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The early stages of film growth on magnesium and Magnox alloy have been 
investigated in situ using an automatic nulling ellipsometer coupled 
with potential control of the specimens. SIMS and scanning Auger 

spectroscopy in conjunction with ion beam milling have been used where 
possible to confirm the ellipsometric results. 

Initial results obtained in 0.01 mol/dm 
3 NaOH indicated that substrate 

dissolution was leading to a roughening of the film/substrate interface. 
This was attributed to carbon dioxide absorption in the air-saturated 
solutions causing a reduction in pH to values below 11.5 with a conse- 
quent breakdown in passivity. This led to further experiments under 
various conditions of solution composition and pH. The proposal of a 
rough surface was investigated initially by computer simulations whereby 
the rough surface was treated as an effective film containing both the 

substrate and the overlying film. Confirmation of these theoretical 

models was sought by the use of ellipsometry at a different angle of 
incidence and by scanning electron microscopy. 

Maintaining the pH near-12 prevented the breakdown of passivity in 
Magnox. This enabled a more detailed study of the corrosion processes 
to be made. The behaviour of Mg under these conditions was still 
anomalous and was attributed to the more porous film present on Mg 

compared to Magnox. This could cause a channelling of the corrosion 
attack leading to a roughened substrate. 

The results obtained for Magnox in neutral and strongly alkaline so), -. 4c"s 
(I . mol/dM3 NaOH) could noi, be explained either by a single layer or 
rough layer model. The results could, however, be explained if it 
was assumed that the optical constants of the substrate-were changing. 
This could occur if there was segregation of the alloy components near 
the metal surface. 
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1.1 A brief historv of Maanox A180 

Magnox A180 is a high magnesium alloy, containing typically 0.8% 

wt Al and 0.005% wt Beryllium, which is widely used as a, cladding 

material for gas-cooled nuclear reactors using natural uranium as fuel. 

The reason for this is due primarily to the very low cross-section for 

absorption of thermal neutrons by Mg and its alloys, 
' 

necessary for 

economical operation using non-enriched uranium. Magnox also has 

excellent compatibility with uranium unli-ke-otherwise suitable materials 
such as aluminium and beryllium. I Although this type of reactor has 
been superseded by the advanced gas-cooled reactor (A. G. R. ) and the 

pressurized water reactor (P. W. R. ) over half the world's nuclear power 
had been generated by Mg alloy clad uranium fuels up to 1972 2 

and it is 

expected that reprocessing of Magnox will be necessary in the U. K. 

until the early years of the next century. 
3 

The development of Magnox as a canning material for uranium and 
its subsequent use together with various metallurgical properties has 
been discussed by several authors. 

1,2,4,5,6 Originally, pure Mg was 
the preferred material but was found to be not resistant to oxidation 

'4 at high temperatures in wet CO 2' and it was decided that an oxidation 

resistant alloy should be used. This resulted in the development of 
the Magnox (MAGnesium No OXidation) alloys which contained small 

quantities of beryllium, to increase oxidation resistance, and alumin- 
ium to facilitate Be introduction and to increase strength at operating 
temperatures. 

On removal from the reactor the fuel elements are stored in station 
ponds for a period of about one hundred days which allows time for the 

short-lived radioactive products, principally radioactive iodine, to- 
decay and for the decay heat output to fall to a suitable level for 

transport off site for reprocessing. 
5 During this period corrosion 

control of the Magnox is essential to ensure the integrity of the fuel 

elements during storage as penetration would result in the release of 

uranium fission products, having high activity, into the ponds. 
ýenetration will mainly occur as a result of localized corrosion but 

there is also a requirement for the general corrosion to be as low as 

possible. This is because impurities in the Magnox cladding such as 

zinc become activated in the core and lead to problems with effluent 
disposal. 
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1.2 The aqueous corrosion of maqnesium and Maqnox 

1.2.1 The anomalous electrochemistry of maqnesium 

Relatively few studies have considered the aqueous corrosion of 
magnesium and its alloys in alkaline environments over the last few 
decades, particularly in the absence of aggressive anions such as 
halides and thiocyanates. Several papers have been published however 

referring-to battery applications, 
7-14 

sacrificial anodes, 
15-19 

and to 
20-38 the anomalous electrochemical behaviour of Mg. The latter is 

characterized by the negative difference effect, 
20-36 the delay 

effect, 
8'9'12'13 

and by the experimentally measured behaviour of the 
open circuit or corrosion potential, E 

corr* 
12-14,34,37,38 

The negative'difference effect is an increase in the magnitude of 
the hydrogen evolution current from 

potential is taken more positive. 
26 

insomuch as it results in a loss of 

as the ratio of the actual Coulombs 

obtainable from an anode - .: for a 

its value at open circuit as the 
This has a practical significance 

anodic current efficiency, defined 

passed to the theoretical Coulombs 

given. weiqht loss. 22 Several 

theories have been proposed to explain this phenomenon, e. g. formation 

of monovalent magnesium ions, 
30,36 

anodic disintegration or the 'chunk' 

effect 
24,28 

and formation of magnesium hydride. 31,39 

Another characteristic of the electrochemistry of Mg is the large 

difference between the theoretical reversible potential for the Mg/Mg 2+ 

couple and E 
corr" 40 

The standard potentials in acid and alkaline 

environments are: 

Mg2+ + 2e = Mg Eo = -2.36 V nhe ..... 0.1) 

0 Mg(OH) 2+ 2e = Mg + 20H- E= -2.69 V nhe ..... (1.2) 

Experimentally determined values for E 
corr 

however are in general IV 

more noble. 
34,39 

The most active potentials (- -2.0 V nhe) are recorded in acid 
solutions and it has been suggested23'39 that in this region there is 

a mixed potential between Mg dissolution and hydrogen evolution. 
It is also suggested39 that there is cathodic control, the controlling 
reaction being proton diffusion to the metal surface. 

41 In alkaline 
and neutral media there is a shift to more noble potentials of several 
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hundred mV. 
39 There is less agreement as to the probable corrosion 

mechanisms in this region but it is generally recognized that film 

formation is probably important. 16,22,23,33,39,42 The third anomalous 

characteristic, the delay effect, is a sudden sharp rise in the anode 

potential when there is an increase in the anodic current drawn from 

the cell which is followed by a return to more active potentials after 

a few seconds, (fig. 1.1). This phenomenon -is observed in neutral and 
alkaline environments and results in a temporary power loss in battery 

applications. It has been explained as being due to hydride forma- 

tion, 31.39 
or resulting from a breakdown of passivation due to 

hydrolysis within pits. 
12 

1.2.2 The structure of the corrosion film formed on Mq and Maqnox 

in alkaline environments 

According to the Pourbaix diagram, fig. 1.2,43 Mg is in the passive 

state above a pH of about 11.3 due to the formation of Mg(OH )2 
. The 

fall in the corrosion rate has been experimentally verified for both 

Mg 16,44 
and Magnox 6 

with a reduction in the corrosion rate of Magnox 

from -0.07 g m-2 day-' to 0.005 g m-2 day-' between pH 10.5 and 11.5. 

It has also been widely accepted 
16,23,39,43-53 that the bulk corrosion 

film formed on Mg in alkaline media is Mg(OH )2 and this has been 

unequivocally determined to be the case for Magnox corroding in de- 

gassed sodium hydroxide solution. 
49 It has been suggested 

50 however 

that there may be a thin film or barrier layer between the Mg(OH) 2 
film and the underlying substrate (fig. 1.3), with mass transport 

processes through this thin film controlling the corrosion rate. 
50 Friskney et al. have put forward the proposal, based on the 

position of thermodynamic equilibria at 50%, that this barrier layer 

may be an oxide, MgO. Vermilyea 48 
also suggests the idea of a layer 

of MgO underneath the Mg(OH )2 film due to the similarity of the rate 

of dissolution of MgO and Mg in inhibitor-free solutions. Friskney 

et al. 
50 

also consider the possibility of a three-layered corrosion 
film with an MgH 2 layer between the Mg substrate and the MgO layer 

with a film of Mg(OH )2 as the topmost layer, (fig. 1.4). This would 
be expected to occur if the hydrogen chemical potential at the metal 
film interface was sufficiently high, which is possible as it is known 

that the corrosion film grows at the metal film interface. 49 



-5- 

IV 

r--l 

CL) 
4-J 
0 

CL 

Time 

I. Behaviour at the rest potential 

Polarization current switched on at A followed 

by a sudden sharp rise in the electrode potential 

III.. Activation of electrode at point C 

IV. Polarization of electrode stopped at C electrode 

potential becomes more negative before slowly 

recovering to original rest potential 

1.1 The delay effect 
12 



-6- 

1.5 

0 /H 0 22 

CD 0 

H+/H 
cn 

5 

Passivity 
2 

Corrosion Mg(nH) 2 2+ 

-2.5 
3 

Mg 
Immun ity 

0123456789 io 11 12 13 14 

pH 

1. Mg(OH )2 + 2H+ + 2e- Mg + 2H 20 
E'= -1.862 - 0.0591 PH 

2. Mg(OH) 2 Mg2+ + 20H- 
2+ log(Mg 16.93 -2 PH 

3. Mg2+ + 2e = Mg 
E*= -2.363 + 0.0295 log(Mg 2+) 

Fig. 1.2 Pourbaix diagram for Magnesium43 



- 

SOLUTI ýON 

Fig. 1.3 Model of proposed barrier film for the corrosion 

of magnesium in aqueous solution 

WLUTý 

MAGNESIUM HYDROXIDE 

'A rsrulm"ý, 16 
MAGNESIUM HYDRIDE J, ý 

GNESTUM 
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corrosion of magnesium in aqueous solution 
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Perrault 31,37-39,52,53 has also suggested the presence of an MgH 2 
layer based upon his modified Pourbaix diagram (fig. 1.5). This was 
obtained from an analysis of the relevant thermodynamic equilibria for 

Mg. However it was stated 
52 that the oxides of Mg were not considered 

in the calculations, instead of which the hydroxides were used. 
According to his results a layer of MgH 2 forms on Mg in neutral and 
alkaline environments providing that the overpotential for the hydrogen 

evolution-reaction is of the order of, or greater than about 1 V: 

Mg + 2H ++ 2e- -)- MgH 2 

The hydride is then oxidized to the hydroxide: 

MgH 2+ 20H - Mg(OH) 2+H2+ 2e- (1.4) 

The presence of either an MgO or an MgH 2 layer on Magnox corroding 
in neutral and alkaline environments was not detected by ion beam 

studies 
49 

with a resolution depth of 100 nm. The presence of MgH 2 
has been detected however in corrosion tests carried out in water 

vapour. 
50 As mentioned above magnesium hydride formation has however 

been used to account for the negative difference effect, the delay 

effect and the value of E 
corr" 

39 The existence of an MgH 2 layer may 

also explain the phenomenon of breakaway corrosion whereby the corro- 

sion rate of Magnox in alkaline solution increases steeply after a 

period of several hundred days, (fig. 1.6). 50 The time to breakaway 

depends upon the surface pre-treatment, temperature and solution 

composition and it is thought that it may be due to stress causing 
the rupture of the proposed barrier layer. 

