated the mixed samples were primarily chromium (III) oxide and

magnesium metaphosphate.

s ) ' (100 %)

I e e eI (60 0%)
(50 %)

_ . e P (40 %)
(30 %)

(20 %)
Phosphate P-0
(0 %)

0 200 400 600 800 1000 1200
Raman Shift /em’’

Figure 3.22 The Raman spectra of magnesium phosphate/ chromium (VI) oxide model coatings
after curing at 1073 K. The percentage concentration of chromium (VI) oxide is given for each

spectrum
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Figure 3.23 The broadening of the P=0 stretch in the Raman spectrum of 50 % chromium oxide

magnesium phosphate mixture after curing at 1073 K.

Inspection of the P=0 stretch around 726 cm! in the mixed samples showed it was significantly
broader than in the pure magnesium metaphosphate sample and at a higher Raman shift more
typical of orthophosphate. A shoulder was present 697.5 cm-! (see Figure 3.23). The Raman shift
of this shoulder is similar to the shift recorded in pure magnesium metaphosphate samples
(around 687 cm-!, also shown in Figure 3.23), indicating that the samples are mixed phosphates

as observed in the ATR-IR spectra.
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Absorbance/ cm™ Assignment
Magnesium
372.4
Metaphosphate
Magnesium
429.0
Metaphosphate

Chromium (lll) Oxide or

554.7 Magnesium
Metaphosphate
Magnesium
687.9
Metaphosphate
Magnesium
728.7
Orthophosphate

Chromium (lll) Oxide or

901.3 Magnesium
Metaphosphate
Magnesium
1058.7
Metaphosphate
Magnesium
1173.2
Metaphosphate

Table 3.15 The absorption bands in the Raman spectra of mixed magnesium phosphate/ chromium

oxide samples after curing at 1073 K.
XRD was used to confirm the identity of the phases present in the samples (see

Figure 3.24 and Figure 3.25). It is clear from the diffraction patterns that chromium trioxide
decreases the crystallinity of the model coatings, as indicated by the reduction in diffraction
peaks and the prominent curve in the patterns typical of amorphous samples in good agreement
with previous work by others.® When patterns collected from the same sample before and after
curing are compared it is clear that curing causes the sample to take on a more crystallised

nature- particularly in samples containing less chromium.
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Figure 3.24 The X-ray diffraction patterns collected from magnesium phosphate/ chromium
(VI) oxide model coatings after drying at 573 K. The concentration of chromium oxide is given

for each spectrum.

° Mg,P,0, (01-070-1803)|
e CrP o (oo -048-0598)

22l
» Mg,P.O, (00-005-0582)
. . , (60 %)
(50 %)
(40 %)

(30 %)

."'t' i | (20 %)
J_J o ' (0 %)

T o P TR ERE Fo |
|10 20 30 40 50 60 70 80
20

Figure 3.25 The X-ray diffraction patterns collected from magnesium phosphate/ chromium (V)
oxide model coatings after curing at 1073 K. The concentration of chromium oxide is given for each

spectrum.
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The phases identified from the X-ray diffraction patterns taken from selected samples are listed
in Table 3.16. The diffraction patterns support the conclusions drawn from the vibrational
spectra that the dried samples are simply a physical mixture of magnesium phosphate and
chromium trioxide. After curing the XRD indicated the presence of a chromium pyrophosphate
(Cr2P207), which was not observed in the vibrational spectroscopy. This is likely to be because
magnesium and chromium pyrophosphate would have very bond energies making them
difficult to distinguish via IR or Raman spectroscopy. Additionally the absorptions from
chromium trioxide were off the scale in the IR spectra and the strongest transitions in the
chromium (III) oxide Raman spectrum were at similar energies to ones in the magnesium

phosphate spectrum, making them difficult to distinguish.

The mixtures used to produce the coatings contained a 2:3 ratio of magnesium oxide to
phosphoric acid, which react in solution to form a phosphate before the chromium oxide was
added. This ratio meant an excess of phosphoric acid was present in the solution which could
have reacted when the sample was cured to form the observed chromium phosphate.
Chromium pyrophosphate is likely to have similar tension and insulation properties to
aluminium and magnesium phosphates and its formation is likely to be the cause of the

increased tension observed when coatings with added chromium oxide are used on steel sheets.

XRD also indicates that the addition of chromium oxide prevents the formation of magnesium
metaphosphate. This supports the earlier conclusion that excess phosphoric acid has a role in
the formation of magnesium metaphosphate during curing and when it reacts to form the
chromium pyrophosphate it makes the condensation reaction with the magnesium oxide (see
Equation 3.7) much more difficult. As magnesium tetrametaphosphate is not formed during
curing it cannot degrade as the coating is aged in humid atmospheres, therefore preventing the
tackiness observed with pure magnesium phosphate samples. This data also indicates that the
addition of phosphoric acid to aluminium orthophosphate coatings may aid the formation of
aluminium metaphosphate and therefore cause an increase in the tension these coating impart

on the steel sheets.
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Pure
30 % Chromium 50 % Chromium 70 % Chromium
Sample Magnesium
Oxide Oxide Oxide
Phosphate
Periclase- Syn
Farringtonite
(MgO),
Phases present (Mgs(P0O,),), a-
Mgs(PO,),xH,0, Farringtonite
after drying at Mg,P,0; Amorphous
MgHP,0; (Mgs(PO.),), :
573 K Chromium
Chromium
trioxide (CrO3)
trioxide (CrO3)
Farringtonite
Phases present Mg,P,0;,, 8- (Mgs(PO,),), a-
dafter curing at Mg,P,0, Cr,P,0,, Mg,P,0;, Mg,P,0,
1073 K Mg,P,0, Cr,P,0; possible

Mg,P,0:;,

Table 3.16 Summary of Phases observed in the X-ray diffraction patterns of selected model

aluminium phosphate coatings

3.5.2.2 THE ROLE OF TEMPERATURE

In order to probe the role of temperature mixed samples containing 30 %, 50 % and 60 %
chromium oxide were cured in 100 K intervals to study the intermediates formed with
vibrational spectroscopies. The TGAs of these samples were also collected after drying in order
to measure the temperature of any phase changes occurring. The spectra of the 50 % chromium
oxide sample are shown below in Figure 3.26 and Figure 3.27 with the TGA in Figure 3.28. The
collected spectra and TGAs from the other samples are in Appendix 1. Inspection of the IR
spectra (Figure 3.26) shows little change in the bands present, however the relative intensities
have altered, particularly between 973 and 1073 K. As the temperature increases the intensity
of the bands related to chromium pyrophosphate (at 1049.3 and 1242.2 cm-1) also increases
until they dominate the spectrum at 1073 K. The positions of all bands observed in the spectra
at 573 and 1073 K are recorded in Table 3.17 along with their assignments.

90



Chapter 3 The Structure and Stability Of Model Phosphate Coatings

(1073 K)

Cr2P207 P=0

(973 K)

(873 K)

(773 K)

(673 K)

(573 K)
CrO;
] I 1 l ] l ] l | ' I l I
'000 1800 1600 1400 1200 1000 800

-1
VWavenumber / cm

Figure 3.26 The ATR-IR spectra of a 50 % chromium oxide/ magnesium phosphate mixed model

coating after curing for 15 minutes in 100 K intervals.

IR Absorption
Assignment Reference
573K 1073 K
Chromium
665.4
Trioxide
719.4
746.5
Magnesium
923.9 923.9 pyrophosphate P-
o-P
Magnesium
1049.3
phosphate P=0
1082.1 MgO?
Chromium
1242.2

Phosphate P=0

Table 3.17 The absorption bands observed in the ATR-IR spectra of a 50 % chromium oxide/
magnesium phosphate mixed model coating after drying at 573 K and curing at 1073 K for 15

minutes.
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The Raman spectra of the 50 % chromium oxide/ magnesium phosphate sample (Figure 3.27)
were found to be more complicated than the ATR-IR spectra. The bands recorded in the spectra
after heating at 673 K and 973 K are given in Table 3.18 along with their assignments and
references. The spectrum collected at 573 K contained only two Raman bands at 905.2 and
992.1 cmi, however when the sample was heated to 673 K additional bands were resolved.
These bands could be assigned to magnesium ortho- and pyrophosphate, as indicated in Table
3.18. This is in fairly good agreement with the results obtained from X-ray diffraction (see Table
3.16), however no chromium trioxide was observed in the Raman spectrum. Further heating
caused the absorption bands to become less resolved until no absorption bands were observed
at 873 K. A clear change in the spectrum is observed at 973 K, interpreted as the formation of
magnesium orthophosphate (Table 3.18). Heating to 1073 K again caused the Raman spectrum

to become less resolved, with fewer observable bands.

(1073 K)
Ring Breath.
P-O (meta)
(973 K)
—/’///—_' (873 K)
P-O (ortho.)
(773 K)
Pyrophosphate
attice Vib.
P-0 (pyro
P-O-P (673 K)
bridgi
Ww"‘ (573 K)
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Raman Shift /cm™

Figure 3.27 The Raman spectra of a 50 % chromium oxide/ magnesium phosphate mixed model

coating after curing for 15 minutes in 100 K intervals.
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Raman Shift
Assignment Reference
673 K 973 K

150.4 144.6 Lattice Vibrations

246.4 Lattice Vibrations

366.7 355.3 Pyrophosphate P-O-P bend 4

416.3 Metaphosphate ring %

breathing

507.4

601.6 Pyrophosphate P-O %

bridging stretch

687.9 Metaphosphate P-O-P %

asymmetric stretch

903.9 Orthophosphate P-OH 0

asymmetric stretch

1061.1 Metaphosphate P-O ®

symmetric stretch

Table 3.18 The absorption bands observed in the Raman spectra of a 50 % chromium oxide/
magnesium phosphate mixed model coating after drying at 573 K and curing at 1073 K for 15

minutes.
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The vibrational spectra of samples containing an excess of chromium oxide and an excess of
magnesium phosphate showed very similar behaviour to that observed in the 50 % sample and

are shown in appendix 1.

Inspection of the TGA of the 50 % chromium oxide magnesium phosphate mixed model coating
(Figure 3.28) shows that the system is very complex with at least four transitions occurring.
The temperatures of the main transitions are given in Table 3.19, however the shape of the TGA

indicates that many small reactions are occurring in addition to the ones reported.

The TGA indicates that a large amount of water was removed from the coating by 344.4 K ( 7.8
% total weight), despite the coating being dried at 573 K for 15 minutes in the furnace to
produce the sample. This was not observed in the pure magnesium phosphate or chromium
oxide. The phase transformation at 513.3 K could not be assigned to any transitions observed in
the TGA of the previous pure samples as it at a much lower temperature than the formation of
either CrOx or Magnesium metaphosphate (607 and 636.3 K respectively). It is most likely to be
some kind of interaction between the chromium oxide and phosphate or unreacted phosphoric
acid to form chromium pyrophosphate, as observed in the X-ray diffraction patterns from some
mixed samples. The final two transitions can be assigned to the formation of magnesium

metaphosphate and chromium III oxide.

Temperature /
p Mass Loss /% Assignment
344.4 7.8 Removal of Physisorbed water
513.3 5.1 unknown
663.6 5.0 Mg,P,0; - Mg,(PO3)
719.6 6.1 Cr;05—> Cr;0;

Table 3.19 Transitions observed in the TGA of dried 50 % Chromium trioxide/ Magnesium

phosphate model coating.
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Figure 3.28 The thermo-gravimetric analysis of a dried 50 % chromium oxide/ magnesium

phosphate mixed model coating.

Increasing the concentration of chromium oxide within the mixture appeared to simplify the
TGA (Figure 3.29) with only four apparent transitions. These transitions have the same

assignments as those in the previous TGA however there are several key differences. The mass
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loss associated with physisorbed water is at a slightly lower temperature (323.3 K) and much
greater (15.9 % compared with 7.8 %). This appears to indicate that dried coatings with higher
chromium oxide content are more hygroscopic and absorb more water. The transition thought
to be associated with the formation of chromium pyrophosphate was at a lower temperature
than in the 50 % sample and showed a much larger drop in mass. This may indicate that the
reaction is easier to perform with a higher chromium oxide concentration and that much more

pyrophosphate is formed.

The formation of magnesium phosphate shows a much smaller drop in mass than expected (1.7
% instead of 4.2 %). This may imply that excess phosphoric acid is required to promote the
condensation reaction for the formation of the metaphosphate or that the ring formation is a
reaction between the pyrophosphate and phosphoric acid. When chromium oxide is added to
the coating it reacts with the excess phosphoric acid to form chromium pyrophosphate at a
lower temperature, preventing (or reducing) the formation of magnesium metaphosphate. This
would stabilise the mixed coatings as the presence of magnesium metaphosphate has been

identified as the major cause of coating degradation.

Temperature /
p Mass Loss /% Assignment
323.3 15.9 Removal of Physisorbed water
453.9 11.6 unknown
696.4 1.7 Mg,P,0; - Mg,(PO3)
771.1 6.2 Cr;,05~> Cr;,03

Table 3.20 Transitions observed in the TGA of dried 66 % Chromium trioxide/ Magnesium

phosphate model coating.
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Figure 3.29 The thermo-gravimetric analysis of a dried 66 % chromium oxide/ magnesium

phosphate mixed model coating.
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3.5.3.3 PROBING THE ACTIVE CHROMIUM SPECIES

In order to determine the active chromium species a sample was prepared containing 50 %
Cr20s (the assumed intermediate in the thermal decomposition of chromium trioxide) and
magnesium phosphate. XRD (Figure 3.30) indicated that after drying the sample was
amorphous and after curing consisted of chromium (III) oxide and magnesium pyrophosphate.
The diffraction pattern collected from the cured sample indicated that the powder still had a
large amount of amorphous material present (as indicated by the typical amorphous curve).
This loss of crystallinity was observed in the samples containing chromium (VI) oxide and in the

literature.®

e Cr,05 (01-085-0730)

(1073 K)

(573 K)
T * I T T " 71 T =1

10 20 30 40 50 60 70 80

20

Figure 3.30 The X-ray Diffraction patterns collected from a 50 % Cr,0s / magnesium phosphate

mixed model coating after drying at 573 K and curing at 1073 K for 15 minutes.

The X-ray diffraction patterns appear to indicate that there is little interaction between the
magnesium phosphate and chromium oxide intermediate, a conclusion which is supported by
the thermogravimetric analysis (see Figure 3.31). The three main transitions observed in the
TGA occur at 352.4 (1.6 %), 503.7 (7.8 %) and 705.5 K (5.1 %). These transitions can be
assigned to the loss of physisorbed water, magnesium metaphosphate formation and chromium
(IIT) oxide formation respectively. These transitions were all observed in the TGA collected
from pure magnesium phosphate or pure chromium (VI) oxide, indicating that there was little

interaction between the magnesium phosphate and Cr;0s intermediate and the hexavalent
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species is responsible for formation of chromium pyrophosphate, thought to be important in

coating stability.
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Figure 3.31 The thermogravimetric Analysis of a 50 % Cr,0s / magnesium phosphate mixed model

coating after drying at 573 K for 15 minutes.
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Additional small transitions were observed at higher temperatures (800 K and above), however
any products formed in these reactions is unlikely to have an effect on the stability of the

magnesium phosphate, as the metaphosphate has already formed by 600 K.

3.5.3 THE EFFECTS OF CHROMIUM ADDITION TO MODEL ALUMINIUM
PHOSPHATE COATINGS

As with the model magnesium phosphate coatings a range of model aluminium phosphate
coatings were produced with different concentrations of chromium oxide present. The ATR-IR
and Raman spectra of the resulting powders before and after curing are shown in Figure 3.32,

Figure 3.33, Figure 3.34 and Figure 3.35.

It is clear from Figure 3.32 the ATR-IR spectra of the mixed samples after drying at 573 K are a
mixture of the spectra collected from the pure samples and the assignments of each band
(chromium trioxide or aluminium phosphate) are given in Table 3.21. It is clear from the
spectra that whilst the compounds are physically mixed within the coating there has been no
reaction between them at this temperature, as was observed in the magnesium phosphate
mixed coatings (Figure 3.19). The addition of chromium oxide to the coating has a dramatic

effect on the spectra, even at low concentrations.