1.2.3 The effect of oxygen on the corrosion of Mg_and Maqnox 

The very electronegative potential for the oxidation of Mg implies 

that it may corrode in aqueous electrolytes even in the absence of 

oxygen. Blanchet et al. 
54 

and Schneider 12 found that dissolved oxygen 
had very little effect on the corrosion of Magnox and Mg. Perrault 

however found no corrosion for Mg immersed in alkaline solution with 

a pH near 10 to 12 at very low partial pressures of oxygen. 
39 

Fabjan et al. 
56 

also report the presence of an oxygen reduction 

reaction in I molar KOH containing KCI. 
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1.2.4 Inhibition of the corrosion of Mq and Maqnox 

Both phosphate and chromate are reported as inhibiting the corro- 

sion rate of Mg over a wide range of pH values. 
9,46 Perrault attri- 

butes their action as being due to the formation of an insoluble 

compact-oxide film on the metal surface. 
39 Vermilyea 47,48 has studied 

the i nhibition of MgO and Mg(OH )2 dissolution and found that periodate, 

germa ' nate, tellurate, vanadate and tellurite ions retarded the dis- 

solution of MgO and commercial Mgk'OH )2 in alkaline solutions. He 

suggested that this was due to incorporation of these ions into the 

Mg(OH )2 structure and the formation of strong hydrogen bonds with the 

surface layers. The same ions also inhibit MgO dissolution, as this 

first reacts with water to form Mg(OH )2 with the overall dissolution 

rate being controlled by Mg(OH )2 dissolution. He also found that 

sodium dodecyl sulphate was an inhibitor for MgO and Mg(OH )2 in acid 

solutions which he proposed was due to the high positive charge of the 

Mg'(OH )2 particles at low pH values and the repulsion between water and 
the aliphatic hydrocarbon portion of the inhibitor. 

Fluoride is reported as inhibiting both the corrosion of Mg 44 
and 

Magnox 50 
and also increasing the resistance of Magnox to localized 

attack by chloride ions. The presence of fluoride ions is effective 

at very low levels and it has been suggested 
50 that it reduces the 

corrosion rate by modifying the mechanical properties of the proposed 

barrier layer and mass transport through this layer. 

1.2.5 Breakdown of passivation of Mq and Maqnox by.. certain anions - 

Chlorides, bromides, iodides, sulphates, persulphates, chlorates, 
hypochlorites and salts of heavy metals displaced by Mg all have a -- 

55 
deleterious effect on the corrosion of Mg in aqueous environments. 

The effect of chloride in particular has been well characterized in 

the past 
16,20,22,34,44,50,51 

with high concentrations of Cl- causing 

pitting initially, leading to exfoliation and spalling. The exact 

mechanism of breakdown is not known, but the breakdown potential 
(pitting potential) becomes more negative with increasing chloride 

content 
34,57 

and it is possible that the initiation of pitting corres- 

ponds to a critical potential where the adsorption of chloride ions is 

preferred to the adsorption of oxygen atoms or water molecules, as has 

been suggested for aluminium. 
58 Richardson and Wood 59 have suggested 
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that in the case of aluminium the aggressive anions only propagate 

small pores already present in the surface layer. Once the bare metal 
is exposed cathodic evolution of hydrogen takes place within the pits 

and an activated pit may be formed with a lower pH than that in the 

bulk solution. A similar mechanism is stated to occur during the 

corrosion of Mg in alkaline solutions containing perchlorate ions. 12 

Beck and Chan 60 have postulated the formation of a magnesium 

chloride salt film-on magnesium in high concentrations of magnesium 
chloride at high anodic potentials (> 2V sce). This film acts as a 
diffusion barrier for water and prevents repassivation by an oxide 
film. 

The deleterious effect of silicate on the corrosion rate of Magnox 

in alkaline solutions above 60% has been reported. 
61 The effect is 

temperature dependent with a negligible increase in corrosion rate at 
60% on exposure to 100 ppm silicate compared to a four-fold increase 
in rate at 121% for similar silicate concentrations. The silicate 
was observed in the corrosion film particularly at grain boundaries 

even at 60% probably in the form of hydrated magnesium aluminium 
silicate. 

1.3 Ellipsometry in corrosion testing: the work in this thesis 

Although control of Magnox corrosion can be effectively achieved, 
50 

as attested by many years experience in the C. E. G. B., by storage in 

sodium hydroxide solution (pH > 11.5) with strict control of aggressive 
anions, there remain several outstanding scientific questions concerning 
the corrosion in aqueous environments. Many wor kers support the idea 

of a thin barrier-type layer controlling the corrosion but there has 
been little direct evidence for this film. As well as doubt as to 
its function in controlling corrosion there is also uncertainty as to 
its nature and thickness. 49,50 

The early stages of corrosion of materials which exhibit passivity, 

such as Magnox in alkaline solution, are crucial, as it is during these 

stages that the character of this film is established. The properties 

of this film will have a marked effect on both its long-term stability 
due to such factors as internal stresses and on its resistance to break- 

down due to external factors such as penetration of the film by depass- 

ivating ions, e. g. chloride. 
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Previous published studies relating to the corrosion of Magnox 

have consisted of either in vacuo surface studies using techniques 

such as Rutherford backscattering, E. S. C. A., S. I. M. S. and Auger 

spectroscopy 
49 

or weight gain and hydrogen pressure measurements. 
6,49,50 

These techniques are not ideally suited to study the early stages of 
film growth on Mg and Magnox, either because of their lack of sensi- 
tivity, or of the need to examine in vacuo - which may alter the film. 
Ellipsometry however provides a highly sensitive, non-destructive tedh-;, _4%ý 
nique which can be used to investigate the initial corrosion processes 
in situ. 

62,63 It is capable in principle of accurately measuring the 

optical constants and thickness of single and multi-layered films 

provided that the optical constants of the film-free surface are known 

or can be measured. It is also ideally suited to coupling with electro- 
chemical corrosion techniques such as d. c. polarization and cyclic 
voltammetry enabling a thorough study of the dynamic characteristics 
of the corrosion processes. 

The major use of ellipsometry has traditionally been in the study 
of passivation 

64-70 for which thin films and smooth substrates are 

generally present. It has also however been widely used in the study 

of general corrosion phenomena 
71-7 5 

and recent advances have been made 
in the use of spectroscopic ellipsometry in conjunction with regression 

analysis. 
76 This enables much more accurate and rapid data aquisition 

and analysis. Interest has also been shown in the last fifteen years 
in the use of ellipsometry to study localized corrosion processes such 

as pitting and stress corrosion cracking. 
77,78 The development-of 

more sophisticated and effective methods for characterizing rough 

surfaces and inhomogeneous films will probably increase the scope for 

ellipsometry in this field. 

General reviews of the use of ellipsometry in corrosion are given 
by Hayfield 63,74 

and Kruger. 73 Petit and Dabosi 77 
review the use of 

ellipsometry in the investigation of localized corrosion processes up 
to 1980. For more general information concerning the use and appli- 

cation of ellipsometry the proceedings of five international conier- 

ences 
79-83 

are available together with several reviews. 
84-86 

The aims of this research were to obtain a deeper insight into 

the corrosion mechanisms of Mg and Magnox in neutral and alkaline media 
from an investigation of the early stages of film growth and to relate 

changes observed in different environments during these early stages to 
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the long term behaviour. It was hoped that this may suggest ways of 

reducing the long term corrosion rate and enable Magnox fuel elements 
to be stored for longer periods. 

Most of the work was undertaken using an automatic nulling ellip- 

someter coupled with potential control of the corroding metal. Initial 

results obtained in a regime similar to that used by the C. E. M. for 

the storage of Magnox fuel elements (0.01 mol/dm 
3 

sodium hydrokide in 
the absence of chloride ions) indicated that substrate roughening was 
occurring. This resulted in a marked deviation in the ellipsometric 
results from theoretical predictions based on a smooth substrate model. 
A deeper understanding of this was sought - initially through theoret- 

ical methods of handling-the roughness using computer simulations. 
Confirmation of this proposal of surface roughening was sought by the 

use of additional techniques - scanning electron microscopy and 

secondary ion mass spectrometry, the latter in conjunction with ion 
beam milling. 

The initial results were partly attributed to a reduction in pH 
which caused the breakdown of the passive film formed on Magnox. 

This led to other ellipsometric studies under different solution 

conditions, by the presence of other ions and changes in pH. 
Maintaining the pH above 11.5 and below 14. prevented the breakdown 

of the passive film formed on Magnox and permitted easier analysis 

of the results using less complicated theories. Confirmation of 
these results was again sought by the use of secondary ion mass 
spectrometry and also scanning Auger spectroscopy, both in conjunction 
with ion beam milling. The results for Mg under similar conditions 
were anomalous however. This was originally postulated as being due 

to epitaxial film growth but similar results obtained using a single 

crystal of Mg made this unlikely. 
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2.1 Polarized liqht 

2.1.1 Linear, circular and elliptical polarization 

A light beam can be represented by two transverse waves, electric 

and magnetic, which are orthogonal to each other and to the propagation 
direction, fig. 2.1. In dealing with nonmagnetic media it is the 

usual practice to consider only the electric vector and to ignore the 

magnetic vector due to the weak interaction of matter with the magnetic 
field of the light wave. 

85 This allows a monochromatic light beam to 

be completely described by its frequency, propagation direction, phase, 

amplitude and orientation of the electric vector. 

In ellipsometry the electric wave is decomposed into two ortho- 

gonal components which are defined with respect to a plane of incidence. 

This plane refers to reflection of light from a plane surface and con- 
tains the incident, reflected and refracted waves, fig. 2.2. The 

component of the electric vector parallel to the plane of incidence 

is referred to as the p vector and the perpendicular component as the 

s vector. 

These two vectors representing a transverse wave can be described 

mathematically by: 

Ep = JE 
p1 cos(wt +6p)..... (2.1) 

Es = JE 
si cos(wt +6 S) ..... (2.2) 

where Ep and Es are the instantaneous values of the p and s vectors, 
JE 

pI and JES1 are the electric field amplitudes in each direction and 
6p and 6s are the respective time-independent phase of each component. 

Depending on the phase difference between the p and s components 

and their relative amplitudes various polarization states are produced, 
(fig. 2.3). It can be seen that linear polarization is produced for 

the condition that 6P-6s = n7T where n= ±1, ±2, ±3, .... and circular 

polarization results from the case where the phase change is ±7r/2. 
The direction of circularly polarized light is defined in optics as 
being right-handed if on looking into the beam the direction of rotation 

of the electric vector appears clockwise and left-handed if the rotation 

appears anti-clockwise. 
87 
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propagation 
direction 

Fig. 2.1 Vector representation of a light beam 
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Fig. 2.2 Reflection of polarized light. The s and p 

components have electric vectors normal and 

parallel to the plane of incidence respectively. 
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Fig. 2.3 Polarization states produced by phase difference 
between p and s compounds 

6p --6 s= 

6 p- 6s = 37r/4 

6 -6 = 3Tr/2 
.ps 

6p --6 s= Tr/4 

6 
P-6 s= 

Tr 

6p -6 s= 
7Tr/4 

(1I 
6p 

-6 s= Tr/2 

6p-6s = 5Tr/4 

6 -6 = 2Tr 
ps 
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There are a number of conventions used to describe the ellipse, 

which is the general form of polarized light. The ellipse can, for 

instance, be defined by two angles, one being the azimuth of the 

ellipse with respect to the positive x axis and the other being the 

tangent of the length ratio of minor axis to major axis. The most 

useful of these with regard to ellipsometry is to define the physical 
parameters A and T: 

JE I 
tan T= jl! ý' 

..... (2.3) 
s 

ps..... 
(2.4) 

where: 

90 

0 ;sA6 360' 

These parameters are illustrated in fig. 2.4. Tan T is a measure 

of the ratio of the amplitudes of the p and s components and A is the 

phase difference between them. The above definitions for A and T are 
those decided upon by participants at the International Conference on 

88 Ellipsometry in 1968 and are convenient when using a nulling ellipso- 

meter which measures A and T directly. Other ellipsometers such as 
intensity measuring types do not directly measure A and T and use 
different conventions. 

2.1.2 Phasor notation 
I 

Nowadays phasor notation is used to describe monochromatic light 

as it enables easy mathematical manipulation of light phenomena to be 

undertaken without recourse to lengthy trigonometric calculations. 
This involves the use of complex exponential notation whereby equations 

I (2.1) and (2.2) become: 

Ex = lEx e 
i6 x 

..... (2.5) 

Ey = JE 
y1e 

i6 
..... 

(2.6) 
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-p E 
p 

Fig. 2.4 Elliptical polarization resulting from 

the superposition of two orthogonal 
linear polarized states. 
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where x and y represent the two orthogonal vectors describing the 

light wave. This notation arises from the use of the Gauss equation: 

elx = cos x +isin x ..... (2.7) 

with the real part of the expansion representing the oscillation of 

the light wave. This is a convention to remove the time dependent 

Wt term as it-fs'assumed for monochromatic1ight that w is known and 

invariant. 

2.1.3 Jones and Stokes vectors 

The above equations, (2.5) and (2.6), can be conveniently 

expressed by means of Jones vectors which have the form of aIx2 

matrix. The upper element indicates the amplitude and phase of the 

x component and the lower the same parameters for the y component: 

i6x 

E= 

e 
i6 

(2.8) 

The vectors are usually simplified by normalizing so the sum of 

the squares of the elements equals unity. They enable pure states of 

polarized light to be specified in a simple and compact form, some 

examples of which are shown in table 2.1.89 

Jones vectors have the advantages that they are compact and can 
be used in the addition of coherent beams, i. e. beams which when super- 

imposed produce an interference pattern. They cannot however be used 

with unpolarized or partially polarized light for which a different 

representation is used, the Stokes vectors. These again are column 

vectors but contain 4 rather than 2 elements: 

I 
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Table 2.1 

Standard Normalized Jones Vectors for 
Various Forms of Polarized_LiEht89 

Polarization state 

Linear horizontally 

polarized 

Linear polarization 

at -45' 

Right circularly 

polarized 

Standard normalized 
Jones vector 

I 

0 

r- 11 V2 
y 

-I 
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I is the intensity of the beam, usually unity for the incident beam. 

M is the horizontal preference, C the preference for +45' inclination 

and S is the preference for right circular polarization. e. g. a 
horizontally polarized beam of unit intensity would have the -following 
Stokes vector, (1,1,0,0). Other examples of Stokes vectors are given 
in table 2.2. Jones and Stokes vectors have the great advantage of 

simplicity in calculating the effect of various optical devices on a 
light-beam. These calculations are performed by the Mueller calculus 
for Stokes vectors and the Jones calculus for Jones vectors, the former 

calculus being necessary if there are scattering devices present or 

partially polarized or unpolarized light. Table 2.3 gives examples 

of both Mueller and Jones vectors for various optical devices. 

2.1.4 Jones and Mueller calculus 

Both methods use matrix algebra whereby the normal rules of matrix 

multiplication are used to determine the effect of an optical device in 
the light wave. This can be illustrated by considering the effect of 
an ideal linear polarizer [M] with a transmission axis at -45' (see 

table 2.3) on an incident beam [V 
iI which is partially and left ellip- 

tically polarized (see table 2.2). The vector of the emerging beam 

[V 
e] 

is then calculated using the Mueller calculus: 

[V l= ImlIv l ..... (2.9) 
e i 

-. 5 0 -. 5 cý 2» 

-0 0 0 0 3 0 
[V l ..... (2.10) 

e 0 --5 0 2 -2 
0 0 0 0 -1 0 

[V 
e] can be seen to be 100% linearly polarized at -45'. 

A series or train of optical devices can be represented by a 
series of matrix multiplications, e. g. for an incident beam, [V 

il 
passing through devites [MAI' IOBI, and [MCI the emergent beam [Ve] 

is given by: 

[V 
e) = IMC]IMBIEMAI[Vi] (2.11) 
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Table 2.2 

Stokes Vectors for Various Forms of 
Polarized Light 89 

Polarization state 

Horizontally polarized 

unit intensity 

Vertically polarized 
unit intensity 

Left circularly polarized 

unit intensity 

Normalized Stokes Vector 
[I'MIC'Sl 

[l, 1,0,0] 

[1, -1,0,0] 

[l, 0,0, -1 ] 
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Table 2.3 

Mueller Matrices of Basic Optical Devices 85 

Device Mueller Matrix 

Linear retarder 00 0 
(retardation 6) 0 1- 

0 0 COS6 sin6 
LO 0 -sin6 cos6j 

Rotator 00 
(angle of rotation a) 0 cos2a sin2a 0 

0 -sin2a cos2a 0 
LO 00 1. 

Ideal polarizer I 2' 1 
cos26 sin20 

(orientation e) cos2e COS226 sin2ecos2e 0 

sih2a sin2ecos2O sin 
2 2e 0 

0 00 Oj 
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The train of optical devices can be represented by a single 

overall 4x4 matrix, [M 
t 

], or Mueller matrix which is obtained by 

multiplying the matrices of all the optical devices. In the previous 

case [Mt] is given by: 

[Mtl = IMC]IMB]IMAI (2.12) 

A similar procedure is followed in the Jones calculus which is more 

compact but which cannot be used for depolarizing systems. 

An alternative method of describing polarized light is to use 
the Poincare sphere which can be considered-asa 3-dimensional Stokes 

vector whereby each polarization state is represented by its position 

on the sphere. The poles of the sphere represent circularly polarized 
light with points on the equator representing linear polarization. 
Other points on the sphere indicate elliptical polarization. Its main 
use has been in describing the effect of a retarder on a polarized beam 

in which the retarder is represented by an arc whose length is dependent 

on the retardance. The incident beam is at one end of the arc and 

then the other end represents the polarization of the emerging beam. 

2.2 Reflection from bare surfaces 

2.2.1 Reflection from a bare non-absorbinq surface 

The fact that the polarization of light 
discovered in 1808 by E. L. Malus and in 1823 
to describe the reflection of light incident 
two isotropic dielectric media, fig. 2.5. A 

was incorrect the equations have been proved 
can be theoretically derived using Maxwell's 

changes on reflection was 
Fresnel developed equations 

on the boundary between 

Ithough his theory of light 

correct experimentally and 

equations. 
90 

The Fresnel amplitude coefficients, rp and rs, describing the 

ratio of amplitudes of incident and reflected waves for the p and s 
components are: 

E' 
Ep PI, 2 p 

E' 
s 

s 1,2 Es 

(2.13) 

(2.14) 
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Fig. 2.5 Reflection and refraction at a dielectric interface 

Symbols ýl and ý2 

nI and n2 

p and sa 
(parallel 

are the angles of incidence and refraction 
respectively. 

are the refractive indices of mediums I and 2. 

re the components of the electric field vector 
(arrows) and perpendicular (circles)). 
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where a single prime refers to the reflected wave and unprimed to the 
incident wave. 

Using his elastic theory of light Fresnel related these reflection 
coefficients to the angles of incidence and refraction and to the 

refractive indices of the media: 

r=n2 
Cos -n lcosý2, 

PI, 2 n, cosý, +nI cosý? 

nI cost I-n 2COS*2 (2.16) 
n1 cost I+n2 cost 2 

n, = refractive index of incident medium 
n2 = refractive index of second medium 
ýl = angle of incidence 
ý2 = angle of refraction 

Equations (2.15) and (2.16) can be rewritten using Snell's law: 

n, siO, = n2siO2 

to give: 

(2.17) 

tan(ý 1 2) 
r=- P1,2 tan(ý I+ 2) 

-sin(ý 
rs=- 

1,2 sin(ý I+ý 2) 

2.2.2 Propagation of light in non-absorbi nq media 

The optical constant n defined in equations (2.15)-(2.17) is a 
fundamental constant of the material. 