(100 %)

(60 %)

(50 %)

(40 %)
(30 %)

(19 %)
(0 %)

AIPQ, P=

] I | ] l ) ! L] I I l ) I L} I ] l )

4500 4000 3500 3000 2500 2000 1500 1000
Wavenumber /cm™

Figure 3.32 The ATR-IR spectra of aluminium phosphate/ chromium (VI) oxide model coatings after

drying at 573 K. The percentage concentration of chromium (VI) oxide is given for each spectrum.
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Absorbance/ cm™ Assignment
3398 Water
1940.4 Chromium Trioxide
1614.4 Chromium Trioxide
Aluminium
1311.6
Orthophosphate
Aluminium
1286.5
Orthophosphate
Aluminium
1111.0
Orthophosphate
962.5 Chromium Trioxide
889.2 Chromium Trioxide
Aluminium
692.4
Orthophosphate

Table 3.21 The absorption bands in the ATR-IR spectra of mixed aluminium phosphate/ chromium

oxide samples after drying at 573 K.

Inspection of the spectra after curing at 1073 K (Figure 3.33) showed that the spectra were
dominated by the aluminium orthophosphate at all chromium oxide concentrations. This is
likely to be because the strongest IR absorptions by the chromium III oxide are at lower
wavenumber than recorded in these spectra (as limited by the spectrometer) however the
increase in transmission at 727.2 cm in the chromium oxide spectrum becomes more

pronounced with increasing oxide concentration.
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Figure 3.33 The ATR-IR spectra of aluminium phosphate/ chromium (VI) oxide model coatings after

curing at 1073 K. The percentage concentration of chromium (VI) oxide is given for each spectrum.

Absorbance/ cm™ Assignment
1654.9 Chromium oxide
Aluminium
1541.1
Orthophosphate
Aluminium
1311.6
Orthophosphate
Aluminium
1288.4
Orthophosphate
1097.5 Aluminium phosphate
Aluminium
1033.8
Orthophosphate
949.0 (sh) Chromium oxide
738.7 Chromium oxide
Aluminium
690.5
Orthophosphate

Table 3.22 The absorption bands in the ATR-IR spectra of mixed aluminium phosphate/ chromium

oxide samples after curing at 1073 K.
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Adding chromium oxide to the coating caused a significant shift in the energy of the absorption
arising from the P-O bond from 1092 cm! to 1096 cm-l. The energy increased with additional
chromium oxide to 1114.9 cm! in the spectrum taken from the sample containing 60 %
chromium oxide. This wavenumber is more typical of aluminium metaphosphate (for example
bands have previously been recorded at 1020, 1040 and 1145 cm! by Rojo et als¢). This has
previously been rationalised as metaphosphate having shorter P-Obond lengths and therefore

absorbing light at a higher wavenumber.

B = 0 N /L 100 %)
— e (60 %)
(50 %)
40 %)
(30 %)
(19 %)
Symmetricypend PO, stretc %ym (10 %)
/_V\__Nl\fe ~ (0 0/0)
f I T T T I T ] T ] T
0 200 400 600 800 1000 1200

Raman Shift /cm™

Figure 3.34 The Raman spectra of aluminium phosphate/ chromium (VI) oxide model coatings after

drying at 573 K. The percentage concentration of chromium (VI) oxide is given for each spectrum.
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Figure 3.35 The Raman spectra of aluminium phosphate/ chromium (VI) oxide model coatings after

curing at 1073 K. The percentage concentration of chromium (VI) oxide is given for each spectrum.

These data in conjunction with XRD (patterns are in Appendix 1, however the phases observed
in a selection of samples indicative of all the chromium oxide/ aluminium phosphate mixtures
are summarised in Table 3.23) indicate that the addition of chromium (VI) oxide to aluminium
orthophosphate promotes the dehydrolytic condensation reaction previously observed in

magnesium phosphate samples.

The formation of aluminium metaphosphate (Al(POs)3) in these model coatings may explain the
increased tension exerted on electrical steel sheets by the industrial ‘Mix 2’ trial coating. The

reaction the aluminium phosphate undergoes during curing is outlined in Equation 3.11.

A

341P0, =23 AL(POS); + Al, 05

Equation 3.11 The formation of aluminium metaphosphate from aluminium orthophosphate during

heating in the presence of chromium trioxide

The equation indicates that in addition to aluminium metaphosphate aluminium oxide is also
formed. Aluminium oxide was observed in the x-ray diffraction patterns of the model coatings
(Table 3.23 and appendix one). Chromium trioxide has historic uses as an oxidant in organic

chemistry in reactions such as the Jones5” and Saretts8 oxidations, however its use has been
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reduced in favour of less toxic reagents. The results observed in this section indicate that
chromium trioxide may have a role in the promotion of the reaction forming the aluminium

oxide and as a side effect is causing the formation of the metaphosphate.

Pure
Sample Aluminium 19% CrO; 50% CrO; 75% CrO;
Phosphate

Phase Before Berlinite (AIPO,)

Berlinite (AIPO,)
Berlinite (AIPO,) Berlinite (AIPO,)

Curing CrO;

CrO3

Berlinite Berlinite Berlinite
Phase after
Berlinite (AIPO,;)  (AIPO,), Cr,05? (AlPO,), Cr,0; (AlPO,), Cr,0;
curing
Al(PO;); Al;,O3 Al(PO;); Al,03 Al(PO;s)3 Al,O5

Table 3.23 Summary of Phases observed in the X-ray diffraction patterns of model aluminium

phosphate coatings

Thermogravimetric analysis was performed on a selection of the aluminium phosphate
chromium oxide mixtures (50 % chromium oxide shown in Figure 3.36, and 19% chromium
oxide shown in appendix one). Three weight losses were observed in both samples, one around
340 K, one around 690 K and one around 735 K (exact temperatures of point of greatest change
are recorded in Table 3.24). The first of these three transitions is assigned as the loss of
absorbed water from the surface of powdered coating. It was noted that the mass of water
desorbed from the coating increased with chromium oxide concentration, with the exception of

the 100 % chromium oxide sample, where no water was desorbed during TGA.
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Figure 3.36 The Thermogravimetric analysis of the model aluminium phosphate coating containing

50 % chromium oxide

The second transition is at similar temperature to that seen in the TGA of chromium oxide
(Figure 3.18) and is assigned to the formation of the CrOyx intermediate observed in the

chromium oxide TGA. The third transition is at similar temperature to the reaction of this
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intermediate in the TGA of the pure chromium (VI) sample, and is therefore assigned to the

formation of Cr,0s.

Absorbed water CrO, formation Cr,0; Formation
% Chromium

Oxide Temp Mass Temp Mass Temp Mass
/K /% /K /% /K /%
0 325.7 1.1 - - - -
19 342.2 10.1 587.3 2.8 738.1 1.7
50 336.5 12.6 600.6 11.7 732.7 6.5
100 - - 607 20.7 758 14.9

Table 3.24 Summary of Transitions observed during Thermo-gravimetric analysis of model

aluminium phosphate coatings.

3.6 SUMMARY

This chapter has investigated model aluminium and magnesium phosphate coatings in order to
probe the stability of online and trial tension coatings used at Cogent Power Ltd. It has been
found that aluminium and magnesium phosphates impart tension on steel sheets via two
different mechanisms, however it is unclear precisely how this occurs in aluminium phosphate

coatings.

Magnesium phosphate was found to undergo a dehydrolytic condensation reaction during the
curing process leading to the formation of magnesium tetrametaphosphate. This reaction did
not occur in the aluminium phosphate model coating. When these observations are compared to
the reports from Cogent Power Ltd of increased tension when using a magnesium phosphate
coating rather than an aluminium phosphate one, it implies that the formation of a
metaphosphate during curing is key to imparting a large amount of tension on the steel

substrate.

Aging the magnesium phosphate model coating showed that the tetrametaphosphate was
unstable in humid conditions and it decomposed back to the orthophosphate after 2 weeks,
indicating that the condensation reaction was reversible. Industrial reports showed that

magnesium phosphate coatings degraded in air (and much more rapidly under humid
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conditions) and all positive tension effects of the coatings were lost (it was also noted that the
coating became ‘tacky’). This leads to the conclusion that the instability of the
tetrametaphosphate and its breakdown back to the orthophosphate is the cause of the

instability of the magnesium phosphate tension coatings and the observed loss of tension.

Aluminium phosphate does not form the metaphosphate as easily as the magnesium phosphate,
despite literature results indicating metaphosphate formation was likely3 47. In addition a range
of magnesium phosphate samples with different initial phosphoric acid concentrations was
produced and the sample containing an excess of magnesium oxide did not form the
metaphosphate. It is therefore proposed that an excess of phosphoric acid is important in the
formation of metaphosphate. This lack of metaphosphate in the aluminium phosphate coatings
explains not only the observed reduction in tension with these coatings, but also the greater

stability seen with them.

The addition of chromium (VI) oxide was found prevent the formation of magnesium
metaphosphate. It is thought that this is caused by the formation of chromium pyrophosphate,
most likely from a reaction between chromium (VI) oxide and phosphoric acid, removing the
excess from the system (supporting the previous conclusion that an excess of acid is required to
form the metaphosphate). The prevention of metaphosphate formation links in well with
observations of industrial coatings by Cogent Power Ltd, which showed that the addition of
chromium trioxide to the phosphates improved both the stability of the coating and the tension
it imparted on the steel. The chromium pyrophosphate is presented as a cause of the increased

tension exerted on steel sheets reported when these mixed coatings are used.

It was also observed that the addition of chromium (VI) oxide to aluminium phosphate coatings
did cause the formation of aluminium metaphosphate. It was argued that as chromium (VI)
oxide is widely used as an oxidant in organic chemistry it could be oxidising the aluminium by-
products of the condensation reaction making the formation of alumina much easier therefore
increasing aluminium metaphosphate formation. The presence of aluminium metaphosphate is

proposed as the cause of the increase in tension when chromium trioxide is added to aluminium

phosphate coatings.
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Chapter 4 XPS Studies of Phosphate Coatings

4.1 INTRODUCTION

In this chapter the XPS spectra of various phosphate compounds are probed. Previous work by
others! has indicated that XPS can be used to measure the average length of metaphosphate
chains. This theory is tested using sodium orthophosphate, sodium hexametaphosphate and

magnesium orthophosphate.

XPS is then used as a method to characterise industrial model aluminium and magnesium
phosphate coatings synthesised in house, both with and without the addition of chromium. The
resulting XP spectra are compared to the results obtained from bulk analysis (XRD and NMR in
this chapter and additional results from the previous chapter). Finally the XP spectra of

industrial coatings both as powders and as coatings on steel are given.

4.2 BACKGROUND

4.2.1 THE USE OF XPS IN THE CHARACTERISATION OF PHOSPHATES

XPS has been widely used in the study of phosphates as both powders!-10 and as coatings for a
range of materials!1-15, Gresch! first investigated the application of XPS for the determination of
phosphate chain length and studied a range of sodium phosphates. In the spectra generated
from the metaphosphate and pyrophosphate standards (Figure 4.2) the oxygen 1s region was
found to split into two components with a peak separation of approximately 1.5-2 eV. These
components could be assigned to the bridging (BO) and non-bridging (NBO) oxygen atoms
within the phosphate chain (a and  in Figure 4.1).

(a)
o)

O

(@) |
@] < > — 0O ﬂ '®)

O

O—T1T—=0

Figure 4.1 (a) bridging and (8) terminal oxygen positions in a chain metaphosphate structure

(adapted from (1))
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Figure 4.2 The Oxygen 1s region of the XP spectra collect from (a) P,04, (b) (NaPO3), (c) Na,P,0,
and (d) NasPO, (taken from reference (1))

The ratio of the intensities as determined from the component areas (I,/Ig) can be used as
measure of the chain-length where an infinite chain will have a ratio of 0.5. The measured ratios
showed good correlation with those expected for a range of sodium phosphate standards (see

Table 4.1).
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O 1s Binding Ener eV 1./1
g Energy / 20 (15) /s
Compound
/evV .
6 a Measured Theoretical
Sodium metaphosphate
531.7 533.6 1.9 0.51 0.50
((NaPOs),)
Sodium pyrophosphate
531.3 533.1 1.8 0.20 0.17
(Na,P;0;)
Sodium orthophosphate
(Na,PO,) 530.5 - - 0 0

Table 4.1 binding energies, shifts and ratios of oxygen 1s components for a range of sodium

phosphate standards (taken from (1))

Table 4.1 also shows that the binding energy of the O 1s components shifted to slightly higher
binding energy as the number of bridging oxygen atoms within the chain increased. This was
also observed for the binding energy of the phosphorous 2p and 2s transitions; however the
binding energy of sodium transitions decreased as electron density was transferred from the
phosphate chain to the sodium atoms. Gresch then successfully applied this method to

measuring the average chain length of a range of sodium phosphate glasses.

XPS has since been used to measure the average chain length of many metaphosphate glasses,
as it is one of the few techniques that are easily applied to amorphous structures. Addition of a
divalent modifier to a metaphosphate glass has the effect of depolymerising it (i.e. decreasing
the average chain length) by converting metaphosphate units to pyrophosphate4. This can be
seen in XPS and the relationship between the type of oxygen bonds present and the

concentration of this modifier is given in Equation 4.1.

59 053 -4
NBO *)

Equation 4.1 the relationship between the BO/NBO ratio and the amount of modifying oxide (x) in

a binary phosphate glass™*

Since publication of this method of chain length determination, it has been successfully applied
to a range of phosphates including zinc phosphates* 9, zinc borophosphates glasses?, zinc
tribofilmsé 8, iron phosphatess, vanadium phosphates?, iron-vanadium phosphates!” and
phosphates with a range of additivesz 18-21, This method of fitting the oxygen 1s spectra has been

applied to vanadium phosphate glasses subjected to pulsed laser irradiation and used to follow
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the variation in non-bridging oxygen atoms as a fraction of the total oxygen present?2. The

system has also been successfully applied to silicate glasses.23 24

XPS has previously been used to study phosphates used as protective and anti-corrosion
coatings on a range of materials including aluminium3. 25, magnesium alloy!? and zinc

electroplates!?, however literature on phosphate coatings for steel is limited4 26.27,

The role of chromium as a post coating treatment has been investigated using XPS2s.
Traditionally a solution of hexavalent chromium or a mixture of trivalent and hexavalent
chromium was applied to steel after zinc phosphating?’. Using XPS Maeda and Yamato have
shown that the surface of an untreated zinc phosphate coating consisted of an incomplete
hydrated phosphate layer with small amounts of ferric oxide and phosphate (Fe;03; and FePO4)
present over a thick (~1um) hopeite layer (Zn3(PO4)3:4H20). When the chromium rinse was
applied it removed this top layer of ferric compounds and left a mainly trivalent chromium
coating (CrOOH-0.2H;0). However a small amount of hexavalent chromium was still present in

the upper coating. A schematic of the resulting coatings is shown in Figure 4.3.

CrOOH-0.2H20

Fe,0; and FePO, / J \
/ / 1 \ Zn,(PO,),2H,0 ~ 20A O S G

Zn,(PO,),4H,0 (Hopeite ™ 1um thick) Zn3(PO,);-4H,0 (Hopeite ™ 1um thick)

Zn plating Zn plating

(a) (b)

Figure 4.3 Schematics of zinc phosphate coatings (a) before and (b) after chromium rinse

treatment (adapted from (26))

Due to the range of samples studied in this chapter a large number of transitions are observed.
For ease, assignments of the key transitions relevant to this work are listed in Table 4.2, along

with references found on the NIST XPS database.28
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Element Binding Energy / eV Assignment Reference

Carbon (1s) 283.9 Iron Carbide (FesC) (30)

707 Iron Metal (36, 37)
710-712 Iron Oxide (Fe,03) (38)
Iron (2p)
710-712 Iron Oxide (Fe;0,) (31)
708.1 Iron Carbide (Fe;C) (30)

132.3 Orthophosphate (PO,) (1)
Phosphorus (2p)
134.4 Metaphosphate (PO;) (1)

Table 4.2 Assignments of key binding energies observed in XP spectra in this chapter.
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4.2.2 THE USE OF NMR IN THE CHARACTERISATION OF PHOSPHATES

NMR has been used to characterise a wide range of phosphates including sodiumso 51,
aluminium? 52 and magnesium53-55 phosphates; however the discussion here will focus on the
NMR spectra of sodium phosphates as they are most relevant to this chapter. NMR spectra are

normally discussed in terms of the Qi nomenclature as summarised in Figure 4.4.