91 It depends upon the interaction 
of the material with anelectromagnetic wave oscillating at optical 
frequencies which for a non-absorbing medium can beshown by the time 
dependent solution of Maxwell's equations to be: 
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E=E0 exp[i(ut - 2Trn s. r. )] ..... (2.20) 

'k 

E0 is the wave amplitude, E the instantaneous value of the electric 
field vector, ra position vector in an arbitrary co-ordinate system, 

sa unit vector in the propagation direction, X the vacuum wavelength 
and w the frequency of radiation. 

The index of refraction, n, of the medium is defined--by: 

v 
c= 

fT-091-0 (2.21) 

where c is the velocity of light in vacuo, v is the phase velocity 

of the wave in the medium, E is the dielectric constant or permittivity 

of the medium, Co the permittivity of free space, 11 and v0 the permea- 
bility of the medium and free space respectively. For most non- 

magnetic materials the ratio 11/11 
0 

is approximately unity so that 

equation (2.21) can be simplified to: 

(2.22) 

The above equation is known as Maxwell's relation. 

2.2.3 

becomes: 

E=E[i (wt -27T n s. r. )1 ex p[ -27r k1..... (2.23) 
0 

The additional terms represent the attenuation of the wave due 

to the dampi6g effect of the conduction electrons as the wave passes 
through the medium. This gives rise to a complex refractive index, 
A 

n, where: 

Propaqation of light in absorbinq media 

For a wave travelling in an absorbing medium equation (2.20) 

A 

ik ..... 
(2.24) 
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n is the real part of the refractive index and k the extinction 
coefficient. 

The reduction in intensity of the wave as it propagates into the 

medium is given by the reduction in the square of the amplitude: 

exp 0 
(2.25) 

where Z is increasing distatice normal to the surface and a is the 
linear absorption coefficient, given by: 

4Tr k 
x (2.26) 

The value of Z at which the intensity of the wave decreases by a factor 

e- 
I is known as the penetration depth and is dependent on k and X: 

4Tr k (2.27) 

For a material to be transparent the penetration depth must be large 

compared to its thickness. For most metals however the penetration 
depth is very small, e. g. for Cu it is about 0.6 nm in the ultra- 

violet. 
92 

The need for a complex refractive index also results in the 
dielectric constant being complex: 

A 

C- ti 
-C 1C C- 

0 
(2.28) 

EI represents the real part of the dielectric constant and E" the 

imaginary part. 

Using equations (2.22), (2.24) and (2.28), E: ' and e" can be 

related to n and k: 

E1=k2 (2.29) 

F-" = 2nk 
..... (2.30) 
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2.2.4 Reflection from a film-free metallic surface 

The need to use a complex refractive index means that Snell's law, 

equation (2.17), will require that the angle of refraction and the 
Fresnel reflection coefficients are complex. 

The Fresnel reflection coefficients, Pr 
p and rs, are usually 

expressed in phasor notation: 

El 
rp 

p 

iQ, 
e (2.31) 

AI 
Es' I 

rs = Tl- -sl 

p and ýs are the absolute phase of 
incident beam and ý, and V are the ps 
components for the reflected beam. 

of the incident beam components and 
the reflected beam. 

i(cs, - CS) (2.32) 

the p and s components of the 

absolute phases of the p and s 
JE I and JEsI are the amplitudes 

IE'PI and JEsI the amplitudes for 
P, 

Equations (2.31) and (2.32) can be rewritten as: 

Ai6 

rp= Ir 
pIeP..... 

(2.33) 

As 

rs = Irsl e ..... (2.34) 

where IrPI and Irsl are the ratio of amplitude of the reflected and 
incident components and 6p and 6s are the phase change of the p and s 

components on reflection. 

In ellipsometry the most useful parameter is P, the ratio of the 

complex Fresnel reflection coefficients: 

rp 

ep..... (2.35) 
s 

Irs I 
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From equations (2.3) and (2.4): 

tan Te iA 
..... (2.36) 

This is known as the fundamental equation of ellipsometry. 
Ditchburn 93 has developed trigonometric equations for A and T avoiding 

the use of complex notation: 

222 t2 (cos2T - sin 
22Tsin2A) 

n-k- sin ý=0+ 
sin2TcosA) 

? 

2nk =t2 sin4TsinA 
2 (1 + sin2TcosA) 

t= siný taO 

ý is the angle of incidence. 

(2.37) 

(2.38) 

(2.39) 

Alternative trigonometric equations have been developed by 

Koenig. 94 

2.3 Characterization of bare surfaces using ellipsometry 

2.3.1 Factors affectina the values of A and T measured for a 
bare surface 

Determining the optical constants of a bare surface has both 

theoretical and practical importance and can in principle be easily 

performed using ellipsometry. The parameters A and T measured for 

a bare surface have been defined previously, equations (2.3), (2.4) 

and (2.36). These values depend upon a number of factors: 

1. The optical constants of the incident medium, usually air, 

vacuum or a transparent 
I 

solution in which case n is not complex. 

2. The optical con stants of the substrate, usually ccmplex, 
i. e. n^ =n- ik. 

3. The angle of incidence. 

I 

4. The wavelength of light used. 
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In nulling ellipsometry the normal procedure is to fix the angle of 

incidence and wavelength of light. As n for the medium is known or 

can be easily obtained, e. g. by an Abbe refractometer, then n and k 

for the substrate can be obtained. There are several equations 

whereby this calculation can be performed, one of which is: 

nn tan 
02 

sin 
2..... (. 2.40) 

(I+P) 

n, and n0 are the refractive indices of the substrate and incident 

medium respectively. ý is the angle of incidence and P has been 

defined in equation (2.36). The use of complex notation can be 

avoided by the use of either Ditchburn's equations 
93 (equations 

(2.37)-(2.39)) or by those of Koenig. 94 

If the angle of incidence, wavelength of light and incident 

medium remain constant then there is a one-to-one relationship 
between n and k of the substrate and A and T for the bare surface. 
This can clearly be seen in the n, k nomogram in fig. 2.6. The areas 

into which metals, semiconductors and insulators fall are found in 

distinct regions as illustrated by fig. 2.7. Insulators are found 

either along the A=0 or A= 180' axis which is a result of the 

differences in phase shifts, rP and rS being either 0 or 7T. The 

angle of incidence at which the change occurs from 0 to 7T radians is 

known as the Brewster angle and is dependent upon the refractive index 

of the dielectric and the incident medium. This is considered in 

more detail in section 2.3.3. 

Semiconductors have frequency-dependent optical constants usually 

with very low k values providing that the frequency of incident radia- 

tion is not at a band transition frequency. The low k values arise 

from the dependence of n and k on the conductivity: 

2nk =a w 

where a= conductivity and w= frequency. 

At the wavelength of light used in figs. 2.6 and 2.7 (632.8 nm) semi- 
conductors have a very low conductivity and as n typically lies in the 

range 2.5 to 4.5 k is very small. 
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In 

td 

Fig. 2.6 n, k nomogram showing one to one relationship between 

A and T and the optical constants 

91 

Fig. 2.7 A simplified nomogram illustrating the Position of some 
metals, semi-conductors and insulators 

f, s: r/deq 
700,632.8 nm, n(medium) = 1.334 

zu PSI /deg 30 40 50 
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Metals have much higher conductivities and widely varying n and k 

values. Their optical behaviour can be described using a theory 

proposed by Drude. This is described in the next section. 

2.3.2 Frequency dependence of the optical constants 

The frequency dependence of the dielectric constant arises from 

the effect of the oscillating electromagnetic field on the distortion 

of the electron distribution and moleE'ul'*ar geometry of the material. 
The latter effect is known as polarization and is related to the 

dielectric constant by: 

..... (2.42) 
47r 

electric field 

electronic polarization 

At optical frequencies the only contribution to the polarization is 

from the effect of the electron cloud. At these high frequencies the 

molecules cannot orientate themselves sufficiently rapidly for the 

polarization of permanent dipoles to contribute, and the atomic nuclei 

are too sluggish to follow the oscillations for the polarization of 

bonds in polar molecules to be important. 

Classically the effect of frequency at these wavelengths on the 

polarization of insulators was treated by Lorentz. His model is of 

an electron bound to an infinitely heavy nucleus by an elastic force 

analogous to a small mass bound to a much heavier mass by springs. 
Drude 95 

considered the case of dispersion for metals using a free 

electron model, by equating the restoring force in Lorentz's model 

to zero. He arrived at an equation relating c' and E: " to frequency 

W: 

4TrNe 21. 
-- ..... (2.43) 

m W2 + r2 

47TNe 2r 
F- 

m W(w 
2+ r2) ..... 

(2.44) 
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e and m are the electronic charge and mass respectively, N the total 

number of atoms per unit volume. r is the damping constant in the 

Lorentz model which is related to the mean free time between collisions. 
The natural frequency with which the free electrons and positive ions, 

or plasma, within a metal vibrate is known as the plasma frequency, w P, 
At frequencies below this critical value the metal behaves as if it were 

a strongly absorbing material with'a reflectivity near unity and a 

complex refractive index. This resultstin-the intensity of the pene- 
trating wave falling off exponentially as it propagates into the metal. 
At frequencies higher than Wp the material behaves as if it were trans- 

parent with a real n and a rapidly decreasing reflectivity as the 

frequency increases. 

The Drude model can successfully explain the optical behaviour of 

some metals such as Mg 96 
and Al 97 both of which exhibit a marked 

reduction in reflectance at the plasma frequency. The reflectance of 
other metals such as Cu however does not show a sharp transition but 

rather a series of absorption bands, and for other metals such as Ag 

a high reflectivity can be seen at frequencies above wp 

2.3.3 The effect of angle of incidence on A and T 

In addition to being dependent on the optical constants of the 

surrounding media and substrate and the wavelength, A and T are also 
dependent on the angle of incidence. By considering the Fresnel 

equations for an insulator, equations (2.18) and (2.19), and Snell's 

law, equation (2.17), it can be seen that for the case of n2 > n, then 

I>ý2 and rs will be negative for all values of ýl whereas rp is 

positive from 0* decreasing to zero at the Brewster angle, ýp, where 

I+ý2= 90'. Then as ýI continues to increase rp becomes negative. 
When either rp or rs are negative then there will be a phase change of 

A 

*ff radians on reflection. For metal Sn is complex and there is no 

angle of incidence for which rp disappears. This is illustrated in 

fig. 2.8 in which the change in rp and rs is shown for some dielectrics 

and metals. 

The n, k nomogram in fig. 2.6 is for an angle of incidence of 70*, 

a commonly used value in ellipsometry as it gives large changes in 

A and T for a given increment in film thickness and gives a large 

separation in the AT plane for the optical constants of two bare 
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metallic substrates. This latter point can be illustrated by examin- 
ation of the nomograms for other angles of incidence, figs. 2.9-2.11. 
At 70', fig. 2.6, the lines on the nk net are well separated whereas 
on moving to higher or lower angles of incidence the lines are 
compressed into a much smaller region reducing sensitivity and making 
determination of theorptical constants from A and T values more 
difficult. 

2.4 Reflection from a smooth isotropic film covered surface 

This situation was considered by Drude in 1889 for a perfectly 
flat surface on which there is a completely uniform film whose outer 
surface is flat and parallel to the substrate. When a light beam is 
incident on a film-covered surface the beam becomes divided into a 
number of beams, fig. 2.12, by multiple reflections within the film. 
The overall effect can be calculated by summing all the reflections 
for both the p and s components from both the film/medium interface 

and the substrate/film interface. This gives rise to an overall 
complex reflection coefficient, A, for the p and s component: 

AA 

Ar 12 p, s+r 23 p, s exp(-iD) 
..... 

(2.45) R 
p 's 1+AA r 12 p, sr 23 p, s exp(-iD) 

D is the phase delay due to traversal of the film and is given by: 

2Trdn 2 cosý 2 
A 
0 

where d is the film thickness, n2 the refractive index of the film, 

ý2 the complex angle of refraction of the film and XO the vacuum 
wavelength of light. 

(2.46) 

The Fresnel reflection coefficients in equation (2.45) are: 

12 p 

tan(ý I-Y (2.47a) 
tan(ý I 
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ý2) 
..... 

(2.47b) 
12 s sin(ý +Y 

r 
tan(ý2 - ý3) 

..... 
(2.47c) 

23 p tan(ý2 + ý3) 

-sin(ý2 - ý3) 
r 23 s sin(ý2 + ý3) ..... (2.47d) 

where ý,, 2,3 are indicated in fig. 2.13. 

The three angles are related by Snell's law: 

n, siný, = n2s in ý2 = n3s in ý3 ..... (2.48) 

Again the ratio p of the reflection coefficients is determined: 

A 

R 
(2.49) 

AA 

[^r 
p12 +r p23 exp(-2iD)][I +r s12 r s23 exp(-2iD)l 

A ... 
(2.50) 

Ps12 +r 
s23 exp(-2iD)][I +r 

p12 
r p23 

exp(-2iD)l 

= tan Te iA (2.36) 

The ellipsometric parameters A and T can thus be related to the 

optical properties of a three-phase system. The use of the above 

equations in modelling single and multilayered films by computer 

methods is described in chapter 3. 

2.5 Other experimental optical methods for characterizing surfaces 

Although ellipsometry has traditionally been used to determine 

optical constants9S and is considered to be the most precise method 

it suffers from either being slow or expensive if sophisticated fully 

automated instruments are used. This has led to the use of reflect- 

ance methods whereby the reflectivity, R, is determined rather than 
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A and T. The reflectivity is related to the Fresnel reflection 
coefficients by: 

Ir 
121 

2=r 
12' r 12 

* 

r 12 
* 

is the complex conjugate of r 12' 

(2.51) 

By analogy with the A and T nomogram, fig. 2.14 shows the relation- 

ship between n and k and the reflectivity at normal incidence. In 

this case however an experimental value for the reflectivity at a fixed 

wavelength and angle of incidence gives rise to an infinite number of 

solutions of n and k. Reflectance measurements can and have been 

widely used to calculate optical constants of bare surfaces and 
for films grown on the surface although the data requires more manipu- 
lation than in ellipsometry due to the more complicated nature of the 

equations. 

The methodsby which the optical constants of a bare metal surface 

can be obtained by measurements of the reflectivity of light polarized 

parallel to and perpendicular to the plane of incidence at various 

angles of incidence are discussed by McIntyre. 99 Alternatively the 

relative phase information which can be obtained directly from 

ellipsometry can be obtained indirectly in reflectance measurements 
by means of the Kramers-Kronig analysis. 

100 This method uses'the 
Kramers-Kronig dispersion relations whereby the overall absorption 

spectrum of a material can be related to a dispersion property such 

as'refractive index. In practice knowing the reflectivity over the 

whole frequency range is impossible but at lower frequencies the 

reflectivity is frequency independent and at higher frequencies 

extrapolation methods can be used. Hageman et al. 
96 

use this method 
in determining the optical constants of various metals including Mg. 

Reflectance methods have also been widely used in the analysis 
of film-covered surfaces although again data manipulation is far 

mor. e complicated than in ellipsometry. For a three-phase system 
the reflectivity is given by equations (2.45) and (2.49): 
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(-2iD) I -L -iD R 12 +R 23 exp + 2(R 12 
)2 (R 23 

)2 
e 

R=-I..... (2.52) 
(-2iD) -L -iD 1+R 12 R 23 exp + 2(R 12) 2 (R 23) 2e 

for both the p and s components. 

The reflectivity of a film-free two phase system, R 13' will be 
identical to that of a three phase system with d=0, hence: 

R 13 ý R(o) 

R 123 ý-- R(d) 

(2.53) 

(2.54) 

Absolute measurements of R(o) and R(d) are experimentally diffi- 

cult which has resulted in the normalized reflectivity being the 

quantity usually measured: 

AR 
= 

R(d) - R(o) 
R R(o) 

(2.55) 

This has the effect of cancelling out various optical system errors 

such as electrolyte absorption and scattering which will be common 
to btýtb, measurements. The exact equations for R(o) and R(d) are how- 

ever both-*-too complicated to permit the precise analysis of the effect 

of the dielectric constant and film thickness on the reflectivity. 
This has . led to the development of the linear approximation theory 101 

which is valid for films with a thickness very much less than the 

wavelength of light used in the measurement. It has been'derived 

by expanding the equation for the Fresnel reflection coefficients, 
equation (2.45), and ignoring any terms higher than Ist order to give: 

8Trdn cosý Im E: E: EEEE )sin 2 LR 1 1.2- 3' 1- (E: I/^2^3)( 2+*Y 1 
^^2 RpE: E-Ec +e sin 1-ý3, 

_I 
(1/^3)( 1 3) 1 

(2.56) 

RI 8Trdn 1 cosý 1 Im fg 
2-931 

..... (2.57) 
R 

5 E3 
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At normal incidence these further reduce to: 

AR 
= 

8Trdn Im 87Tdn, Im ýý: 2 -E: 3 El -E 2 (2.58) 
A Rx Ej -E: 31 A EI-E31 

2.6 Reflection from rough and inhomoqeneous surfaces 

2.6.1 Rouqh surfaces 

The previous treatment for reflection from bare and film covered 
surfaces using the Fresnel equations has assumed that the interfacial 
regions are separated by a well defined sharp boundary with all surfaces 
being completely flat. This is rarely the case with "real" surfaces 
which are subject to polishing and machining marks. In the field of 
corrosion substrate dissolution processes such as pitting can occur 
leading to gross surface roughness. In the latter case very marked 
d e%, -'% v, Har%. ý from results predicted for a smooth surface are seen. 
The effect of surface roughness has created considerable interest in 
the field of optics and ellipsometry in the last thirty years with many 
theories having been proposed to predict the polarization changes that 

result on reflection of a light beam from rough surfaces. 
102-125 

Surface roughness can be defined by two parameters - the root mean 
square of the height irregularities above a mean plane, a, and the 

correlation lenth, Y,, defined as being the distance between adjoining 
peaks or troughs. These parameters are illustrated in fig. 2.15 
together with the angle, tan ý, which is the ratio of cy and k. Micro- 

scopic roughness is characterized by values of a being very much less 
than the wavelength of light, X, and giving specular reflection. As 
the value of a approaches and exceeds X, as for macroscopically rough 
surfaces, scattering of the light occurs reducing the intensity of the 
specularly reflected beam, and depolarization of the reflected beam can 
happen. 

There are two broad classes of treatment for microscopic roughness: 
highly complex theoretical derivations based upon diffraction or vector 
perturbation theories or more phenomelogical methods based upon treating 
the roughness as a separate film with its own optical properties. The 
diffraction theories are applicable for undulating roughness with k>> X 
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whereas the effective film theories have been generally applied for 

values of Z<< X. All these theories however are for small scale 
irregularities and-there has been little published work concerning 
the effect of macroscopic roughness. 

2.6.2 Diffraction theories 

This approach is typified. . by Ohlidal and Lukes 118 
who initially 

applied 'the -Im -16rchoff scalor theory of diffraction to a simplifi r dd -odel 

of a rough surface. They assumed that the surface was uniformly rough 

with the slopes of the height irregularities (tan % in fig. 2.15) less 

than 0.01. This constraint on tan ý0 enables the local field in the 

surface to be treated as if it were part of an infinitely flat plane - 
the tangent plane approximation. Another assumption is that there is 

a maximum of intensity in the direction of specular reflectance. The 

distant electric field was obtained by considering the integration of 
the diffracted and specularly reflected beams in the direction of 

specular reflectance using the Helmholtz-Kirchoff (H-K)* integral. 

In a later paper 
119 the same authors used a similar treatment but used 

the Stratton-Chu-Silver integral (S-C-S) rather than the H-K integral 

and arrived at a similar result but one which was more general. 
Azzam and Bashara 120 

and also Vorburger 121 
and Ludema have also used 

this type of approach in calculating A and T for rough surfaces. 

Wind and Vlieger 122,123 
point out inconsistencies in Ohlidal and 

Lukes's calculations and derive expressions for surface roughness by 

using a fictitious layer separating the two media. This treatment 

gives the same result as that for the tangent plane approximation 

approach using the S-C-S and H-K integrals. However if Ohlidal and 
Lukes's calculations are altered to include the correct second order 
field terms then their calculations give the same results as those from 

Wind and Vleiger's calculations. These second order field terms 

arise from the curvature of the substrate and are ignored in the tangent 

plane approximation. The result in fig.. 2.16 has been obtained 
from a computer program originally written by P. Bobbert, illustrate 
the differences between Wind and Vleiger's theory and Ohlidal and 
Lu-kes's calculations using both the S-C-S and H-K integrals for a 
rough, film free Mg substrate (n = 0.85, k=5.75) immersed in a non- 
absorbing solution (n = 1.334, k= 0). The results calculated using 
the S-C-S and H-K integrals are similar with both A and T decreasing 
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as tan a increases. Wind and Vleiger's calculations however predict 
that T will decrease and A increase slightly as tan a increases. The 

effect of growing a non-absorbing film (n = 1.47) on a rough surface 
for two values of tan ý using the above theories can be seen in Figs. 
2.17a and 2.17b. There are very marked differences in the A, T curve 
using predictions based upon Wind and Vleiger's theory and those based 
upon Ohlidal and Lukes's calculations. This is due to the large 
changes that occur in the-Aý. T curves with slight changes. of n and k for 
the bare surface near values of'Y = 45'. 