Q° o
Orthophosphate
Pyrophosphate
ﬁ o)
O—P—O o—Ll—o'
. /.
0] O
Q? Q?
Metaphosphate
I [
O—F’—O/ /o—T—o\
| J

Figure 4.4 Nomenclature and representations of PO4 tetrahedra with different polymerisations

31P NMR is a popular technique for the characterisation of phosphates as the signals from
different polymerised tetrahedra are spread over a large range of chemical shifts. They are
easily distinguished from each other and NMR is easily applied to amorphous systems. Typical
ranges from sodium phosphates are 12 ppm for a Q° orthophosphate tetrahedron, 6 to -8 ppm
for a Q! pyrophosphate tetrahedron, -15 to -32 ppm for a Q2 metaphosphate tetrahedron and

below -36 ppm for a Q3 branched chain tetrahedron as summarised in Figure 4.5.51
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Q° Q! o2 Q3
= —— I ——— ———
——— S T T T T T e ]
20 10 0 -10 -20 -30 -40 -50 -60

31p Chemical Shift /ppm
Figure 4.5 Typical *'P NMR chemical shifts for sodium phosphates (adapted from (29))

31P NMR is extremely sensitive to the level of protonation of a phosphate; for example in the
case of pyrophosphates the anhydrous phosphate resonates a 2.1 ppm, the monohydrogen salt

at -3.7 ppm and the dihydrogen salt at -8.2 ppm.5°

4.3 DETERMINATION OF PHOSPHATE CHAIN LENGTH USING XPS

In this chapter section the same phosphate standards studied by Gresch et al! have also been
studied. The spectra of the samples were collected before any treatment in an attempt to
reproduce the results seen by the previous authors. The phosphates were then heated in order
to see if the metaphosphate chain formation and growth observed in chapter 3 could be
monitored in XPS. Once the sodium phosphate standards have been fully characterised the same
procedure was applied to magnesium orthophosphate in order to see if the method could be

applied to model phosphate coatings.

For this study sodium orthophosphate (Nas;PO. 96% pur.), sodium hexametaphosphate
(Na(PO3)n 96% pur.) and magnesium phosphate hydrate (Mgz(PO4): -xH20) were purchased
from Sigma Aldrich and used as received. Portions of the phosphates were heated for 15

minutes in air before the XP spectra were collected.

4.3.1 SODIUM PHOSPHATES

4.3.1.1 SODIUM ORTHOPHOSPHATE

Before the XP spectra of the sodium phosphate samples were collected the XRD patterns of the
orthophosphate were collected both before heating and after heating between 473 and 1073 K
(Figure 4.6).
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* Na,P,0, 00-011-0368
*Na PO, 01-071-1918
Na,PO, 01-076-0202
Na,PO, 00-027-0770

* NaPO, 00-002-0826

Figure 4.6 The X-ray diffraction patterns of sodium orthophosphate after (a) no heat treatment and
heating to (b) 473 K (c) 673 K (d) 873 K and (e) 1073 K.

The diffraction patterns indicate that the sample was primarily sodium orthophosphate (both
cubic (pattern 01-071-1918) and tetragonal (01-076-0202) but that a small ringed
metaphosphate impurity (NasP206, 00-011-0368 Figure 4.7) was also present. Upon heating to
473 K the diffraction peaks related to this impurity disappeared and additional diffraction peaks
are observed. These new peaks can be assigned to the formation of a metaphosphate chain.

Heating the sample beyond 473 K saw little change in the diffraction patterns.

Figure 4.7 the structure of the metaphosphate impurity Na,P,0¢

Inspection of the XP spectrum of the sodium orthophosphate as received (Figure 4.8) indicates
that in addition to the expected sodium, oxygen, phosphorus and carbon a small amount of
chlorine was present on the surface of the sample. This was also observed with the samples

originally used by Gresch.!
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Figure 4.8 The XP spectrum of sodium orthophosphate as received. All major photoelectron and

Auger transitions are labelled.

The oxygen 1s region (Figure 4.9) consists of 4 components. The components at 530.6 eV and
532.6 eV can be assigned to NBO and BO atoms of a phosphate chain respectively!l. The
component at 535.3 eV is part of the sodium KLL Auger transition56é and the component at 537.2
eV is assigned as physisorbed water.28 The presence of a bridging oxygen species is in
disagreement with the findings reported by Gresch and is assumed to arise from the
metaphosphate impurity observed in the XRD (Figure 4.6). It is believed that the non-bridging
oxygen species from this impurity would have a binding energy very close to the pure
orthophosphate (see Table 4.1) and this is why the component at 530.6 eV cannot be resolved

into two separate components.
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Intensity / cps 10°

540 536 532 528
Binding Energy /eV

Figure 4.9 The oxygen 1s region of the XP spectrum of sodium orthophosphate as received

Heating the phosphate to 473 K caused a large reduction in the shoulder at 532.6 eV (Figure
4.10a), thought to be caused by breaking of the metaphosphate ring and the loss of the
component at 537.2 eV arising from water. Water is known to stabilise phosphates, with chain
growth and dehydration occurring in one step (see chapter 3) so it is thought that the loss of
physisorbed water during heating aids the breakdown of the ringed impurity shown in Figure

4.7.

Inspection of the P 2p region of the XP spectra (Figure 4.10b) indicates two phosphorus species
were present in the as received sample (in agreement with the oxygen 1 s assignments) as there
was a main peak at 132.3 eV and with a shoulder at 134.4 eV. The binding energy of these peaks
are in good agreement with those recorded by Gresch for sodium orthophosphate and sodium
metaphosphate respectively. Upon heating to 473 K the shoulder at 134.4 eV arising from the

metaphosphate is lost and the spectrum resolves to one component at 132.5 eV.
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Figure 4.10 The (a) oxygen 1s, (b) phosphorous 2s and (c) carbon 1s regions of the XP spectra of
sodium orthophosphate before and after heating and (d) the dependence of the BO/NBO

ratio on temperature

Inspection of the carbon 1s region (Figure 4.10c) showed that it initially consisted of three
components with binding energies of 284.6, 286.6 and 289.3 eV. The component at 284.6 eV can
be assigned to adventitious carbon and it is clear from the figure that this component dominates
the carbon spectrum. The component at 289.3 eV can be assigned to carbonate, and it is

therefore likely that oxygen from the carbonate molecule is contributing to the oxygen 1s signal.
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The third component cannot be readily assigned. Heating to 473 K caused the removal of the

third unknown component, after which the carbon spectrum remained fairly consistent.

Figure 4.10d shows the relationship between the curing temperature and the ratio between BO
and NBO environments taken from the oxygen 1s spectra (Figure 4.10a). A large drop in chain
length was observed when the sample was heated to 473 K (coinciding with the large reduction
in metaphosphate content observed in the P 2p spectra and the loss of the metaphosphate
impurity in the XRD patterns). This is followed by a slight increase in average chain length (as
indicated by the increase in BO/NBO ratio). The average chain length remains very low, with the
final BO/NBO value of 0.16 indicating that the sample has an average chain length of 2
phosphate atoms i.e. pyrophosphate.

4.3.1.2 SODIUM HEXAMETAPHOSPHATE

In addition to sodium orthophosphate, sodium hexametaphosphate was studied by Gresch (and
therefore repeated in this work) as an example of a long chain metaphosphate. XRD (Figure
4.11) of the samples to be studied here showed that the as received sample was largely
amorphous although some very broad diffraction peaks could be seen and could be assigned to

the metaphosphate.

* Na,(PO,), 01-072-1628
n ¥ o M ° o%e (d)
(c)
(b)
v I v I v I v I v I v I v
10 20 30 40 20 50 60 70 80

Figure 4.11 X-ray diffraction patterns from sodium hexametaphosphate (a) as received and after

heating to (b) 473 K(c) 673 K and (d) 873 K

When heated above 673 K the sample became more crystalline with easily determined

diffraction peaks. The diffraction patterns for the 673 and 873 K samples could both be matched
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to sodium metaphosphate. Heating the sample to 1073 K saw the formation of a metaphosphate
glass which when cooled could not be removed from the ceramic crucible it was heated in and

therefore could not be analysed.
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Figure 4.12 the XPS wide scan of sodium hexametaphosphate. All major photoelectron and Auger

transmissions are labelled

Figure 4.12 shows the XPS wide scan of the sodium hexametaphosphate before any heat
treatment. Inspection of the spectrum shows the expected sodium, oxygen, phosphorus and
carbon peaks, and that unlike the sodium orthophosphate there were no significant impurities

present at the surface of the sample.

Inspection of the oxygen 1s region in the XP spectrum of the as received sample (Figure 4.13a)
shows that the signal consists of three components. As with the sodium orthophosphate the
components at 531.0 and 532.8 eV can be assigned to NBO and BO atoms respectively. Again the
component at 536.0 eV is part of the sodium KLL Auger transition. Taking the ratio of the
BO/NBO areas gives a value of 0.80. This is much larger than the value calculated for a
theoretical infinite length metaphosphate chain (0.5) and the value recorded previously by
Gresch et al (0.51). This ratio may be a sign that ‘cross-linking’ may be occurring between two
separate phosphate chains as depicted in Figure 4.13b. This cross linking would have the effect

of increasing the number of bridging oxygen atoms present whilst also decreasing the number
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of non-bridging oxygen atoms present within the system, therefore producing BO/NBO values
greater than 0.5. Heating the sample to 473 K caused the position of the oxygen compents to
shift to slightly lower binding energy (for example the bridging oxygen component moved to
532.4 eV), typical of phosphate chain growth. Further heating had no effect on the position of

the components in the oxygen 1s spectrum (Figure 4.14a).
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Figure 4.13 (a) The oxygen 1s region of the XP spectrum of sodium hexametaphosphate before

heat treatment and (b) the proposed ‘cross-linking’ of metaphosphate chains
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Inspection of the P 2p region (Figure 4.14b) indicates that the peaks consist of one component
at 133.6 eV (consistent with literature values for sodium hexametaphosphate!). Heating the
system to 473 K caused a slight shift in the binding energy of this component to 134.2 eV. This
shift in binding energy is typically associated with growth of the metaphosphate chain. Further

heating caused no changes in the phosphorus 2p XPS spectrum.
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Figure 4.14 The (a) oxygen 1s, (b) phosphorous 2p regions and (c) carbon 1s of the XP spectra of
sodium hexametaphosphate before and after heating and (d) effects of heating sodium

hexametaphosphate on BO/NBO ratio
129



Chapter 4 XPS Studies of Phosphate Coatings

As with the previous sodium phosphate sample the as received sample was observed to contain
three components- the biding energies of which were recorded as 284.5, 286.0 and 288.8 eV.
The assignments are similar as in the sodium orthophosphate spectrum i.e. adventitious carbon
at 284.5 eV, carbonate at 288.8 eV and no clear assignment for the middle component. Unlike

the orthophosphate heating did not cause the removal of this third component.

Heating up to 673 K caused a slight decrease in the BO/NBO ratio which reached a minimum of
0.61 at 673 K (see Figure 4.14c). The variation in BO/NBO ratio was much less than that
observed in the previous sample. All BO/NBO ratios remained above the 0.5 value calculated for
a theoretical infinite length chain phosphate, indicating that either the ‘cross-links’ described
previously (Figure 4.13) were breaking and reforming during heating, or there was some form
of impurity present. This impurity would have had to consist of magnesium, oxygen or
phosphorus as no other elements were detected in the XPS, and would had to have been at very
low concentrations (and mostly at the surface of the sample) as there was only one phase

detected in the XRD (Figure 4.11).

4.3.1.3 NMR ANALYSIS

NMR spectra were acquired on a Chemagnetics Infinity Plus spectrometer at a 3!P Larmor
frequency of 121.50 MHz. The samples were contained in a 4mm rotor with magic-angle

spinning at 12 kHz. Dimethyl-methylphosphonate (DMMP) was used as a reference.

The 31P MAS NMR spectra (Figure 4.15) of sodium orthophosphate before heating consisted of a
main peak at 14.06 ppm consistent with values recorded by others for sodium
orthophosphates? 51, There is a small peak present at 8.02 ppm which is consistent with a Q!
pyrophosphate and can be assigned to the ringed impurity observed in the XRD patterns (Figure
4.6). Heating the system to 873 K saw a reduction in intensity of the peak at 14.06 ppm from
the orthophosphate and a large signal at 6.82 ppm. Chemical shifts in this region typically arise
from Q! phosphate tetrahedra (orthophosphate tetrahedron, see Figure 4.4)5!, indicating that
the system is primarily pyrophosphate after heating. This is in good agreement with both the
XRD and XPS data.
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Figure 4.15 **P MAS NMR of sodium orthophosphate (a) before and (b) after heating to 873 K

The NMR spectrum of the sodium hexametaphosphate as received is shown in Figure 4.16a. The
spectrum consists of three broad peaks at 1.20, -7.04 and -19.30 ppm. Upon heating to 873 K
these three broad peaks resolved into 6 sharp peaks at 5.22, 1.60, -5.43, -7.04, -15.69 and -18.69
ppm (Figure 4.16b).

In the spectrum of the as received sample the peak at 1.20 ppm is assigned to the end of chain
Q! tetrahedra, and the peaks at -7.04 and -19.30 ppm to the mid chain Q2 tetrahedraSl. The
presence of these peaks indicates that the bulk of the sample is metaphosphate in good
agreement with the XRD data (Figure 4.11). No Q3 tetrahedra were observed (typical chemical
shifts below -34 ppmb51), indicating that the cross linking model used to explain the BO/NBO

ratio is either incorrect or cross linking occurs only at the surface.
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Figure 4.16 *'P MAS NMR spectra of sodium hexametaphosphate (a) before and (b) after heating
to873 K

The resolved peaks in the spectrum from the sample heated to 873 K have similar chemical
shifts to the broad peaks seen previously and therefore have similar assignments (5.20 and 1.60
ppm are the end of chain Q! tetrahedra, and the peaks at -5.43, -7.04, -15.69 ppm and -18.69
ppm to the mid chain Q2 tetrahedra5!). Again there are no peaks at chemical shifts typical of
branched Q3 tetrahedra, indicating that any metaphosphate chain cross-linking is limited to the
surface of the sample and is not present in the bulk, providing a strong argument for the high

BO/NBO ratios arising from an impurity.

4.3.1.4 SUMMARY

The combination of XRD, XPS and MAS-NMR has been successfully used to fully characterise
sodium phosphate powders. XPS indicated that once impurities were removed from the
systems (by heating sodium orthophosphate to 473 K and hexametaphosphate to 673 K) the
increase in average chain length could be followed using the BO/NBO value calculated from the

oxygen 1s region of a samples XP spectrum.
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4.3.2 MAGNESIUM PHOSPHATE

This section of the chapter covers the XPS studies of two forms of magnesium phosphate , that
purchased from Sigma Aldrich and as synthesised in house. The previous chapter showed
magnesium phosphate undergoes dehydrolytic condensation at 653 K to form a metaphosphate.
It is believed that this metaphosphate formation is responsible for the improved tension
observed with magnesium phosphate coatings. The ability to follow metaphosphate chain
formation in model steel coatings using XPS is desirable as it provides a measure of the average
chain length as well as merely indicating metaphosphate bonds are present within the sample

as done by other techniques such as Raman and IR spectroscopies.

4.3.2.1 PURCHASED MAGNESIUM PHOSPHATE

As with the previous sodium phosphate samples the X-Ray diffraction patterns of the purchased
magnesium phosphate before and after heating (Figure 4.17) were collected to aid in
interpretation of the XP Spectra. The diffraction patterns indicated that the as received sample
(Figure 4.17a) consisted of trimagnesium bisphosphate Mgz(P04), in addition to magnesium

pyrophosphate (MgP-07) and cyclo-tetraphosphate (MgzP.012) impurities.

*Mg,P,0, (00-022-1152)

Mg,P,0,, (01-070-1803)
*Mg,(PO,), (01-088-0413
*Mg(PO,), (00-027-1273)
Mg,(PO,), (01-075-1491
Mg,P,0, (00-032-0626)

(e)
(d)

i, (b)

(a)

10 20 30 40 50 60 70 80
20

Figure 4.17 The X-ray diffraction patterns of magnesium phosphate hydrate after (a) no heat
treatment and heating to (b) 473 K (c) 673 K (d) 873 K and (e) 1073 K
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Heating to 673 K saw a reduction in the number of diffraction peaks, attributed to a reduction in
crystallinity, however the peaks could be assigned to the same magnesium phosphates. At 873 K

the sample was largely amorphous and no assignments could be made.