An alternative scattering theory to those of Wind and Vleiger and 
Ohlidal and Lukes is given by Church and Zavada. 124 They did a pertur- 
bation calculation using the Rayleigh Rice formulation to calculate the 

effect on A and T of slightly rough surfaces. Their calculations 
however only predicted small corrections for A and T from smooth surface 

values unless the correlation length, k, was of the same order as the 

wavelength of light and the theory was only applicable to very small 
height irregularities. 

2.6.3 Effective medium theories 

The most widely used method to calculate the effect of surface 
roughness in ellipsometry has been to treat the rough surface as a 
separate layer or effective medium having optical properties dependent 

on the surrounding media. A simple volume averaging of the refractive 
indices of the two components of a mixture has been used. 

125 

+ (2.59) 
A 

aaab 

Em Ca E: b are the dielectric constants of the effective medium and the 

media a and b respectively. fa is the volume fraction of a in the 

effective medium. This approach is not theoretically valid in general 
however. Although the molecules in a dense medium see an average 
electric field, E, their interactions result in a local field, Eil at 
any given molecule so that the total field,, Et. is: 

Et=E+EI..... (2.60) 

In a mixture of dielectrics the effect of interactions between molecules 
on their polarization and hence dielectric constant must be considered. 
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Clausius Mosotti equation 

To determine the dielectric constant exactly for a given micro- 
structure would involve obtaining the local electric field and dipole 

moment per unit volume at every point in space and averaging these 
values to obtain the uniform macroscopic electric field and the polar- 
ization per unit volume. As this is impossible different approaches 
have to be used. Classically this problem was treated by Lorentz 126 

who calculated the internal field due to interactions between neigh- 
bouring molecules by constructing a sphere around the molecule in 
question, fig. 2.18. The internal field, E', due to the external 
charges is: 

4TrP 
3 

is the polarization per unit volume. 

There is also another field, P, the local field, due to material 
within the sphere. For a cubic array or random distribution of dipoles 
however this field is zero. The total field at 0 then is due to the 

surface charge and the average dielectric field, E: 

EE+ 47TP 
..... 

(2.62) t3 

An identical result is obtained using the solve-average approach 
of Aspnes. 127 

The polarization is related to E by the molecular polarizability a: 

P= notE for n molecules ..... (2.63) 

= na r+ 41TP 
..... (2.64) TI 

The dielectric constant 6 is related to the polarization P by: 

E: E =E+ 4TrP (2.65) 

so from (2.64) 
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4TrP 47Tna 
-- -37Tna ..... (2.66) E 1-47 

and (E: +2 3 
..... (2.67) ) ý-- T--4/37rna 

Dividing equation (2.66) by equation (2.67) leads to the Clausius 
Mosotti equation: 

(E: -l) = 
47Tnot 

( E+2 )3 (2.68) 

This only holds for dilute gases and cubic lattices however. 

Lorentz Lorenz expression 

Two separate phases with their own polarizabilities aa and ab 

mixed on an atomic scale will have a composite dielectric constant 
given by equation (2.68): 

(E: -l )= A7r (naaa+nba 
b) 

..... 
(2.69) (E: +2) 3 

Alternatively 

(E: -l fa (E: 
a-') +fb 

(E: 
b-l 

..... 
(2.70) 

(E: +2) (C 
a 
+2) (E: 

b +2) 

where E: 
a and Eb are the dielectric constants for a and b and fa and fb 

are the volume fractions of the phases a and b. 

The Lorentz Lorenz (LL) expression assumes that the host medium is 
a vacuum (E=l) with dilute inclusions but in the case of surface rough- 
ness in ellipsometry each of the separate phases are considered to have 
their own dielectric identity and other expressions are used, as follows. 

Maxwell Garnet equation 

In the Maxwell Garnet (MG) expression the host medium is defined 
as being the less dilute phase, e. g. if the dilute phase is represented 
by the subscript b then: 
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( E-E: 
a) 

fb(: b-E: a) 
(E: +2E: 

a 
(E: 

b +2F- 
a) 

and vice versa for a being the dilute phase. 

It has been pointed out 
128 however that this equation is not self 

consistent and different values of the effective medium are obtained if 
the host and inclusions are interchanged. 

Bruqqeman's effective medium approximation 

The EMA approximation was developed by Bruggeman to be self 

consistent. The effective medium itself acts as the host medium: 

fa[F-a-E fb rE:, 
-E 

i=0..... 

(2.72) E +2 rz a ý'] 
+ 

The EMA and MG expressions describe different microstructures with 
the MG theory describing a separated-grain structure (fig. 2.19) and 
the EMA expression a random mixture microstructure (fig. 2.20). 
There have been several modifications of these basic effective medium 
theories, a good review of which is given by Tinga and Voss- 129 

Comparison of effective medium theories 

A comparison of the real and imaginary parts of the dielectric 

constant for Mg is shown in figs. 2.21 and 2.22 using a simple volume 
average of the refractive indices and for the results predicted using 
the MG and EMA expressions. It can be seen that the values predicted 
for the MG and EMA theory are similar at low volume fractions of 
inclusions but differ widely at the higher values for which there is 

a greater similarity between the simple averaging of the optical 
constants and the EMA theory. Grandqvist and Hunderi 130 have pe'rformed 
similar calculations between Bruggeman's EMA equation and other modifi- 
cations of the MG equation by. Polder and Van Santens and Hunderi. 
Identical results were seen in the limit of vanishing volume fraction 

of inclusions but for the range 0.2 =f ;50.8 only Bruggeman's EMA 
theory was found to be applicable. Aspnes, Theeton and Hottier 131 

have compared the LL, MG and EMA theories and have found that the EMA 
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Fig. 2.19 Separated grain structure representing 
MG microstructure 

Fig. 2.20 Random mixture structure representing 
EMA microstructure 



- 57 - 

, <E, > 

VFRACT 

Fig. 2.22 Variation of the imaginary part of the dielectric constant 

with volume fraction of inclusions using the MG, EMA 

theories and a simple volume average (MORTS) 

Fig. 2.21 Variation of the real part of the dielectric constant with 

volume fraction of inclusions using the MG, EMA theories 

and a simple volume average (MORTS) 
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theory gave reasonable agreement with experimental data for rough Si 

films. 

The use of roughness theories in theoretically modelling the 

experimental data from rough films is describqd in chapter six. 

2.6.4 Gross rouqhness 

The previous theories have all been'for relatively small'scale -- 
roughness with the mean height of irregularities being less than the 

wavelength of light. In certain ellipsometric applications such as 

corrosion however there is a possibility of gross surface roughness 

occurring. There has been very little work to date concerning the 

effect of this on A and T, but T. Smith 132 has published a series of 

ad hoc equations for ridges, pits and bumps. He calculated the 

fraction of light reflected from the top and bottom of surface irreg- 

, ularities allowing for the effect of shadowing, fig. 2.23, and used 
these values in conjunction with various microscopic roughness theories 

to account for experimentally observed values of A and T for macroscop- 
ically rough surfaces. He found poor agreement between the experi- 

mental results and his theory in conjunction with microscopic roughness 

theories based on vector perturbation or Kirchoff scalor diffraction 

theories. Much better agreementýwas found on combining his theory 

with more phenomenological theories. 
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CHAPTER 3 INSTRUMENTAL 

3.1 Introduction 

3.2 Mechanical, optical and electronic components 

3.3 Obtaining a null 

3.4 Microprocessor and interfacing-Aetails 

3.5 Data acquisition and software 

3.5.1 Data acquisition 
3.5.2 Basic program 
3.5.3 Machine code program 
3.5.4 Plotting data 
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3.1 Introduction 

The main features of a generalized ellipsometer are shown in 
fig. 3.1. These are a source of radiation, S, production of a known 

polarization state, interaction with a sample and detection of the 

subsequent polarization state. It is also necessary to determine the 

change in polarization between the two states and to relate this change 
to the physical state of the sample. Hauge 133 describes the various 

. instruments available for doing this up to 1979 in his review-and class 
ifies them according to the number of elements of the Mueller matrix 

of the system that are measured. 

Some recent-advances since that review include the development of 
microellipsometry by Sugimoto and Matsuda to study the film growth in 

individual grains 
134 in steel and in pits 

135 
and the use of angle of 

incidence derivative ellipsometry (AIDER). 136,137 The latter technique 

uses a small rotational oscillation of the angle of incidence to provide 

an increase in the number of experimentally measured parameters. 

The instrument used in this study was a nulling ellipsometer built 

by I. B. M. at Southampton. It has been fully automated by the use of 
Faraday modulation and compensation in association with phase sensitive 
detection, a method described by A. S. Winterbottom 138 

and H. P. Leyer. 139 

The polarization range of the polarizer and analyser however has been 

increased to 360' by mechanical means as described by Ord by the addition 

of servo operated Rochon prisms coupled with moire angle encoders. 
The instrument is capable of wavelength scanning over the range ca. 
250-650 nm with angle of incidence being variable between 90* and 25', 

This design gives rise to a very versatile, sensitive (angles of I second 

of arc in 360' can be resolved on the polarizing prisms), accurate (see 

table 3.1) instrument capable of responding to changes in null angles 
typically within 0.1s. 140 It does however suffer from the inherent 

problem of nulling ellipsometers of being able to be used only for non- 
polarizing systems 

86 
as it only produces half of the sixteen elements 

in the Mueller matrix of the system. 

Two previous authors have described this instrument. A. C. Lowe 141 

gives a brief description of the optical, mechanical, electronic aspects 
and a detailed analysis of the limits of its accuracy. The latter is 
based on the measured properties and the geometrical and optical 
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components, a summary of which is shown in table 3.1. 