After heating to 1073 K the metaphosphate Mg(P03), was observed in the diffraction pattern, in

addition to the ortho and pyrophosphates seen previously.

Inspection of the wide scan XP spectrum (Figure 4.18) indicates that the only atoms present on
the surface of the sample are the expected magnesium, phosphorous, oxygen and carbon. No

significant impurities were observed.
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Figure 4.18 The XP spectrum of magnesium phosphate hydrate

Inspection of the oxygen 1s region of the XP spectrum (Figure 4.19a) shows that it consists of
three components at 531.5, 533.1 and 534.2 eV. These components can be assigned to NBO and
BO atoms, and water respectively. Heating the system caused a loss of the component at 534.2
eV due to water at 473 K, and a reduction in the signal arising from the bridging oxygen atoms.
As discussed in the previous chapter other authors have stated waters of crystallization cannot
usually be removed without destruction of the anion structure5’. 8 implying a phase

transformation is occurring during this water loss, and explaining why water is not lost at 373

134



Chapter 4 XPS Studies of Phosphate Coatings

K. The area of the component arising from bridging oxygen atoms decreased steadily with

heating.

The BO/NBO ratio of magnesium phosphate starts at 0.34, which is close to the theoretical value
for a 5 member chain. Heating the magnesium phosphate causes a steady decrease in BO/NBO
to a minimum of 0.11 indicating a decrease in the average chain length to less than 2
phosphorus atoms. This is in direct contrast to the results published by others which state that
pyrophosphate is formed when magnesium orthophosphate is heated above 523 K59 and
metaphosphate forms when heated above 723 K. It also directly contradicts the XRD data which
indicated metaphosphate formation occurs by 1073 K, and results obtained in the previous

chapter.

The phosphorus 2p peak (Figure 4.19b) was found to consist of one component at 133.7 eV
which is consistent with binding energies reported by others for magnesium orthophosphate.6?
The spin orbit splitting of the phosphorus 2p transition is typically around 0.84 eV56 and
therefore difficult to resolve under typical experimental conditions. After heating to 873 K there
is a slight shift in binding energy to 133.9 eV. This coincides with the formation of the
amorphous phase observed in the XRD patterns (Figure 4.17) which resolved into a mixture of
ortho and metaphosphate upon further heating. A shift to higher binding energy has been noted

by others when comparing ortho and metaphosphates!.
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Figure 4.19 The (a) oxygen 1s and (b) phosphorous 2p regions of the XP spectra of magnesium
phosphate hydrate before and after heating and (c) the effects of heating magnesium phosphate
hydrate on BO/NBO ratio

4.3.2.2 SYNTHESISED MAGNESIUM PHOSPHATE

The X-Ray diffraction patterns from synthesised model magnesium phosphate coatings were
previously discussed in chapter 3. The patterns indicated that after drying the sample consisted

of trimagnesium orthophosphate and pyrophosphate MgHP,0; (previously observed when
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heating magnesium orthophosphate above 523 K.). The sample heated at 1073 K was found to
be magnesium cyclo-tetraphosphate (Mgz(P03)4). The XPS wide scan of the dried sample (Figure
4.20) indicated that magnesium, phosphorous, oxygen and carbon were the only elements

present on the surface of the sample.
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Figure 4.20 The XP spectrum of synthesised magnesium phosphate

Concentration / at %

Sample
Carbon Oxygen Phosphorus  Magnesium
Dried 26.6 52.9 14.9 5.6
Cured 44.8 40.0 11.7 3.4
Aged 52.6 34.2 10.1 3.1

Table 4.3 The concentration (in at %) of elements observed in the XP spectra collected from

synthesised magnesium phosphate samples

Inspection of the oxygen 1s region after drying (Figure 4.21a) showed that the peak consisted of

two components at 531.6 and 533.1 eV. These values are similar to the binding energies of the
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BO and NBO atoms in sodium pyrophosphate reported by Gresch et al (see Table 4.1), however
the ratio of binding energies is very different with a BO/NBO ratio of 1.35. this ratio does not

allow for a meaningful estimation of

Heating the sample to 1073 K saw a shift in the binding energy of the oxygen 1s components to
532.1 and 533.6 eV. This shift to higher binding energy is typical of metaphosphate formation.
Ageing the sample saw the binding energies of the oxygen components reduce slightly to 531.8
and 533.4 eV indicating that there is some breakdown of the metaphosphate occurring and

there is either pyrophosphate reforming or orthophosphate formation.

Curing the sample was observed to cause a slight reduction in the BO/NBO ratio which
increased again as the sample was aged (Figure 4.21b). This would imply curing caused a
breakdown of the metaphosphate chain, which reformed again during ageing. This is in direct
contrast to both the interpretation of the changes in binding energy and the results obtained in
the previous chapter. In addition all the BO/NBO ratios recorded for this sample are larger than
1 (Figure 4.21) which would indicate that there are many more bridging oxygen atoms on the
surface than non-bridging, most likely from a phosphate chain with extensive branching and
cross-linking. The formation of such a chain is highly unlikely and does not explain the changes

in the ratio being the inverse to what was expected.

It is more likely that there is some form of impurity present in the sample causing the unusually
high BO/NBO ratios, this may be unreacted magnesium oxide or phosphoric acid as there was
no purification step in the synthesis of the phosphate. As no additional phases were observed in
the XRD the impurities must be in low concentrations and located mainly at the surface of the
sample. Inspection of the carbon 1s region of the XP spectrum (Figure 4.21c) showed that it
consisted of three components with binding energies of 284.6, 286.1 and 288.9 eV. The largest
of these components was the one at 284.6 eV which was assumed to arise from adventitious
carbon which is always present on the surface. The highest energy component is possible due
to carbonate which has been recorded as have a binding energy 4.5 eV above adventitious
carbon.28 This carbonate it is likely to be the cause of the unexpectedly high BO/NBO ratio

calculated from the oxygen 1s spectra.
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Figure 4.21 (a) the Oxygen 1s region of the XP spectra of synthesised magnesium phosphate after
drying at 573 K curing at 1073 K and ageing for 3 weeks in a humidity chamber ,(b)the variation of

BO/NBO with sample treatment and (c) the carbon 1s spectra
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Inspection of the phosphorous 2p region of the XP spectrum taken from the dried sample
(Figure 4.22) showed that it consisted of one peak at 134.3 eV. This is fairly consistent with
values recorded previously for meatphosphates!, however the XP spectrum of magnesium
metaphosphate and consequently the phosphorus 2p binding energy does not appear to have

been previously reported.

Heating the sample to 1073 K saw a shift of around 0.5 eV in the binding energy of the
phosphorus 2p signal (Figure 4.22). This change in binding energy indicates a change in the
oxidation state of the phosphate and indicates that the phosphate is developing a more
metaphosphate character (in good agreement with the shifts in binding energy of the oxygen 1s
signal and as seen previously in chapter 3) and was also observed by Gresch in his studies on
sodium phosphates. Inspection of the XP spectra collected from the aged sample showed that
this shift in binding energy was reversible. This is in good agreement with data collected in the
previous chapter (see section 3.2.2) which showed that the dehydrolytic condensation reaction
that occurred during curing to form the metaphosphate was reversed during ageing to reform

the magnesium ortho- and pyrophosphates.
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Figure 4.22 the Phosphorus 2p region of the XP spectra of synthesised magnesium phosphate after

drying at 573 K, curing at 1073 K and ageing for 3 weeks in a humidity chamber.
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4.3.2.3 SUMMARY

Comparison of the XP spectra of the two magnesium phosphate samples yields some significant
differences. Whilst both sets of spectra indicated that the BO/NBO decreased with heating the
BO/NBO ratio was significantly higher in the synthesised sample. The BO/NBO values of the
synthesised magnesium phosphate were all greater than 1, indicating that there is some
impurity present affecting this ratio. Inspection of the phosphorus 2p region indicates there are
two phosphorus species present, whereas only one was observed in the purchased sample. The
presence of impurities is highly likely as there was no purification step involved in the synthesis

of the model coating material.

In both samples the changes in binding energy of the phosphorus 2p and oxygen 1s transitions
when the sample is cured and aged followed the expected patterns, despite the issues
surrounding the calculated BO/NBO values. This indicates that whilst XPS can be used to follow
the changes in the phosphate chain it cannot be used to give an accurate measure of the average

chain length.

4.4 XPS CHARACTERISATION OF POWDERED COATINGS

The previous work has shown that XPS cannot be used to measure average chain length of
phosphates in model coatings due to impurities and multiple phosphate species complicating
the oxygen 1s spectrum, however XPS still has uses in the full characterisation of the surface of
both model and real systems, in particular when studying the phosphorus 2p region. In this
section XPS is applied to model aluminium and magnesium phosphate samples, with particular

attention on the phosphorus spectra.

4.4.1 MODEL COATINGS

4.4.1.1 ALUMINIUM PHOSPHATE

The wide scan of aluminium orthophosphate (Figure 4.23) showed that in addition to
aluminium, phosphorous, oxygen and carbon a small amount of silicon was also present at the
surface (approximately 1 %). The concentration of the silicon remained at 1 % after curing but

increased to around 2 % after ageing.
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Figure 4.23 The XP spectrum of aluminium orthophosphate as received

Inspection of the oxygen region in the XP spectra of aluminium phosphate as received (Figure
4.24) shows the signal consists of two components at 532.3 and 533.7 eV. These binding
energies are consistent with the values for NBO and BO atoms reported in previous samples.
Heating the system to 1073 K (as a mimic of on-line curing in industry) caused a shift in the
binding energy of the bridging oxygen component to 534.0 eV and an increase in the area
relative to the non-bridging component (Figure 4.24b). Both of these observations indicate that
the surface of the aluminium orthophosphate is developing a more metaphosphate character as
it is heated, unlike the bulk of the model coating, which was shown to be unaffected by the

curing process in the previous chapter.

The spectrum of the aged sample was largely unchanged from the cured spectrum. This
indicates that the ageing process had little effect on any metaphosphate formed. This is in good
agreement with the results in the previous chapter and observations made by Cogent Power Ltd
with regards to their coating trials which both indicated that aluminium phosphate is more

stable towards hydration than magnesium phosphate.

Following the changes in the BO/NBO ratios from the spectra taken from the aluminium
phosphate samples after each treatment (Figure 4.24b) shows the expected pattern of
increasing during heating and then decreasing after ageing. The BO/NBO ratio from the as
received sample is very low at 0.018, indicating that the surface contains a large amount of
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orthophosphate, with an average chain length of 1.07 phosphorus atoms. When the sample is
cured the ratio increases to 0.1, indicating an average chain length of 1.5 phosphorus atoms (i.e.
a 1:1 ratio of ortho- to pyrophosphate). This ratio is much lower than any recorded for any of
the previous heated samples, indicating that metaphosphate formation is much less favourable
in aluminium phosphate (this is supported by the work on the bulk studies of the samples in the
previous chapter). Ageing the sample caused a slight decrease in the BO/NBO ratio, indicating
that some dehydrolytic condensation is occurring at the surface; however it is happening very

slowly, especially in comparison to magnesium phosphate.
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Figure 4.24 (a) the Oxygen 1s region of the XP spectra of model aluminium phosphate coating and

(b)the variation of BO/NBO ratio with sample treatment of aluminium phosphate model coating

Inspection of the phosphorus 2p region showed that each peak consisted of one compoent.
Fixing the relative areas of the components to the expected 2:1 ratio gave a peak splitting of
1.04 eV, close to the typical values reported in literature (0.86 +/- 0.05 eV)s56. The binding
energy of the 2p transition is measured as 134.6 eV which is generally much more typical of
metaphosphates,?8 however the 2p binding energy of aluminium orthophosphate has previously
been recorded at this binding energy by others. When this information is combined with the

ratio of the areas of the oxygen 1s and phosphorus 2p peak areas (4.1: 1) and XRD and vibration
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spectroscopies in the previous chapter, it is clear that the surface is formed primarily of

aluminium orthophosphate.

Curing and ageing caused little change in the phosphorus 2p spectrum of the model aluminium
phosphate coating, with the binding energy remaining constant at 134.6 eV. In addition the
relative surface concentrations of oxygen and phosphorus remained constant at 3.9:1 in the
cured sample and 4:1 in the aged sample. This supports the conclusions drawn in the previous
chapter that aluminium orthophosphate does not react upon curing to form aluminium

metaphosphate, and that it is stable when aged in a humidity chamber.
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Figure 4.25 The phosphorus 2p region of the XP spectra of model aluminium phosphate coating.

The relative areas of the components has been fixed

4.4.1.2 MODEL MAGNESIUM PHOSPHATE COATINGS AND THE EFFECTS OF CHROMIUM
ADDITION

In addition to the 40 % magnesium oxide phosphate discussed previously in section 4.3.2.2 XPS
data has been collected for samples synthesised from 50 and 75 % magnesium oxide, and a
sample synthesised from 40 % magnesium oxide with chromium oxide added. For reference the
phases previously observed in the XRD patterns of the magnesium phosphates in Chapter 3 are

given in Table 4.4.
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40 % Magnesium
40 % Magnesium 50 % Magnesium 75 % Magnesium
Sample oxide +
oxide oxide oxide
Chromium Oxide
Mgs(PO,)., MgO, Mg,P,0;,
Dried Mgg(PO4)2'XH20 MgO, Mg2P207
MgH2P207 Cro_;, Cr2P207

Mg(PO3)2/ Mgol
Cured M92P4012 Mg2P4012 Cr203+Mg2P207
Mg.P;0;

Table 4.4 The phases observed in the X-ray Diffraction patterns of magnesium phosphates

Inspection of the wide scans of the 50 and 75 % magnesium oxide samples indicated that the

only elements present on the surface of the samples were magnesium, phosphorous, oxygen and

carbon.
4.4.1.2.1 50 % MAGNESIUM OXIDE
Relative Concentration / at %
Phosphorus Magnesium
Oxygen (O 1s) Carbon (C 1s)

(P 2p) (Mg 2p)
Dried 61.5 14.4 57 18.4
Cured 50.6 13.3 5.6 30.4
Aged 17.1 4.3 2.0 76.6

Table 4.5 The relative atomic concentrations of elements at the surface of 50 % magnesium oxide

model phosphate coatings

Inspection of the areas of the oxygen 1s, magnesium 2p and phosphorus 2p transitions in the
spectrum taken from the dried 50 % magnesium oxide sample showed a ratio of 1 magnesium:
2.5 phosphorus: 11 oxygen atoms. There is a slightly higher concentration of phosphorus and
oxygen than predicted by the XRD data (Table 4.4) but the ratio between the number of
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phosphorus and magnesium atoms implies the surface is main comprised of the pyrophosphate

MgH2P207.

The oxygen 1s region of the XP spectrum of the 50 % magnesium phosphate after drying (Figure
4.26a) showed that as with previous samples it consists of two components at 531.7 and 533.2
eV. These components are assigned to the NBO and BO atoms respectively. The BO/NBO ratio
was found to be 1.28. These values are comparable to the dried 40 % magnesium oxide sample
(binding energies of 531.6 and 533.1 eV and BO/NBO= 1.35, see Figure 4.21a). Ortho and
pyrophosphates have previously been shown to have very similar binding energies (average

binding energies of 531.0 and 531.1 eV respectively)? 28,

Inspection of the phosphorus 2p region showed that it consisted one component. As with the
oxygen 1s region the binding energies of ortho- and pyro phosphate are very similar making
assignment of the XP spectra based on binding energies impossible. The binding energy of the P
2p peak in this sample is 134.2 eV, which as noted when discussing the aluminium phosphate
data is high for an ortho or pyrophosphate, however the ratio between elements and position of

the oxygen 1s peak indicates that pyrophosphate is the most reasonable assignment.

Heating the system to 1073 K saw a large decrease in the overall area of the oxygen region
(Figure 4.26b). This is accompanied by a shift to approximately 0.5 eV higher binding energies,
generally associated with a reduction in the oxidation sate of the phosphate (i.e. ortho to pyro or
metaphosphate). The BO/NBO ratio dramatically reduces to 0.64 indicating a decrease in the

chain length, which directly contradicts the observed shift in binding energy.