P. Pearson 140 
gives a more detailed analysis of the instrumental 

components and setting up procedures. The major changes since these 
two reports have been in the use of a Motorola. M5809 microprocessor to 

control data acquisition and manipulation. There have also been 

several minor modifications such as in the hardware used for obtaining 
data from the ellipsometer, a change in the fixed wavelength light 

source and the substitution of soll'd. stateý flow sensing-devices for the 

cooling water circuit instead of the old electro-mechanical devices. 

3.2 Mechanical, optical and electronic components 

The instrument is constructed of welded steel and supported on a 
1.22 m2 block of-granite standing on three levelling legs. Its size 
and general layout can be seen from the photograph, fig. 3.2, and the 
diagram in fig. 3.3. The arms on which the optical devices are mounted 
are counter-balanced by two weighted steel arms to reduce the load upon 
the main axis. The ellipsometer electronics are housed in a rack 

measuring 1.85 mx0.5 m which contains the microprocessor, data acquis- 
ition and nulling circuitry, an oscilloscope for monitoring the null 
signal and the monochromator drive. 

The light source is selected by a sliding totally internally 

reflecting (T. I. R. ) quartz prism to be either a He/Ne laser (Rofin 

1.75 mW), A= 632.8 nm or a 75 W high pressure Xenon arc (Osram) 

focus ed-onto a quartz prism monochromator (Schaeffel Instruments QPH 
30S). The wavelength for the latter is controlled manually by a micro- 
meter screw or automatically via a computer driven stepper motor 
(Superior type SS25) over the range 190 nm- 1500 nm. The beam is 
directed by three T. I. R. quartz prisms to the quartz rochon polarizer 
(I. C. Optical Services) fig 3.4, which is mounted in a three-armed 

spider attached by spring clips to steel flanges which are fixed to 
the arm mounts by bearings. The polarizer is a birefringence type of 
a high optical quality with a beam deviation of 3.5 seconds of arc 
(measured by I. B. M. ). This type of polarizer gives excellent perform- 
ance over a wide wavelength range (typically 200 nm to 5000 nm) and 
introduces very little ellipticity into the emerging beam. The poor 
separation between the ordinary and extraordinary beams however necess- 
itates the use of stops to remove the unwanted extraordinary beam. 
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Table 3.1 

Azimuthal Accuracy Limits for Ellipsometerl4l 

Error (deg) 

nm 

Worst 250 0.0182 UAM U. Uub 

Case 900 0.0117 0.0163 0.008 

Best 250 
. 

0.0146 0.0154 0.0044 

Case 900 0.0081 0.0089 0.0044 
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Fig. 3.2 Photograph of the automatic nulling 
ellipsometer used to obtain data in 
this thesis 
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Fig. 3.4 Diagram of a Quartz Rochon Polariser 
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The polarizer is mounted on the same assembly as the large glass 
divided circles used to measure the prism azimuths (Optical Measuring 

Tools Ltd) by means of the Moire fringe effect, fig. 3.5. Photocells 

detect moire fringes resulting from the movement of lines scribed on 

the glass circles relative to those present in a fixed grating. This 

creates a series of pulses which are counted by the-angular display 

unit (Newall Electronics), the number and phase of the fringes giving 

the angle moved through and the direct-ion_of rotation respectivelyý. - 
On switching on the instrument the polarizing circles are rotated until 
the photocells detect fixed markers on the circle which correspond to 

an exact known azimuth. Any other azimuth can then be obtained from 

the pulses counted either side of the marker. This technique provides 

great accuracy and sensitivity giving a resolution of I second of arc 

in 360', an overall accuracy of ±2 seconds in 360'. The azimuths are 

displayed as degrees, minutes and seconds on nixie tubes in the angular 

display unit and are converted to binary coded decimal (BCD) for subse- 

quent data transfer to the microprocessor. 

The light then passes through two Faraday rotation de. vices which 

rotate the plane of polarization of the light beam depending on the 

magnetic flux density in the medium, the length of medium traversed and 

the wavelength of the light beam'. 142 The equation governing the 

relation is: 

VBP, 

V= Verdet constant 
B= magnetic flux'density 
i= length of medium traversed 

The devices comprise synthetic silica cores manufactured from 

Spectrosil synthetic silica (Thermal Syndicate) at the National Physical 

Laboratory. These have end faces parallel to 0.001* giving a beam 

deviation of about 0.0005'. The cores are surrounded by current 

carrying coils which are cooled by a Churchill closed loop water circu- 
lator, fig. 3.6. The loop for each coil contains a liquid flow sensor 
(RS Components RS 30431) which generate a pulsed output when the flow is 

above a certain rate. The output of these sensors is directed to a 
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Movement in the x direction produces moire fringes moving 
in the y direction at a relative speed 100-1000 times that 

of the x direction depending upon the angle. 8. 

Decreasing 0 increases the relative speed of the fringes. 

Fig. 3.5 Moire Fringe Effect 
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retriggerable monostable, the outputs of which are connected tQ two 

high voltage relays wired in series to the Faraday coil power supplies. 

If the coolant flow should fail or be interrupted for more than a few 

seconds in either arm the power supply to all the coils is cut off. 

The first rotation device is the d. c. Faraday Compensator which 

provides offset in the plane of polarization of (±13'. at X= 250 nm 

or ±l* at X= 800 nm). It has a maximum rate of change of slew of 

_-10O. o 3-2 at X= 400-nm. which enables small changes occurring on the 

surface under study to be followed rapidly without the need to turn the 

polarizing prisms A and P. The second Faraday rotation device is the 

a. c. modulator which provides modulation about, the null for the phase 

sensitive detection (p. s. d. ) system. This is discussed in Section 3.3. 

The polarizer and analyser coils operate at different frequencies, 

830 hz and 1170 Hz respectively, which have no common harmonics. 

These frequencies are high enough to provide a rapid response to 

changes in null, provide a reasonable signal to noise ratio, yet do 

not require too large a power input. Operating at higher frequencies 

would improve the signal to noise ratio but would require a higher 

power input due to the increased imped2nce of the modulating coils at 

higher frequencies. 

Before the light beam reaches the sample it has a phase shift of 

Tr/4 radians introduced between the p and s components by the quarter 

wave retarder. This is a King type achromatized three reflection rhomb 

(Bellingham and Stanley), fig. 3.7, with a stated retardation of 900 to 

90.2' for X= 200-900 nm. It utilises the fact that for-light incident 

at a phase boundary at angles of incidence greater than the critical - 

angle the light will be totally reflected and a phase shift, 6, intro- 

duced between the p and s components depending on the refractive index 
143 

of the incident medium, n, and the angle of incidence, : 

2 2ý 1 
tan 6/2 = cos (n sin _1)2 

..... (3.2) 
n sin 

2 

The device in fig. 3.7 utilizes three total internal reflections, 
two at -72* and one at 540 to give a total phase change close to 900. 

It can be seen from equation (3.2) that the phase change is dependent 

on n and hence wavelength. By coating one surface with a low refrac- 
tive index film such as MgF 2 of a suitable thickness (-27.5 nm) the 
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reduction in phase difference in the film with decreasing wavelength 

cancels out the increase in n for silica with decreasing wavelength 

resulting in a highly achromatic device. 

The light beam reaches the sample cell through a2 mm thick fused 

quartz window held in position by rubber V rings mounted in a poly- 

propylene holder, fig. 3.8. It is capable of partial. extension and 

retraction into the ellipsometer arms to facilitate positioning of the 

sample cell. 7 -The sample cell rests-on a-Welded steel platform 
(Microcontrole) which can be raised or lowered by a hy0raulic jack. 

The platform can be translated horizontally in two directions and 

rotated through 360'. In addition there is limited tilt in two planes 

to allow the sample surface to be accurately positioned in a horizontal 

plane. The reflection from the sample can be observed on a matte 

perspex screen mounted on a sliding tube containing a T. I. R. prism. 

On reflection the beam travels through two more Faraday coils, 

a. c. and d. c. and then through the analyser which is a quartz Rochon 

type as before utilizing the Moire fringe effect for determination of 

its azimuth. Light passing through this is detected by a photoffulti- 

plier tube (E. M. I. type 9659 Q. A. M. ) with an extended S20 photocathode 

(Centronix 9428359) and quartz window. 

Each arm is capable of being independently rotated in the-vertical 

plane from 90' to 0*, although the minimum experimental anglQ of inci- 

dence is 250 due to the large bulk of the arms. The arms are positioned 

by stepper motors (Superior type SS50) meshing with teeth on a disk 

coaxial with the axis of rotation. The 'angle of incidence is obtained 

to an accuracy of 0.01* by reading two angular measuring tapes 

(Heidenhain) mounted on the periphery of-the toothed disk. 

3.3 Obtaininq a null 

If the ellipsometer is at a null and a. c. modulation is-applied 

to the plane of polarization then the frequency seen at the photo- 

multiplier tube (P. M. T. ) will be twice that of the modulating 
frequency, 138,139 

whereas if the system i's off null then there will be 

an additional fundamental frequency component 

of the form: 140 
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2AB sin(wt) -A2 cos 2wt ..... (3.4) 
2 

w= frequency of modulation 
t= time 
B= offset from null 
A= peak rotation of the polarization of the a. c. modulator 

The effect of null errors on the a. c. component of the P. M. T. out- 
put and the P. S. D. output is shown in fig. 3.9 for the polarizer circuit 
for signals at, close to and far from null. The P. S. D. multiplies 
successive 2 cycles by +1 and -1 and integrates the result over a 

certain time period. This generates a zero, positive or negative 
signal of varying magnitudes depending. on the offset from null and 

whether it is negative or positive. 

An electronically identical circuit is used for the analyser at a 
different frequency, the outputs from both a. c. signals being combined 

and displayed on an oscilloscope. This produces a characteristic 

signal, fig. 3.10, depending on the distance from null. 

The time averaged P. S. D. output is amplified and directed to the 
d. c. compensator. If the magnitude of this signal is outside a pre- 
determined positive or negative limit (approx. ±0.5') then a pulse is 

generated by a d. c. coupled monostable which is amplified and used to 
drive the respective prisms in such a way as to maintain the system 

close to null, fig. 3.11. If a series of pulses ire sent to the 

prism drives and no pulses are received from the Moire fringe encoders 
then an audible alarm is triggered. This alarm provides a warning 
that action must be taken to prevent damage to the motor drives. 