Heating the system also caused a shift in the phosphorus 2p binding energy to 134.5 eV, in good
agreement with literature binding energies with an average of 134.6 eV for metaphosphate?8. If
the areas of the magnesium 2p, phosphorus 2p and oxygen 1s transitions are compared the
resulting ratio is 1: 2.3: 9. As with the dried sample the XPS results indicate that the surface is
more oxidised than predicted by XRD; however the ratio between magnesium and phosphorus

atoms is close to 1:2, confirming the identity of the sample as Mg;P401>.
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Figure 4.26 The oxygen 1s, phosphorus 2p regions and carbon 1s regions of the XP spectra of model
50 % magnesium phosphate coating (a) after drying at 573 K (b) after heating to 1073 K and (c)

after ageing in a humidity chamber for 3 weeks.
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Ageing the sample (Figure 4.26c) saw the binding energies of the oxygen 1s components shift
back to 531.7 and 533.3 eV, indicating that ageing was causing the reversal of the curing
reaction via breakage of the P-O-P bonds, as observed in the previous chapter. The binding
energy of the phosphorus 2p transition was also found to shift back to its original binding
energy of 134.4 eV, indicating that the observed transformation in the cured sample is
reversible. The relative concentration of the elements was found to be 1 Mg: 2.4 P: 8 O, similar
to the starting material MgH,P,07;. The BO/NBO ratio increases again to 1.00, implying an

increase in metaphosphate character in contrast to all other results.

In all instances the BO/NBO ratios for the 50 % magnesium phosphate sample (Figure 4.27)
were lower than the ones recorded for the 40 % sample (Figure 4.21Error! Reference source
not found.); however they all remained above the expected maximum of 0.5. In addition both
samples showed the same pattern of decreased BO/NBO when cured which increased again
upon ageing. This is in strong disagreement with other features in the XP spectra- namely the
observed shifts in binding energies and the variation of the relative concentrations of the
elements present at the surface of the sample. This result supports the conclusion presented
earlier that the oxygen 1s spectra cannot be used to reliably follow the changes in average

phosphate chain length in model coatings.
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Figure 4.27 The effect of sample treatment on the BO/NBO ratio in 50 % magnesium phosphate

The carbon 1s region (Figure 4.26) was observed to contain 3 regions prior to curing with
binding energies of 284.6, 286.0 and 288.9 eV. As with previous samples the largest component

at 284.6 eV was assigned to adventitious carbon and the component at 288.9 eV to carbide. This
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carbide was observed to decrease dramatically upon curing and could be used as an explanation
for the unexpected decrease in BO/NBO ratio (with the oxygen of the carbide contributing to the
component in the oxygen 1s spectrum attributed to bridging oxygen atoms with in the

phosphate chain).

Equation 4.2 shows the proposed reaction between phosphoric acid and magnesium oxide to
form magnesium orthophosphate during production of steel coatings (see previous chapter). It
is clear that the reaction requires a 2:3 mixture of phosphoric acid to magnesium oxide. In both
the 40 and 50 % magnesium oxide samples phosphoric acid is present in excess and may be
altering the BO/NBO ratio. This could also be the cause of the unexpectedly high concentration
of oxygen at the surface and the dried samples phosphorus 2p binding energies being higher

than previously recorded orthophosphates.
2H3PO4 + 3MgO + tzo i Mg3(P04)2 " XH20 + 3H20

Equation 4.2 The proposed reaction for the formation of magnesium orthophosphate in the

synthesis of model coatings

4.4.1.2.275 % MAGNESIUM OXIDE

Comparison of the areas of the magnesium 2p, phosphorus 2p and oxygen 1s transitions in the
XP spectrum of the dried 75 % magnesium phosphate sample gave a ratio 1:1.4:5.9. This
indicates that the surface is mostly MgP,0 as observed in the X-Ray diffraction patterns (Table
4.4) but that there is also a small amount of unreacted magnesium oxide present on the surface
(due to the higher than expected magnesium concentration). This was expected as magnesium

oxide was present in excess during the synthesis of the model coating.
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Relative Concentration / at %

Phosphorus (P Magnesium (Mg

Oxygen (O 1s) Carbon (C 1s)
2p) 2p)
Dried 47.0 11.3 8.0 33.8
Cured 504 14.5 7.9 27.3
Aged 34.3 10.7 6.5 48.5

Table 4.6 The relative atomic concentrations of elements at the surface of 75 % magnesium oxide

model phosphate coatings

Closer inspection of the oxygen 1s region (Figure 4.28a) shows that it consists of the expected
two components at 532.3 and 533.9 eV. As with previous samples these components can be
assigned to NBO and BO atoms of the pyrophosphate, however the binding energies of these
components is significantly higher than those recorded in the previous samples. Figure 4.29
shows that there is a linear relationship between the amount of magnesium oxide present
during the synthesis of the model coating and the binding energies of both oxygen 1s
components in the XP spectra of the dried samples. The BO/NBO ratio of this sample was
calculated as 0.64, again much higher than what is expected for a pyrophosphate. It is possible
that excess magnesium oxide is contributing to the bridging oxygen signal, producing an
artificially high BO/NBO ratio (binding energies for oxygen 1s in magnesium oxide typically lie
between 530.0- 531.0 eV?28).
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Figure 4.28 The oxygen 1, phosphorus 2p and carbon 1s regions of the XP spectra of model 75 %
magnesium phosphate coating (a) after drying at 573 K (b) after heating to 1073 K and (c) after

ageing in a humidity chamber for 3 weeks.
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Figure 4.29 The effect of magnesium oxide concentration in reaction on the position of peaks in the

oxygen 1s XP spectra of the resulting dried model coating

The phosphorus 2p signal consisted of the expected two components arising from the %2 and
3/2 transitions. The binding energy was recorded as 134.1 eV which is higher than previously
recorded binding energies for pyrophosphates (averaging at 133.2 eV), however is consistent
with binding energies recorded for other magnesium pyrophosphates within this study. Unlike

previous samples no carbonate was observed in the carbon 1s spectrum.

Heating the sample to 1073 K altered the ratio of magnesium: phosphorus: oxygen to 1:2:3.5
(see Table 4.6) indicating there has been a reduction in the concentration of oxygen at the
surface of the sample, implying there may have been a slight increase in average chain length.
The ratio does not match the Mg(P03). observed in the XRD, most likely because of the

unreacted magnesium oxide also observed in the XRD.

Within the oxygen 1s region the component at 532.1 eV shifts to a slightly lower binding energy
of 531.9 eV and the component at 533.1 eV shifts to 533.5 eV (Figure 4.28b). The shift in
binding energy of the BO atom is typical of metaphosphate formation; however a shift to a lower
binding energy as observed in the component arising from non-bridging oxygen atoms is typical

of orthophosphate reforming via the breakdown of metaphosphate. The data in the previous
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chapter and results from the previous samples indicate that metaphosphate formation occurs
during curing, indicating that the shift in the bridging oxygen binding energy must occur by
some other means- possibly some reaction involving the magnesium oxide (which has a typical
oxygen 1s binding energy of 530.8-532.1 eV which is similar to the BO atoms in the phosphate

chain).

The ratio of BO and NBO atoms was calculated as 0.69. When this small change is coupled with

the lack of change in the phosphorus 2p spectrum it is unlikely to be meaningful.

Ageing the sample caused a change in the ratio of elements to approximately 2:3:11. This
implies that the surface is likely to be made up of a mixture of magnesium pyro and
orthophosphates (MgP,07 and MgPO4). This increase in the relative concentration of oxygen at

the surface provides good evidence for the breakdown of metaphosphate chains.

Close inspection of the oxygen 1s region (Figure 4.28c) saw that the region still consisted of two
components. The lower energy component arising from NBO atoms shifted closer to its original
binding energy at 532.1 eV, and the higher energy component (BO) remained at 533.4 eV. This
result indicates that the possible reaction involving magnesium oxide is reversible. The BO/NBO
ratio was observed to decrease to 0.6, indicating some breakdown of metaphosphate chains at
the surface. The phosphorus 2p region again remained largely unchanged with two components

observed and the 2p 3/2 binding energy was fairly consistent at 134.6 eV.

If all three BO/NBO ratios from the 75 % sample are compared the expected pattern of
increasing upon heating followed by decreasing when the sample is aged is observed (Figure
4.30). This implies that the average metaphosphate chain length increases when the sample is
heated and the chain breaks down upon ageing. This observation is in good agreement with the
relative concentrations of atoms on the surface and the observed changes in binding energies,
however the ratios are much higher than expected after all treatments. This is likely to be
because of excess magnesium oxide present from the coating synthesis causing an increase in

the observed signal from bridging oxygen atoms.
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Figure 4.30 The effect of sample treatment on the BO/NBO ratio in 75 % magnesium phosphate

4.4.1.2.3 THE ROLE OF CHROMIUM

In order to probe the effects of chromium addition on the surface of model coatings a sample
containing equal amounts of chromium (III) oxide and magnesium phosphate was produced and
dried at 573 K. A portion of this sample was cured at 1073 K in order to probe the effects of
curing on the sample composition. The sample heated to 573 K was calibrated using
adventitious carbon to 284.7 eV, however it was assumed heating to 1073 K altered the carbon

and the magnesium 2p peak was used for calibration of this sample.

Table 4.7 shows the relative concentrations of chromium, magnesium, phosphorus and oxygen
at the surface of the sample after both heat treatments. The relative concentrations of the
elements in the surface of the dried (heated to 573 K) sample consists of equal amounts of
chromium (VI) oxide (CrOs) and magnesium pyrophosphate (Mg,P,07) as observed in the XRD
patterns (Table 4.4). Heating the sample to 1073 K caused a notable decrease in the surface
concentration of chromium from 7.6 to 3 %, indicating that the surface ratio of chromium oxide
to magnesium phosphate was no longer 1:1. The concentration of phosphorus atoms were

higher than expected from the XRD patterns.
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Concentration / Atomic %

Sample
Temp /K
Cr2p 0 1s P2p Mg 2p Cls
573 5.3 49.6 10.3 4.0 30.8
1073 2.6 59.7 16.2 55 15.9

Table 4.7 the relative concentrations of surface atoms in chromium containing model phosphate

coatings

Inspection of the chromium 2p spectrum of the dried sample (Figure 4.31a) showed the
spectrum consisted of two components- a narrow peak at 579.6 eV and a broader peak at 577.3
eV. The peak at 579.6 eV can be assigned to trivalent chromium(Cr 3+)31 33-35 and the broader
peak to hexavalent chromium (Cr 6+)3% 32, The broadening of the hexavalent chromium peak is

caused by multiplet splitting (not shown) due to unpaired electrons in the 3d sub-shell31.

The presence of trivalent chromium was unexpected as it had not been observed in other
techniques used to characterise dried samples (see chapter three), however it was also
observed in the chromium 3p spectrum which overlapped the magnesium 2p (around 45 eV see
Figure 4.31). The photo-reduction of hexavalent chromium during XPS experiments has been
noted by others;33 61 62 however there has been some controversy over whether Cr(IV)é! or
Cr(IlNs2 is formed during this process. Based on the binding energies observed in the current

set of spectra it appears that this sample is reduced to Cr(III).

Heating the sample to 1073 K (Figure 4.31b) caused the loss of the peak at 579.6 eV and the
chromium 2p 3/2 spectrum simplified to 1 broad peak (FWHM = 3.07 eV) at 577.9 eV arising
from the trivalent chromium species Cr,0s. This simplification of the chromium spectrum is also
observed in the Cr 3p spectrum. This indicates the surface of the sample is completely reduced

during the curing process as no Cr (VI) was observed.

The main difference in the magnesium 2p region of the XP spectrum is the shift from three
peaks to two. As mentioned previously the chromium 3p transition is very close in energy to the

magnesium 2p peak, and therefore additional peaks are observed (at 47 and 44 eV, pink and
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blue in the figure). One chromium 3p peak is removed upon heating due to the removal of Cr

(VI) from the sample as previously discussed.

In both samples the magnesium 2p spectrum is one component with a binding energy of 49.9

eV.The 2p 3/2 and 1/2 peaks could not be resolved due to a small peak splitting.
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Figure 4.31 the chromium 2p and magnesium 2p regions of the XP spectra of chromium oxide /

magnesium phosphate after heating to (a) 573 and (b) 1073 K.

Inspection of the oxygen 1s region of the dried sample (Figure 4.32) showed that it consists of
three components with binding energies of 530.8, 531.4 and 532.6 eV. The components at 531.4
and 532.6 eV are similar in binding energy to those observed in the chromium free sample
(binding energies 531.7 and 533.2 eV, Figure 4.21) and therefore can be assigned to the NBO
and BO atoms within the phosphate chain. The BO/NBO ratio taken from these components is
0.90, significantly lower than the ratio recorded for the chromium free sample (1.35). The
component at 530.8 eV can be assigned to chromium oxide; however it is unclear if it arises
from the hexavalent or trivalent species. The binding energies of oxygen atoms in both
chromium oxide species are similar (both have an average binding energy of 530.3 eV from the

NIST database?8) and binding energies of 530.8 eV have been recorded for both species*® 41,
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Heating the sample to 1073 K (Figure 4.32b) saw a shift in the binding energies of the oxygen
components related to the phosphate chain (532.3 and 534.0 eV). This shift in binding energy is
typical of metaphosphate chain formation and is a strong sign dehydrolytic condensation is
occurring at the surface of the sample. In contrast the BO/NBO ratio calculated from this
spectrum is 0.15, signifying a dramatic decrease in the amount of bridging oxygen present at the
surface. The chromium oxide component remains constant at 530.8 eV; however the relative
concentration of this component increases relative to the phosphate components. This is in
good agreement with the reduced chromium signal (Table 4.7) and the proposed reduction to

CI‘203.

Inspection of the phosphorus 2p region of both spectra (Figure 4.32) showed it consisted of one
component. The binding energy in the dried spectrum was recorded as 133.2 eV, lower than
those recorded for chromium free samples but matching the average value recorded in the
literature for both ortho and pyrophosphates.28 Heating the sample caused no change in the
phosphorus 2p spectrum, indicating that any dehydrolytic condensation occurring is most likely

to be an ortho to pyrophosphate transition.

Inspection of the carbon 1s region indicated that carbonate was also present on the surface of

the sample after heating to both 573 and 1073 K as with many of the previous samples.

From the XP spectra it is clear that the presence of hexavalent chromium in the coating reduces
the amount of condensation occurring in the phosphate chain as it is reduced during heating. It
is also clear that the surface layer of the model coating after curing is formed mainly of the

magnesium phosphate as the chromium concentration is much lower than in the bulk.
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Figure 4.32 the Oxygen 1s, phosphorus 2p regions and carbon 1s of the XP spectra of chromium

oxide / magnesium phosphate after heating to (a) 573 and (b) 1073 K.
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4.4.2 INDUSTRIAL COATINGS

As a thorough understanding of the model coating materials had been developed it was decided
to apply this understanding to powdered industrial coatings. These coatings are more complex
due to the presence of colloidal silica which produces additional transitions in the XP spectra
(particularly in the oxygen 1s region). Two coatings were studied- an aluminium phosphate
coating currently used online at Cogent Power Ltd known as Mix 4 and a mixed aluminium
phosphate and chromium oxide test coating known as Mix 2. Both coatings have been shown to
have excellent degradation properties in trials at Cogent, and Mix 2 was shown to have
enhanced tension properties when compared to Mix 4. Table 4.8 shows the expected atomic
concentrations in the coatings and those measured using XPS after drying at 373 K and curing at
1073 K. The concentration of aluminium is notably lower than predicted by the coating
formulation for all samples; it is also much lower than the concentration of phosphorus when
the formulation predicted they would be equal. The ratio of aluminium to phosphorus atoms
was approximately 1:3 in the dried mix 4 sample and decreased further upon curing to 1:4. The

ratio in the Mix 2 coating remained constant at 1:4.

It is clear from the table that in all spectra the concentration of silicon at the surface was much
higher than would be predicted from the coating formulation. The concentration of silicon at the
surface is reduced after curing; however it is still significantly higher than expected. The
presence of chromium within the coating appears to havel the effect of increasing the silicon

concentration at the surface.

The concentration of oxygen atoms is slightly higher than predicted from the coating formulas,
however is generally in good agreement with the concentrations of phosphorus, silicon and
chromium for the formulas of the expected compounds (AlPO4 and SiO; in the Mix 4 coating,
AlIPOQ4, Si02 and CrOs in the dried Mix 2 coating and AIPO4 , SiO2 and Cr,03 in the cured Mix 2

coating).
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Concentration / Atomic %

Sample
Al P (0] Si Cr
. Dried 1.5 4.4 70.4 23.8 0
Aluminium
Phosphate
Cured 2.1 7.9 70.4 19.8 0
Coating
(Mix 4) From
10.0 10.0 66.7 13.3 0
Formulation
Aluminium
Dried 0.8 3.4 69.8 25.1 1.0
Phosphate
Coating Cured 1.9 8.2 70.7 17.6 1.6
with
chromium
From
oxide (Mix 8.4 8.4 68.1 11.1 4.2

Formulation
2)

Table 4.8 The Concentration of elements present in coatings obtained from Cogent Power Ltd as
determined from XP spectra and the expected concentrations based on coating formulations. All

concentrations are given in atomic per cent.

From the data presented in Table 4.8 it is clear that the surface of the powdered coatings is
dominated by the colloidal silica added to the coating, rather than the phosphates thought to be
responsible for the main tension properties. In the next sections a more detailed analysis of the

XP spectra of the coating materials is presented.

4.4.2.1 ALUMINIUM PHOSPHATE COATINGS

Inspection of the wide scan of the XP spectrum of the dried mix 4 coating indicated that the
surface comprised only of the expected aluminium, oxygen, carbon, phosphorus and silicon. The
wide scan of the cured sample indicated that sodium was also present on the surface of the

sample, which is added to the colloidal silica solution by the supplier as a stabilising counter ion.

Inspection of the oxygen 1s region of the dried sample (Figure 4.33a) showed that it consists of
two components at 532.6 and 534.2 eV. These components can be assigned to silica28 4244 and
aluminium phosphate (consistent with binding energies recorded previously in section 4.4.1.1)

respectively. The relative areas of these two components are 1:32, which gives 1 molecule of

160



Chapter 4 XPS Studies of Phosphate Coatings

AlIPO4 to 64 Si02 molecules. This is much higher concentration of silica than implied by the ratio
of silicon atoms to either aluminium or phosphorus ones. Heating the sample to 1073 K (Figure
4.33b) caused the component arising from the phosphate to shift to a higher binding energy
(535.0 eV), as typically seen during metaphosphate chain formation; however 535.0 eV is
significantly higher than energies recorded previously?8. The area of this component has also
increased relative to the area of the silica component (the binding energy of which remained
fairly consistent (532.9 eV)) to 1:11.4, or 1 molecule of AlPO4 to 23 of SiO. This increase in
aluminium phosphate is observed in the concentration of aluminium and phosphorus atoms
(see Table 4.8), however again the relative areas of the oxygen components implies a much

higher concentration of silica than the ratio of the other elements present would suggest.
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Figure 4.33 the oxygen 1s, phosphorus 2p and carbon 1s of the XP spectra of Mix 4 industrial
coating after (a) drying at 373 K and (b) curing at 1073 K.

Inspection of the dried phosphorus 2p spectrum shows that it consists of one component. The
binding energy was recorded as 134.1 eV, slightly lower than values recorded in the previous

section for pure aluminium phosphate model coatings (134.6 eV), however in keeping with
162



Chapter 4 XPS Studies of Phosphate Coatings

binding energies recorded by others for various orthophosphate species. Further heating of the
system to 1073 K (spectrum b) caused a shift in the binding energy to 134.5 eV and the
formation of a new component the binding energy of which was recorded as 136.9 eV. The
binding energy of 134.5 eV is closer to the binding energy previously measured for the pure
aluminium orthophosphate. The high binding energy species may be some form of phosphoric
acid, for which a typical binding energy is 135.2 eV28. This high energy component comprises of
approximately 5 % of the phosphorus 2p signal. The presence of phosphoric acid on the surface

could explain the lower than predicted aluminium concentration.

The aluminium 2p region (Figure 4.34) was observed to comprise of one component in both
sets of spectra, with a binding energy of 74.8 eV which remained constant during heating. The
silicon 2p transition was also visible in this region and was observed to have a fairly constant
binding energy of 103.7 eV, typical of silica?8 4244, The area of the silicon 2p peak was observed

to decrease relative to the aluminium 2p transition.
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Figure 4.34 the aluminium 2p region of the XP spectra of Mix 4 industrial coating after (a) drying at
373 K and (b) curing at 1073 K.

4.4.2.2 ALUMINIUM PHOSPHATE AND CHROMIUM OXIDE MIXED COATINGS

As with the mix 4 samples the XPS wide scan showed that the surface of the Mix 2 coatings
consisted only of the expected elements, which in this case were aluminium, oxygen, carbon,
phosphorus, silicon and chromium. As with the mix 4 sample sodium for the colloidal silica

solution was observed in the wide scan of the sample heated to 1073 K.

163



Chapter 4 XPS Studies of Phosphate Coatings

Inspection of the oxygen 1s region of the XP spectrum of the dried sample (Figure 4.35a)
showed that it consists of three components at 530.8, 532.2 and 533.3 eV. The two higher
binding energy components are similar in energy to those observed in the mix 4 spectrum
(Figure 4.33a) and therefore can be assigned to oxygen in silicon and aluminium
orthophosphate respectively. The component at 530.8 eV can be assigned to the chromium
oxide present in the coating, and is at the same binding energy as observed in the model coating
contain chromium (Figure 4.32a). The ratio of the areas of these components implies the surface
is approximately 90 % silica, 3 % aluminium phosphate and 7 % chromium. This is in fairly
good agreement with the relative concentrations of the silicon, aluminium and chromium atoms

which gives a surface of 93 % silica, 3% aluminium phosphate and 4 % chromium oxide.
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Figure 4.35 the oxygen 1s, phosphorus 2p regions and carbon 1s of the XP spectra of Mix 4
industrial coating after (a) drying at 373 K and (b) curing at 1073 K.

Heating the sample to 1073 K (Figure 4.35b) caused all three components within the oxygen 1s
spectrum to shift to 0.5-1 eV higher binding energy. The largest shift was observed in the
highest energy component associated with the aluminium orthophosphate. This may be

associated with a change in the phosphate chain; however no new component was observed
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related to BO atoms. The areas of the three components implies the surface is 86 % silica, 6 %
aluminium orthophosphate and 8 % chromium oxide. These values are in fairly good
agreement with the relative concentrations of the silicon, aluminium and chromium atoms,
which imply that the surface is 86 % silica, 9 % aluminium orthophosphate and 4 % chromium
oxide (assumed to be Chromium (III) oxide (Cr203)). Both sets of concentrations show that
curing decreases the amount of silica present on the surface of the powdered coating, as
observed in the mix 4 samples.The chromium 2p region of the spectrum of the dried Mix 2
coating was found to consist of two sets of 2p 3/2 and 1/2 transitions imply the system is a
mixture of Cr 3+ and Cr 6* ions. This was observed in the model coating containing chromium
oxide (see Figure 4.31a) and is thought to be caused by the photo-reduction of hexavalent
chromium during XPS experiments, as discussed previously. Heating the system to 1073 K saw

the spectrum change to one set of peaks associated with the chromium (III) species.
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Figure 4.36 the chromium 2p region of the XP spectra of Mix 2 industrial coating after (a) drying at
373 K and (b) curing at 1073 K.

The aluminium 2p spectrum (Figure 4.37) was very similar to the spectrum for the chromium
free industrial coating (Figure 4.34). It comprised of one component in both sets of spectra, with
an initial binding energy of 74.3 eV, however unlike the chromium free coating the binding
energy increased upon heating to 75.3 eV. Again the silicon 2p transition was also visible in this
region and was observed to have a fairly constant binding energy of 102.9 eV; however this

binding nergy is much more difficult to assign as it lies almost directly between silica (103.7
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eV42-44) and silicon carbide (101.8 eV4849). As with the previous sample the area of the silicon 2p

peak was observed to decrease relative to the aluminium 2p transition upon heating.
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Figure 4.37 the aluminium 2p region of the XP spectra of Mix 2 industrial coating after (a) drying at
373 K and (b) curing at 1073 K.

4.5 XPS CHARACTERISATION OF COATED STEELS

Following from the work on the powdered phosphate coatings the final step of analysis is of the
coatings when on sheet steel samples. In order to build a thorough understanding of the
behaviour of coatings when applied to steel both the bare steel and the first Forsterite based
coating have been studied using XPS, in addition to the fully coated sample. The Forsterite
coating is important as it will affect the behaviour of the phosphate coating as it is applied

directly to it.

All preliminary studies were done in the Kratos Axis DLD Ultra on samples 1 cm x 1cm square
cut from standard Epstein strips and used as received with no further treatment. The more in
depth heating studies were performed on similar samples in the UHV chamber described in
chapter 2; however samples for the heating studies were placed in methanol in an ultra-sonic
bath for 20 minutes and dried under helium before insertion into the UHV chamber in order to
remove any grease or other contaminants present on the surface. The samples were also

sputtered briefly with Ar+ before heating work began in order to remove further contaminants.

167



Chapter 4 XPS Studies of Phosphate Coatings

4.5.1 PRELIMINARY STUDIES

The relative concentrations of the elements observed on the surface of the steel samples are
given in Table 4.9. Sample a (the bare steel sample) consisted of the expected iron, silicon,
oxygen and carbon but that there were also small amounts of aluminium and sulphur present at
the surface. The aluminium is likely to arise from the aluminium nitride added to the steel to
inhibit the growth of grains not on the Goss orientation. As the steel was collected after the
decarburisation anneal it is likely that the sulphur has segregated from the bulk of the steel.
The concentration of silicon relative to the iron was much higher than expected as the sample is

3 % silicon steel.

The Forsterite coated sample (sample b) was found to have tin and calcium contaminants
present on the surface of the sample. It has been noted that the magnesia slurry precursor to the
Forsterite coating is not produced using deionised water, so this is the likely source of the

calcium.

Sample ¢ was observed to have an unexpectedly high concentration of phosphorus on the
surface when compared to sample b. This implies that the pickling process used at Cogent
Power Ltd to remove the phosphate coating was not completely effective, leaving some of the
top coating behind. The concentration of silicon and magnesium are much higher in sample ¢
than in sample b. When sample b was produced excess magnesium oxide was removed using a
wire brush, which may have damaged the Forsterite coating, reducing the relative concentration
of these atoms. This is also supported by sample b having a much higher concentration of iron
than sample c. The Forsterite coating is known to be several microns thick, meaning that the

XPS is detecting iron in the Forsterite coating, not from the steel underneath.

The chemical formulation of Forsterite is Mg:SiOs and therefore a 1:2 ratio of silicon to
magnesium atoms is expected in samples b and c. The ratios observed (1: 1.3 and 1:2.4) are
fairly close to this, however sample c was observed to have a significantly higher concentration

of magnesium than expected.

The fully coated sample was found to have a small amount of sodium present at the surface; it is
unclear where this contaminant came from. The concentrations of oxygen, silicon, aluminium
and phosphorus were found to be in a similar ratio to those in the powdered coating (see Table

4.8). The concentration of silicon was significantly higher than predicted from the coating
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formulation and there was some discrepancy between the concentrations of aluminium and

phosphorus.

Surface Concentration / Atomic %
Sample Notes
Fe 0 C Si Al P Mg S Sn  Na

A 33 322 559 23 58 0 0 0.6 0 0

(a)Bare
Steel P* 390 598 - 12 - . . - ) )
Ca
observe
A 7.8 432 431 14 0 05 2.2 0 1.9 0 o
(b)Forsteri d in wide
te Coated scan
P - 57.1 - 14.3 - - 28.6 - - -
(c)Fully
A 0.7 385 408 4.8 0 3.3 119 0 0 0
Coated
then
P - 57.1 - 14.3 - - 28.6 - - -
pickled
(d) Fully A 0 55.0 203 193 09 34 0.6 0 0 0.6
Coated

P - 66.7 - 133 10 10 - - - -

Table 4.9 The actual (a) and predicted from coating formations (p) relative concentrations of

elements on the surface of steel samples as determined from their XPS spectra.

4.5.1.1 BARE STEEL

Figure 4.38a shows the silicon 2p region of the XP spectrum of the bare steel sample. The
binding energies of the iron 3s and 3p transitions are also in this region, however more in depth
analysis will be performed on the 2p peaks as this is the strongest transition for iron. The silicon
2p transition could only be resolved into one component with a binding energy of 101.6 eV,
which is typical of silicon carbide, The aluminium 2p transition was also visible in this region,
and the binding energy was recorded as 74.7 eV, which is similar in binding energies reported
for oxygen containing aluminium compounds such as alumina by others.28 29 As discussed
previously this aluminium is most likely to arise from the aluminium nitride used to inhibit
grain growth within the steel.
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Figure 4.38 (a) silicon 2p (b)iron 2p (c)carbon 1s and (d) oxygen 1s regions of the XP spectrum of

bare steel obtained from Cogent Power Ltd.
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Inspection of the iron 2p region (Figure 4.38b) indicates that the 3/2 and 1/2 transitions were
at 710.5 and 723.9 eV respectively. The transitions were both very broad and consisted of three
components, with 3/2 binding energies of 707.0, 710.3 and 712.4 eV. The component at 707.0
eV can be assigned to metallic iron28 36.37.56 and the other two components to the cations Fe 2+
and Fe 3*. There are two cationic components are present in the spectrum it is safe to assign the

component at 710.3 eV to the Fe2* and 712.4 eV to Fe3-.

The presence of both cations at the surface should indicate that the oxide formed is Fe30s,
however if this is the case the ratio of the 2+:3+ areas should be close to 1:2. Instead the ratio of
the components is 2:1, indicating that an excess of 2+ ions are present on the surface. The most
likely explanation for this is the formation of either another iron oxide (such as FeO) or iron
carbide (FesC). Comparing the areas of the three components in the 3/2 spectrum indicates that

around 90 % of the iron at the surface of the sample is oxidised.

The carbon 1s spectrum was observed to consist of four components at 282.8, 284.6, 286.0 and
288.1 eV, indicating that a range of carbon species were present on the surface of the steel. The
binding energy of the main component of the spectrum was fixed to 284.6 eV as part of the XPS
calibration process. The component at 282.8 eV is likely to arise from some form of carbide,
most likely iron, in good agreement with the above interpretation of the iron 2p spectrum. The
higher energy components are likely to arise from functional groups such as surface carbonyls,

and such contamination of the surface after air exposure is usual for most samples.

Inspection of the oxygen 1s region showed that is consists of three components at 528.5, 529.7
and 531.4 eV. These can be assigned to silica (Si0z) and the iron oxides Fe30.63 and Fe,033?
respectively. It is clear that the iron oxides are much more abundant than silica based on the
areas of the components (only 7.5 % of the oxygen signal arises from the silica component), in
good agreement with the conclusions taken from the element concentrations summarized in

Table 4.9.

4.5.1.2 FORSTERITE COATED STEEL

Two Forsterite samples have been prepared- one which was removed from the end of the High
Coil temperature anneal line and had excess magnesium oxide removed by brushing with a wire
brush and another which was taken from the end of the M2 coating line. This sample was coated

with the final phosphate coating which had been annealed and was removed by pickling in
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sodium hydroxide. It is hoped that by comparing these samples the effects of the phosphate

coating on the Forsterite layer underneath can be probed.

Figure 4.39a shows the silicon 2p region of the XP spectrum of the Forsterite coated samples.
The region also contains peaks related to magnesium, aluminium and iron photoelectrons. From
this spectrum alone there are clear differences between the brushed (i) and pickled (ii) samples.
As discussed previously the presence of iron on the surface of the sheet in the brushed sample
(the 3s and 3p transitions are visible in this region of the spectrum) indicate that brushing
damages the thick coating. The concentration of silicon is much higher in the pickled sample
than in the brushed sample; however this is likely to be from the phosphate coating not being
completely removed as aluminium is also present. The binding energy of the silicon 2p signal is
104.7 eV in the brushed sample and 105.6 eV in the pickled sample, indicating that the silicon
present at the surface is most likely to be silica; however the binding energy is much higher than

values recorded both by others and early in this study.
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Figure 4.39 The (a) silicon 2p and (b) iron 2p regions of the XP spectrum of (i) brushed Forsterite

coated and (ii) pickled forsterite coated steel samples obtained from Cogent Power Ltd.

Inspection of the iron 2p region in the brushed forsterite sample (Figure 4.39bi) shows that two

components are present in the 3/2 transition with binding energies of 710.3 and 712.5 eV.
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These are similar to the binding energies of the iron oxide components in the bare steel sample
and have the same assignments of Fe2* and Fe3* respectively. The iron metal peak observed at
707.0 eV in the previous sample is not observed in this spectrum. The iron signal is greatly
reduced in the spectrum from the pickled sample (spectrum ii) indicating that the coating is

much thicker and more continuous than the damaged brushed coating.

The unexpected phosphorus observed in the XP spectrum (Figure 4.40a) is likely to arise from
the phosphorus coating in the pickled sample; however the most likely source of phosphorus in
the brushed sample is cross-contamination, most likely in the lab at Cogent Power Ltd. The
position of the peak in both spectra (133.4 eV in the brushed spectrum and 133.9 eV in the

pickled one) is consistent with those previously recorded for phosphate coatings.

The carbon 1s spectrum of the brushed sample spectrum (Figure 4.40bi) was very similar to the
carbon 1s spectrum of the bare steel sample (Figure 4.38c), as it consisted of 4 components at
282.7, 284.7, 286.0 and 288.3 eV. These components have the same assignments as the
components in the previous spectrum, i.e. carbide, adventitious carbon, and functional groups.
The component arising from the carbide was missing from the spectrum taken from the pickled
sample; however the three other components were present and at very similar binding energies
to those recorded in the previous samples (284.6, 285.6 and 287.8 eV) and therefore will have

the same assignments.

The oxygen 1s regions of both samples were observed to consist of two components (Figure
4.40c). Within the spectrum from the brushed sample (spectrum i) the two components have
binding energies of 529.7 and 531.1 eV and can be assigned to Forsterite and iron oxide
respectively. The areas of the components are approximately 2:3, which is in good agreement
with the ratio between the iron and magnesium/silicon atoms taken from Table 4.9. The
binding energies of the components in the pickled sample (spectrum ii) had shifted to the higher
binding energies of 531.2 and 532.2 eV. These components can be assigned to Forsterite and
silica from the phosphate coating which had not been completely removed. The ratio between
the areas of these components is 2:1, indicating that most of the phosphate coating had

successfully been removed and the surface was mainly Forsterite.
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Figure 4.40 The (a)phosphorus 2p (b)carbon 1s and (c) oxygen 1s regions of the XP spectrum of (i)
brushed Forsterite coated and (ii) pickled Forsterite coated steel samples obtained from Cogent

Power Ltd.
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4.5.1.3 FULLY COATED STEEL

Inspection of the silicon 2p region of the XP spectrum taken from the fully coated sample
(Figure 4.41a) showed that the sample was mainly silicon but small amounts of magnesium,
aluminium and sodium were also present. The aluminium arises from the aluminium phosphate
which forms part of the coating mixture; however it is at a much lower concentration than
expected from the formulation. This was also observed in the XP spectra obtained from
powdered coating mixture. The presence of the magnesium may be caused by unreacted
magnesia from the bottom coating mixing into the top phosphate coating, or by contamination
from the previous forsterite coated samples. The presence of sodium on the sample is

unexplained.

The binding energy of the silicon 2p peak was measured as 103.4 eV, which as with the previous
samples is consistent with silica. The binding energy of the aluminium 2p peak was measured as
74.9 eV, in good agreement with the measurements made on powdered aluminium phosphate

based coatings in this study.

The phosphorus 2p transition (Figure 4.41b) was observed to have a binding energy of 134.2
eV, which as with the aluminium was consistent with the binding energies recorded previously
for aluminium phosphate. From these data it is clear that the colloidal silica has no chemical
effect on the aluminium phosphate in the coating, either as a powder or when applied to the

steel.

Inspection of the carbon 1s region (Figure 4.41c) showed that it consisted of one main
component which was assumed to arise from adventitious carbon and therefore its binding
energy was fixed to 284.7 eV as part of the calibration process. Additional components were
observed at 286.0, 288.5 and 292.8 eV and are thought to arise from functional groups present
on the surface. No carbide was observed on the surface of the fully coated sample, due to the

absence of iron.
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Figure 4.41 The (a) silicon 2p (b) phosphorus 2p (c) carbon 1s and (d) oxygen 1s regions of the XP

spectrum of fully coated steel samples obtained from Cogent Power Ltd.
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The oxygen 1s region (Figure 4.41d) was observed to consist of two components at 530.8 and
532.5 eV. Based on the relative areas of the components the higher energy component can be
assigned to the silica within the coating, as the relative concentrations of aluminium and silicon
indicate the silica is much more abundant. This interpretation implies the component at 530.8
eV arises from the aluminium orthophosphate, which although is consistent with literature
values for orthophosphate!. 28 is much lower than those recorded from aluminium

orthophosphate earlier in these studies.

5.5.2 THE EFFECTS OF HEATING

5.5.2.1 BARE STEEL

Before studying the effects of heating on the bare steel surface the sample was sputtered for 90
minutes with argon ions (Ar+*) in an effort to reduce the surface concentration of carbon. After
sputtering the carbon concentration was reduced from ~56 % (Table 4.9) to around 23.5 %
(assumed to be from the bulk of the samples, see Figure 4.45). Inspection of the carbon 1s
region (Figure 4.42b) showed that it consisted of two components, with the lower energy
component dominating. Based on the interpretation of the iron 2p spectrum in the preliminary
studies, this lower energy component was assumed to arise from iron carbide (Fe3C) and was
calibrated to 282.8 eV based on previous work. It is clear from Figure 4.42b that carbide

dominates the carbon 1s signal across the range of temperatures studied.

Inspection of the iron 2p XP spectrum (Figure 4.42a) after this process showed the surface was
still heavily oxidised and the metallic iron component at around 707 eV could not be observed
in the spectrum. Two sets of components were observed in the spectrum with binding energies
of 707.8 and 721.0 eV in one set and 710.8 and 723.9 eV in the other. The binding energies
recorded in the spectra are lower than those recorded in the preliminary work, however can
still be assigned to Fe2* and Fe3* respectively. The iron spectrum is dominated by the
components arising from the 2+ oxidation state at all temperatures, however heating the
sample was shown to cause a steady decrease in the average oxidation state of the iron (as
shown in Figure 4.43, where the percentage of iron 2+ atoms is shown to increase with
temperature). The initial ratio of 2+:3+ irons is 2.5:1, indicating that whilst some iron oxide is
present on the surface (either as Fe3;04 or Fe;03) there is an excess of 2+ ions present, most
likely as iron carbide. This assignment is also supported by the binding energy of the 2+

component, which at 707.8 eV is very similar to the literature value of 708.1 eV30,
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Figure 4.42 The effects of heating on the (a) Fe 2p and (b) C 1s regions of the XP spectrum of bare

steel
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The decrease in iron oxidation state is accompanied by an increase in the concentration of
silicon on the surface (Figure 4.44b). Silicon is first observed on the surface after heating to 673
K and after this point increases steadily until it reaches a maximum concentration of 25 % at
823 K (spectrum not shown). The segregation of silicon in iron silicon single crystals has been
well studied,54%¢ and is known to be affected by the presence of carbon on the surface. An
increase in Fe 2* concentration as silicon segregates would appear to indicate that carbon
concentration also increases (due to the increase in carbide) concentration, in disagreement
with results observed on single crystals by others, however their studies involved carbon atoms

desorbed from the bulk, rather than carbide as present here which may behave differently.
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Figure 4.43 The effects of heating on the percentage of iron present as Fe °* at the surface of bare

steel. The remainder of the iron was in the 3" oxidation state.

Inspection of the oxygen 1s region of the XP spectrum (Figure 4.44) showed that the spectrum
could only be resolved into two components after sputtering as opposed to the three observed
in the as received sample (Figure 4.38d). This is assumed to be due to the use of lower
resolution instrumentation for this section of work. The two components had binding energies
of 530.5 and 532.5 eV. The lower energy component is similar in energy to that recorded for the
iron oxides in the preliminary studies; however the higher energy component does not have a
clear match from the preliminary work. The lower energy component accounts for 68 % of the
oxygen 1s signal. The concentration of the lower energy component remains fairly consistent

until the sample reaches 723 K, at which point it drops to 35 % of the signal. The surface
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Figure 4.44 The effects of heating on (a) the O 1s and (b) Si 2s regions of the XP spectrum of bare

steel
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segregation of silicon was first observed at 673 K, so it is therefore likely that the higher energy

component arises from the silica.

Figure 4.45 shows the changes in the surface composition as the sample is heated under
vacuum. Initially iron is the most abundant element on the surface making up nearly 45 % of the
surface. The concentration of iron atoms steadily reduces as the sample is heated until it
reaches a minimum of 25 % at 773 K. Silicon is first observed at the surface at 673 K, and the

concentration is observed to increase rapidly with further heating.
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Figure 4.45 The effect of heating on the relative surface concentrations of elements on bare steel

5.5.2.2 FORSTERITE COATED STEEL

5.5.2.2.1 BRUSHED FORSTERITE SAMPLE

XPS analysis of the brushed sample was performed after the sample had been sonicated in
methanol, however no sputtering was performed before heating work began. Inspection of the
iron 2p region (Figure 4.46a) showed that iron was present on the surface, as observed in the
preliminary work; however due to the weak signal only one component could be fitted within
the 2p 3/2 spectrum. The binding energy of this component was measured as 711.0 eV
indicating that the iron on the surface is oxidised. As the sample was heated the iron signal

became strong and two components could be fitted to the 2p 3/2 spectrum after heating to 473
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K. These components had binding energies of 709.9 and 713.1 eV, which is in good agreement to
the binding energies recorded in the bare steel sample. Further heating caused continued
increase in the iron 2p signal until the 2p % spectrum could also be peak fitted (673 K). During
heating the binding energies of the 3/2 components remained fairly consistent, as did the ratio
of the areas of the two components (with the Fe 2+ signal comprising 65-75 % of the total

signal).

Inspection of the silicon 2p region (Figure 4.46b) showed a small peak was visible with a
binding energy of 100.9 eV, which is more consistent with siliconé” or silicon carbide*s 49 than
silica. Heating the system caused a reduction in the silicon signal and a shift in binding energy
when heated to 573 K. The new binding energy was recorded as 101.8 eV, which is still more
readily associated with silicon carbide than silica. Heating beyond 573 K saw a further reduction

in the silicon signal until it was no longer recorded.

Inspection of the oxygen 1s region (Figure 4.47) showed that two components were present in
the spectrum. These components had binding energies of 529.4 eV and 532.3 eV and can be
assigned to iron oxide and silica respectively. The signal arising from iron oxide accounts for 21
% of the oxygen signal and steadily increased as the sample was heated (see Figure 4.48) until it

dominates the oxygen spectrum.
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Figure 4.46 The effects of heating on the (a) Fe 2p and (b) Si 2p regions of the XP spectrum of

brushed Forsterite coated steel
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Figure 4.47 The effects of heating on the oxygen 1s region of the XP spectrum of brushed Forsterite

coated steel
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Figure 4.48 The change in intensity of the components of the oxygen 1s signal in the XP spectra of

Forsterite coated steel when heated.

The overall changes in surface composition as the sample was heated are shown in Figure 4.49.
it is clear from the figure that the surface was dominated by carbon and that the work should
have been repeated after sputtering the surface, however there was no time available for this to
be done. The concentration of carbon on the surface decreased significantly when the sample
was heated to 673 K. This was accompanied by a large increase in the concentration of oxygen
on the surface and iron oxide becoming the more dominant component of the oxygen 1s
spectrum (see Figure 4.47). Iron and silicon both remained at low concentrations throughout
the experiments (both below 15 % at all times). The concentration of iron increased

significantly at 673 K, coinciding with the changes just discussed.
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Figure 4.49 The effect of heating on the relative surface concentrations of elements on brushed

Forsterite coated steel

5.5.2.2.2 PICKLED FORSTERITE SAMPLE

The results obtained from the brushed sample indicated that the surface was dominated by
carbon contamination, Due to this the pickled Forsterite sample was lightly sputtered before
analysis to remove the contaminants and allow for a better analysis of the surface. The
magnesium 2s spectrum is shown in Figure 4.50a. The magnesium 2p and silicon 2s spectra
were chosen for interpretation as the magnesium 2s and silicon 2p spectra (the stronger
transitions) occur at similar binding energies and overlapped in spectra collected from certain
samples. After heating at every temperature the magnesium 2p spectrum consisted of one
component with a binding energy of 49.5 eV, assumed to arise from Forsterite. Inspection of the
silicon 2s spectrum (Figure 4.50b) showed that it also consisted of one component which
remained consistent at all temperatures. The binding energy of the component was recorded as
152.6 eV. The oxygen 1s spectrum (Figure 4.51a) showed similar behaviour (i.e. one component

unchanged by heating) and the binding energy was measured as 532.0 eV.

Inspection of the iron 2p region (Figure 4.51b) showed that a small signal could be seen (mainly

as the sharp drop in background associated with the iron 2p peaks), however only one small

186



Chapter 4 XPS Studies of Phosphate Coatings

component in the 2p 3/2 transition could be resolved (the 1/2 transition could not be
determined from the noise). The binding energy was recorded as 710.9 eV, indicating that the
small amount of iron present at the surface was oxidised. The weak iron signal indicates this

coating is less damaged than the previous brushed Forsterite sample.
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Figure 4.50 The effects of heating on the (a) Mg 2s and (b) Si 2s regions of the XP spectrum of

pickled Forsterite coated steel

187



Chapter 4 XPS Studies of Phosphate Coatings

? T (773 K)

(773 K)
W

g A GILY
(673 K)

iy 573 K

Wm“ W Gal
(573 K)

(473 K)
(473 K)

(373 K)
(373 K)

f L\\ (273 K)
(273 K)

| ' | '
540 536 532 528 524 720 710 700
(a) Binding Energy / eV (b) Binding Energy / eV

Figure 4.51 The effects of heating on the (a) O 1s and (b) Fe 2p regions of the XP spectrum of

brushed Forsterite coated steel
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The changes in surface composition when the sample is heated are summarised in Figure 4.52.
It is clear from the figure that oxygen is the most abundant element on the surface accounting
for up to 78 % of the surface. The concentration of carbon, silicon and magnesium were similar
at all temperatures and stayed around 10-15 %. The relative concentration of iron at the surface
remained around 5 % at all temperatures. The relative concentration of all elements remained

fairly consisting throughout the heating experiments, indicating that the sample was unchanged

and the forsterite coating is stable up to 823 K.
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Figure 4.52 The effect of heating on the relative surface concentrations of elements on pickled

Forsterite coated steel

5.5.2.3 FULLY COATED STEEL

From Figure 4.53 it is clear that heating has very little effect on the composition of the final
coating. This is likely to be because this sample was taken from the line after the sheet has been
cured, therefore any reactions in the coating would have already occurred. It is clear from the
figure that the surface is dominated by oxygen (typically making up around 70 % of the surface
composition). Aluminium was not observed in the wide scan of the sample and therefore scans

were not performed in this region.
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Figure 4.53 The effect of heating on the concentrations of selected elements on the surface of fully

coated steel.

Figure 4.54a shows the effects of heating on the oxygen 1s region. After sputtering the region
was observed to consist of two components at 528.3 and 533.6 eV compared to the two
observed in the preliminary work. The two higher energy components are similar in energy to
two observed previously on the fully coated steel and may be assigned to the phosphate and
silica respectively. The ratio of the areas of these two components implies the surface is 92 %
silica and 8 % phosphate compared to the concentration of silicon and phosphorous atoms
which gives 86 % silica and 13% phosphate. The additional component at 522.8 eV is assumed
to arise from part of the copper LMM Auger transition due to the copper rods of the sample

holder (copper was observed in the wide scans of all samples for this reason).

Inspection of the silicon 2p region of the XP spectrum showed that it consisted of one
component at 102.8 eV. This binding nergy is diffuclt to assign as it lies directly between
literature values for silicon carbide (101.8 eV4849) and silica (103.7 eV42-44). Heating had little
effect on the XPS of the silicon, which is a similar observation to the powdered coating. This was
expected as the primary role of the silica within the coating is as a bulking agent. The

phosphorus 2p signal was also observed in this XPS region scan and was observed to remain
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fairly constant at 134.4 eV, which is in good agreement with previous data obtained from model

and industrial aluminium orthophosphate coatings.
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Figure 4.54 The effects of heating under vacuum on the (a) oxygen 1s and (b) silicon 2p regions of

the XP spectrum of fully coated steel obtained from cogent power Ltd.

4.6 SUMMARY

This chapter has probed the uses of X-ray photoelectron spectroscopy in the study of phosphate
coatings. The results indicate that whilst the oxygen 1s region of the XP spectrum can be used to
follow changes in the average chain length it is of little use in model phosphate coatings,
however changes from ortho to metaphosphate can be observed by following changes in the
binding energies of the oxygen 1s and phosphorus 2p transitions. The XP spectra of the pure
samples purchased from sigma Aldrich showed good agreement with bulk analysis techniques

such as XRD and MAS-NMR.

XPS indicated that dehydrolytic condensation occurred during curing in all model coatings,
however it was much more prevalent in the magnesium phosphates than aluminium ones.
During ageing the reverse reaction occurred, causing reformation of the orthophosphates (as
observed in the changes in binding energy). The magnesium phosphate chains were found to be

much more susceptible to breakage than the aluminium ones.

The XP spectra of the chromium containing samples indicated that hexavalent chromium was
fully reduced to the trivalent species upon heating. The presence of chromium oxide appeared
to reduce the number of bridging oxygen atoms present on the surface, and this may be the

cause of the increased stability in these coatings.

XPS of industrial coatings (both as powders and applied to sheet steel samples) showed a higher
than predicted concentration of silica at the surface. The concentration of aluminium was much
lower than phosphorus, presenting some evidence for the presence of phosphoric acid at the
surface. A brushed forsterite sample was shown to have a large concentration of iron at the
surface, indicating that the wire brushes used to clean the sample have also damaged the
coating. The pickled forsterite coating was shown to have a high concentration of phosphorus

indicating that the upper phosphate coating had not been completely removed before analysis.

Finally the effects of heating the samples on the XP spectra were also studied. Silicon
segregation from the bulk to the surface was observed (to be discussed in more detail in the
next chapter), whilst the pickled forsterite and fully coated steel samples were observed to be

largely unaltered by the heating.
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Chapter 5 Conclusions and Future Work

5.1 INTRODUCTION

The main aim of this work has been to explore the fundamental chemical properties of
phosphate coatings used on electrical steels produced at Cogent Power Ltd. It is known that
magnesium phosphate coatings impart a greater tension on steel substrates than aluminum
phosphate ones however they are less stable towards hydration. It is also known that the
addition of chromium trioxide to both coatings improves the stability and tension of the
coatings. This thesis has aimed to determine a chemical model for these observations, with a
view towards developing new improved steel coatings. Chapter 3 has explored these themes
using model coatings and a range of characterisation techniques. The results have been used to
develop a thorough chemical understanding of the phosphate coatings. Chapter 4 continued the
theme of coating analysis from chapter 3, however focused solely on the use of XPS with a view

to developing a quantitative understanding of the coatings.

The main findings of each chapter will be summarized in this final chapter along with future

work that could be performed based on these results.

5.2 SUMMARY AND CONCLUSIONS

5.2.1 MODEL PHOSPHATE COATINGS

The work in chapter 3 was focused on the synthesis and analysis of model phosphate coatings in
order to develop a complete understanding of the industrial coatings developed at Cogent
Power Ltd. Magnesium phosphate was found to undergo a dehydrolytic condensation reaction
to form magnesium metaphosphate (see Equation 5.1). It was also noted that this reaction did
not occur with aluminium phosphate model coatings and thus a hypothesis was developed that
the formation of metaphosphate plays a key role in of the increased tension imparted on steel
sheets coated with the magnesium phosphate coatings. No changes were observed during the
curing of aluminium phosphate, suggesting that it imparts tension on the steel via some other

mechanism.
2MgHP,0, - H,0 - Mg,(P0O3)4 + 2H,0 + 1/2 0,
Equation 5.1 The dehydrolytic condensation of magnesium phosphate in electrical steel coatings

The metaphosphate formed during curing was found to be unstable in humid atmospheres and

degraded back to the orthophosphate within two weeks, consistent with the ‘tackiness’
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associated with magnesium phosphate coatings in humid atmospheres. Aluminium phosphate
was found to be stable in humid conditions with the IR spectra remaining constant throughout

the trial, supporting this conclusion.

Producing magnesium phosphates using a range of phosphoric acid concentrations aided in
developing the conclusion that excess phosphoric acid is required to form the metaphospahte
during curing. This is supported by the behaviour of the aluminium phosphate samples, as
literature results (from samples cured without being purified, therefore retaining an excess of
acid, unlike the purified commercial product used here and at Cogent Power Ltd.) indicate that
aluminium orthophosphate should undergo the same dehydrolytic condensation as magnesium

metaphosphate.1-3

When chromium trioxide was added to magnesium phosphate chromium pyrophosphate was
formed instead of magnesium metaphosphate. This lead to the conclusion that the oxide reacts
with excess phosphoric acid in the system to prevent magnesium metaphosphate formation and
increases the stability of the coating as the pyrophosphates do not degrade. The chromium
pyrophosphate is presented as a cause of the increased tension exerted on steel sheets reported
when these mixed coatings are used. The addition of the Cr,0s to magnesium phosphate did not
yield the same chromium pyrophosphate, leading to the conclusion that the trioxide is the active

species in this reaction.

In direct contrast the addition of chromium trioxide to the aluminium phosphate coatings did
cause the formation aluminium metaphosphate. Chromium trioxide is widely used as an oxidant
in organic chemistry,* 5 leading to the conclusion that it is oxidising the by-products of the

condensation reaction and aiding the formation of alumina.

The combined results strongly support the hypothesis that the metaphosphate is central to the

ability of the phosphate film to impart tension onto the steel substrate.

5.2.2 XPS STUDIES OF PHOSPHATE COATINGS

X-ray photoelectron spectroscopy was also used to study phosphate coatings and the results
were presented in chapter 4. Work by Gresch® indicated that the oxygen 1s region of the XP
spectrum could be used to determine the average length of metaphosphate chains, and this was
successfully applied to the same samples he studied. The condensation of these samples could
be followed using XPS and the results showed good agreement with the results obtained from
the bulk techniques used (XRD and MAS-NMR), however the ratio of oxygen 1s components was

of little use for model phosphate coatings, possible due to presence of other phases and by-
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products. Changes from ortho to metaphosphate can be observed by following changes in the

binding energies of the oxygen 1s and phosphorus 2p transitions.

XPS indicated that dehydrolytic condensation occurred at the surface during curing in all model
coatings; however it was much more prevalent in the magnesium phosphates than the
aluminium phosphates. During aging the reverse reaction occurred, causing reformation of the
orthophosphates (as observed in the changes in binding energy). The magnesium phosphate
chains were found to be much more susceptible to hydrolysis than the aluminium chains,
supporting the observation that the aluminium phosphate samples were more stable than the
magnesium phosphates. These results are in good agreement with the results obtained in the
bulk analysis of model coatings (chapter 3), supporting the use of XPS for the analysis of

phosphate coatings.

The XP spectra of the chromium containing samples indicated that oxide completely reduced
upon heating to a trivalent species and the presence of chromium oxide appeared to reduce the
number of bridging oxygen atoms present on the surface. This is in good agreement with results
in the previous chapter, which indicated the formation of chromium pyrophosphate in

preference to magnesium metaphosphate.

XPS of industrial coatings showed the concentration of aluminium was much lower than
phosphorus, presenting some evidence for the presence of phosphoric acid at the surface of the
sheet. A brushed forsterite sample was shown to have a large concentration of iron at the
surface, indicating that the wire brushes used to clean the sample have also damaged the
coating. XPS also showed that ‘pickling’ did not fully remove the upper phosphate coating as
phosphorus was still present at the surface. Finally the effects of heating the samples on the XP
spectra were also studied. Silicon segregation from the bulk to the surface was observed for the
bare steel sample, whilst the pickled forsterite and fully coated steel samples were largely

unaltered by heating.

The results from both chapters show that the interchange between ortho and metaphosphate is

vital to the stability of the steel coatings.

5.3 FUTURE WORK

At the beginning of this project the initial aims were much broader, with developing an
understanding of the phosphate coatings only part of the overall project. It was also hoped that

once an understanding was developed new coating materials could be suggested and possibly

201



Chapter 5 Conclusions and Future Work

trialled, however the coating systems were much more complex than initially thought, giving

scope for a wide range of future works.

One key future experimental aim is the production of aluminium metaphosphate via the
dehydrolytic condensation of aluminium orthophosphate. There are two possible routes
through which this could be attempted; the first is to mix purchased aluminium orthophosphate
with phosphoric acid. This would also test the conclusion reached in chapter 3 that excess
phosphoric acid is required for the condensation reaction to occur. The second possible route
for aluminium metaphosphate which could be trialled is the synthesis from aluminium
orthophosphate precursors and an excess of phosphoric acid. Possible precursors include

aluminium chloride, aluminium nitrate and aluminium oxide.

Once aluminium metaphosphate has successfully been produced, nontoxic replacements to
chromium trioxide for the addition to either magnesium or aluminium phosphates could be
investigated. In the case of magnesium phosphates the additive would most likely be some form
of metal oxide which readily forms a phosphate. Commonly studied phosphates that could be

studied include zinc phosphates, which are already widely used as coating materials.”9

5.4 REFERENCES

1. H.-S. M. Dong-Pyo Kim, Jae-Seong Rho, Kyoo-Seung Han, Hee-Gweon Woo, Hunseung Ha,
Feng Cao,, Composites Science and Technology, 2003, 63, 493-499.

2. G. Tricot, D. Coillot, E. Creton and L. Montagne, Journal of the European Ceramic Society,

2008, 28, 1135-1141.
3. J. H. Morris, P. G. Perkins, A. E. A. Rose and W. E. Smith, Chem. Soc. Rev., 1977, 6, 173-194.

4, K. Bowden, I. M. Heilbron, E. R. H. Jones and B. C. L. Weedon, Journal of the Chemical
Society (Resumed), 1946, 0, 39-45.

5. G. . Poos, G. E. Arth, R. E. Beyler and L. H. Sarett, Journal of the American Chemical
Society, 1953, 75, 422-429.

6. R. Gresch, W. Mullerwarmuth and H. Dutz, Journal of Non-Crystalline Solids, 1979, 34,
127-136.
7. S. Jegannathan, T. Narayanan, K. Ravichandran and S. Rajeswari, Surface & Coatings

Technology, 2006, 200, 4117-4126.

202



Chapter 5 Conclusions and Future Work

P. Nguyen Van, S. Moon, D. Chang and K. H. Lee, Applied Surface Science, 2013, 264, 70-
78.

L. Y. Niu, Z. H. Jiang, G. Y. Li, C. D. Gu and ]. S. Lian, Surface & Coatings Technology, 2006,
200,3021-3026.

203



Appendix 1 Additional Characterisation Data from Model Phosphate
Coatings
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Coatings

INTRODUCTION

Appendix 1 contains all additional characterisation data collected from model phosphate
coating materials that was not included in chapter 3 (generally to aid the flow of the chapter or
save space, see Table 1 for the page numbers of data included within the chapter). All spectra
are collected by sample and any additional information such as sample labels and additional
information on the conditions the spectra were collect under is given in notes below the spectra.

A full analysis of the samples is given in chapter 3.
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Coatings
Sample Technique Page
Phosphate 1 (Aluminium ATR-IR 57
Orthophosphate) Raman 57
ATR-IR 60
Phosphate 2 (Magnesium Phosphate, Raman 61
Cogent Power Ltd Ratio) XRD 62
TGA 63
Phosphate 3 (Magnesium Phosphate,
Raman 64
25 % Magnesium Oxide)
Phosphate 4 (Magnesium Phosphate,
Raman 67
50 % Magnesium Oxide)
Phosphate 5 (Magnesium Phosphate,
Raman 69
75 % Magnesium Oxide)
Aging Of Aluminium Phosphate ATR-IR 73
Aging Of Magnesium Phosphate ATR-IR 74
ATR-IR 77
Chromium Trioxide (CrO;)
TGA 78
Chromium Oxide Magnesium ATR-IR 80
Phosphate Mixtures- The role of Raman 81
Chromium concentration XRD 86
Chromium Oxide Magnesium ATR-IR 89
Phosphate mixture- 50 % Chromium Raman 90
Oxide TGA 93
Chromium Oxide Magnesium
Phosphate mixture- 66 % Chromium TGA 95
Oxide
XRD 96
Cr,05s Magnesium Phosphate Mixture
TGA 97
Chromium Oxide Aluminium ATR-IR 98
Phosphate Mixtures- The role of Raman 102
Chromium concentration TGA 104

Table 1 Additional data not included in this appendix.

206



Appendix 1 Additional Characterisation Data from Model Phosphate
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PHOSPHATE 1 (ALUMINIUM ORTHOPHOSPHATE)

TGA
16.0
15.0 —
14.5 =
14.0 -4 I ; I ; I T I
400 600 800 1000
Temperature / K
XRD

Lk b
MJUJM/MUJUJ 2

[ ) T T T T v T F T : 1

10 20 30 40 50 60 70 80

20

a) As received and b) after heating to 1073 K for 15 minutes in air. Both samples were matched to

aluminium phosphate (AIPO,, berlinite). No other phases were identified.
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PHOSPHATE 2 (MAGNESIUM PHOSPHATE, COGENT POWER RATIO)

All characterisation data for this sample is presented in chapter 3.

PHOSPHATE 3 (MAGNESIUM PHOSPHATE, 25 % MAGNESIUM
OXIDE)

ATR-IR

|

(873 K)

(773 K)

(673 K)

) I ) I L] I ) I L] I )
800 1000 1200 1400 1600 1800
Wavenumber /cm”

The IR spectra of the phosphate 3 could not be collected when the sample was heated about 873 K
as the resulting powder was too hard to achieve a good contact between the sample and the

germanium crystal of the ATR system.
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PHOSPHATE 4 (MAGNESIUM PHOSPHATE, 50 % MAGNESIUM

OXIDE)

ATR-IR
(1073 K)
(973 K)
(873 K)
(773 K)
(673 K)

W (573 K)
] ] L} l L} ] L} l L ] L} I L} ] L I L] ]
1600 1400 1200 1000 800
Wavenumber /cm”
XRD

MAMMW (a)

10 20 30 40 50 60 70 80
20

a) Dried at 573 K (matched to Mg;(P0O,),, MgH,P,0;) and (b) cured at 1073 K (matched to Mg,P,0,,)
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PHOSPHATE 5 (MAGNESIUM PHOSPHATE 75 % MAGNESIUM
OXIDE)

ATR-IR

(1073 K)

(973 K)

(873 K)

.
w\’\/——- (573 K)

L I L] [ ) ' L] I L] I )
1800 1600 1400 1200 1000 800

-1
Wavenumber / cm

XRD

o s OV .

WUMWWWM (a)

77 T T T I T I
10 20 30 40 50 60 70 80
20

a) Dried at 573 K (matched to MgO, Mg,P,05) and (b) cured at 1073 K (matched to Mg(POs),, MgO,
Mg,P,0;)
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AGING OF ALUMINIUM PHOSPHATE

All characterisation data for this sample is presented in chapter 3.

AGING OF MAGNESIUM PHOSPHATE

All characterisation data for this sample is presented in chapter 3.

CHROMIUM OXIDE

All characterisation data for this sample is presented in chapter 3.

CHROMIUM OXIDE MAGNESIUM PHOSPHATE MIXTURES- THE
ROLE OF CHROMIUM CONCENTRATION

All characterisation data for this sample is presented in chapter 3.

CHROMIUM OXIDE MAGNESIUM PHOSPHATE MIXTURE- 50 %
CHROMIUM OXIDE

All data collected from this sample is presented in chapter 3.
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CHROMIUM OXIDE MAGNESIUM PHOSPHATE MIXTURE- 66 %
CHROMIUM OXIDE

v

] 1Y 1T "* T ' ] (a)
10 20 30 40 50 60 70 80
20

XRD

CR205s MAGNESIUM PHOSPHATE MIXTURE

All data collected from this sample is present in chapter 3.
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CHROMIUM OXIDE ALUMINIUM PHOSPHATE MIXTURES- THE ROLE
OF CHROMIUM CONCENTRATION

XRD

Dried

*’l ‘ A MAA PRI, W N A s 50 % Cr03

30 % Cr03
___‘___L_AJLA_A.J_JML_A..JLM-»-—A—MM 19 % CFO3
—NMWLM 10 % CI‘O3

_A_.JLJJMMMUJ\M 0 % CI’O3

10 20 30 40 50 60 70 80

Cured

__,AAJJ_&_M,‘AJ\Q_J’\—LL—M"‘——’“M 30 % CrO,

L e R AL AN SO oA
R 30 % CrO,

LH\LWA-\A—MM
B, 19 % Cro,

I 10 % CrO,
MWM 0% (:['O3

10 20 30 40 50 60 70 80

20
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