3.4 Microprocessor and interfacinq details 

The microprocessor used is the Motorola 146809 C. P. U. connected 
to various peripherals via eight ports, four input and four output. 
Fig. 3.12 shows the general layout of the electronics. The information 
required from the ellipsometer electronics is the P, Q and A circle 
azimuths, originally in digital form, and the four analogue channels 
measuringcell voltage and current and the d. c. Faraday compensator 
voltages. Multiplexed information containing either the circle 
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azimuths or one of the analogue channels is obtained by selecting 
the correct address on the address bus using a4 bit word,. table 3.2. 

The most significant bit (msb) is used by the 2-way digital multi- 

plexor (75257) to select whether the data required is analogue in 

origin (msb = 1) or digital (msb = 0) and then one of two further 

multiplexors selects the particular analogue or digital channel 

required. Data from the circles is originally in the form of 21 x4 
bit binary coded decimal-'(bcd) digits. When requested, this data is 

sent to the two-way multiplexor in the form of 2 16-bit words. The 

analogue signal is converted to a 12 bit 2's complement binary number 
by an analogue to digital (adc) convertor situated between the analogue 

multiplexor and 2-way digital multiplexor. The data is sent from the 

2-way digital multiplexor to the C. P. U. in the form of 2x8 bit words. 
Analogue channels I and 2 (cell voltage and current) are buffered by 

the use of voltage followers (TC084) and in addition the cell current 
is amplified by a factor of 10 prior to being multiplexed. 

Apart from visual display of the data (Newbury 4008 VDU) a hard 

copy can be obtained from a dot matrix line printer QNEC'PC8023D-C) and 
the data can be stored on-line using one of two floppy disk drives. 

There is also a graphics plotter (Hewlett Packard HP7470A) for plotting 

out the data in graphical form either during or after an experimental 

run. 

The system contains an S-Bug-E monitor program (S. W. T. P. ) stored 
in read only memory (ROM) for communication between the VDU and CPU, 

for machine code development and for initial loading of the disk opera- 
ting system (DOS). The latter is FLEX 2-7-3 (Technical Systems 

Consultants Inc. ) and comprises a file management system, DOS and 

utility command set. The high level language used for data acquisition 

and manipulation is extended basic, X-BASIC (Technical Systems Consult- 

ants Inc. ) which is stored in random access memory (RAM) together with 

stored data and the machine code program used to access data and drive 

the monochromator. 

Two timersare interfaced to the CPU to provide interrupts for time 
delays during experimental runs. - A date-time chip has been installed 
to enable the data and time elapsed between points to be recorded. 
A hardware arithmetic chip (AM9511) has also been installed to speed 
up the calculation of trigonometric functions for theoretical calcula- 
tions. 
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Table 3.2 

Data Selection and Structure 

MuX "IHICIRC" "LOCIRC" Memory 
address $EOOA $EO08 location 
binary hex 

Data in binary coded decimal 

0001 A' hundreds A' tens A* units F7FE-F7FF 

0010 A' tens A' units A" tens A" units F7FC-F7FD 

0011 P, hundreds P, tens P, units F7FE-F7FF 

0100 P, tens P, units - P" tens P" units F7FC-F7FD 

0101 Q, hundreds QO tens QO units F7FE-F7FF 

0110 Q, tens Q, units V tens Q If units F7FC-F7FD 

Data in 12 bit 2's complement 

1000 External Channel 1 (Cell Voltage) F7ED-F7EE 

1001 External Channel 2 (Cell Current) F7ED-F7EC 

1010 P Faraday Compensator F7E9-F7EA 

1011 A Faraday Compensator F7E7-F7E8 
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3.5 Data acquisition and software 

3.5.1 Data acquisition 

Two computer programs are used for obtaining ellipsometric data, 

a basic program for communicating with the user and a machine code pro- 

gram for communicating with the ellipsometer electronics via the periph- 

eral interface adapters, PIA's. Transfer of information between these 

two programs is by means of user routines whereby a 16 bit argument is 

passed to the machine code program which then uses this-information to 

obtain the required data from the ellipsometer electronics and store it 

in RAM. At the end of this process the data can be obtained in the 

BASIC program by using PEEK statements. 

3.5.2 Basic proqram 

The main basic program used for data acquisition is GETPLT which 

will obtain an infinite number of data prints with varying time intervals. 

It processes the data during the experimental run and obtains A and T 

from the circle azimuths and d. c. compensator readings which it files 

and/or plots together with cell voltage (\ý) and current (I) and time 

elapsed since the start of the experiment. The full program is in 
Appendix Al. 

The first part of the program initialises the plotter, draws and 
labels plotter axes and sets various flags depending on the output 

wanted. The machine code program sub routine (mcp s/r) 'INIT' is 

called to configure the PIA's and the time interval between the points 
is set using the mcp s/r 'TINT'. The azimuth of the quarter wave 

retarder is obtained and the program temporarily stopped if it is not 
450 or 1350 within ±0.0010. The program then waits for afi*operator 
generated start, and gets the real time to within O. ls from the date 

time chip using the mcp s/r 'TINIT'. The azimuth and analogue data 

are obtained using the mcp s/r 'CIRC' and 'ANALOG' and a 50 cycle loop 

instigated if the cell current is to be averaged, i. e. if it is partic- 

ularly noisy. The azimuth data is obtained in the form of degrees, 

minutes and seconds and is converted to a decimal value in degrees. 

The analogue data is converted from 2's complement to decimal values. 
A correction factor is applied to the analogue data which converts the 
digitized signal to a value representing the initial voltage. 
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For the d. c. compensator signals this conversion factor incorporates 

a term relating the d. c. compensator voltage to the variation of the 

plane of polarization in degrees from equation (3.1). A and T are 

calculated from the P, Q and A values by dividing the data into groups 

or zones depending on the value of P, Q and A, table 3.3. A and T are 
then obtained by subtraction using the polarizer and analyser values 

respectively. For example a value of A= 45', Q= 45* and P= 90' 

would give values of A -"450-2P = 270* and T= 45. 

The data is then output to the VDU, filed, printed and plotted 

as required and then the mcp s/r 'TINT' is used for the set time delay. 
At the end of this interval the time elapsed is obtained. The program 
then proceeds to find the next data points until it is interrupted by 

the operator. 

Although this program is flexible and provides a real time plot 
indicating the changes occurring during an experiment, it does have the 

disadvantage that a time period of about 0.9 seconds is needed to obtain 
data. If rapid changes are occurring in the data e. g. during fast 

potential sweeps then a modification of the above program is used - 
'GETPLT3'. This obtains raw data from the mcp and stores it in RAM 

for processing at the end of the experiment. It can obtain one datum 

point in about 0.02 seconds, but provides no "real time" indication of 
how an experiment is progressing. 

3.5.3 Machine code program 

The machine code program used is 'FAST1. BIN' and is listed in 
Appendix A2. It consists of the following subroutines. 

Name Description 

INIT Initializes PIA's so that circles are inputs and the 

prism motors, monochromator motor and address bus are 

outputs. 

CIRC Reads a single value from basic either I (A), 2 (P) or 
3 (Q) then selects the correct multiplexor address, 
table 3.2 to read the required circle azimuth. 
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Name Description 

TINIT Uses the RS304 548 date time chip which generates a 
4 bit BCD value depending on the addbuss value, see 
table 3.4, after a read data pulse has been sent. 
The 12 byte output is stored in memory locations $F7FO- 

$F7FB. If the data registers are updated during a read 

operation then the data bus is set to $F, the data 

rejected, and the data bus re-read. 

ANALOG Reads the four analogue channels. It selects the correct 

multiplexor address for each channel in turn and sends a 

pulse to the a. d. c. to enable it to digitize the selected 

analogue signal into a 12 bit 2's complement binary word. 
The information is stored at $F7EI-$F7E6. 

STEPIT Drives the monochromator at 400 steps/second by pulsing 
the stepper motor with the required number of pulses, 

called from BASIC. A loop is provided for a time delay 

between pulses. 

TINT Uses the two timers at port ý3 to generate a time delay 

between data points. The first timer generates 10 ms 
ticks which are counted down by the second timer accord- 
ing to a divisor set before the start from BASIC. The 

routine waits for the flag from the second timer to be 

set before exiting from the s/r. 

3.5.4 Plottinq data 

Data obtained from the previous two programs is filed on disk as a 
3 column (A, T and time interval between points) or a5 column (A, T, t, 

cell voltage and cell current) data file. Various basic programs have 

been written to read and plot these files on the graphic plotter. 
Routines in the program automatically scale the data, find the maximum 
and minimum points and allow for overlay of several graphs. The program 
'PLOTV' in Appendix A3 contains these routines and can in addition 
provide plots in a variety of formats together with different line 
types and symbols for data points. It also contains a routine for 

annotating the finished diagram. 
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Table 3.3 

. 
Calculation of A and T from P, Q and A Readinqs 

Analyser-'- 

degrees 

Quarter 
wave 

Retarder 
degrees 

Polariser-'- 

degrees degrees 

T 

degrees 

0-45 90-2P A 
0-90 45 

45-180 450-2P A 

0-45 630-2P A 
0-90 135 

45-180 2P-90 A 

0-135 270-2P 180-A 
90-180 45 

135-180 630-2P 180-A 

0-135 90-2P 180-A 
90-180 135 

135-180 2P-270 180-A 

If A or P. are outside the range 0-180' then 180' is added for 

negative values or 180' subtracted for values greater than 180'. 
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Table 3.4 

Selection of Data for Date/Time 

Address Data Selected Memory 
Register Location 

BCD Hex 

0001 Tenths of sec F7FO 

0010 Units of secs F7Fl 

0011 Tens of secs F7F2 

0100 Units of mins F7F3 

0101 Tens of mins F7F4 

0110 Units of hours F7F5 

0111 Tens of hours F7F6 

1000 Units-of days F7F7 

1001 Tens of days F7F8 

1010 Day of week F7F9 

1011 Units of months F7FA 

1100 Tens of months F7FB 

1101 Years 

1110 Stop/Start 

Interrupt and status 
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4.1 Reagents 

All electrolytes were prepared from analytical grade reagents 

using singly distilled water. In most cases the electrolytes were 

air-saturated but for some experimental runs they were deoxygenated 

with white spot nitrogen for two hours prior to use. All the alkaline 

solutions were stored in plastic containers to avoid the leaching of 

silica, the deleterious effect of which has been discussed in Chapter 

One. 

4.2 Electrochemical equipment 

Electrode potentials were monitored and controlled by a Wenking 

potentiostat (70 TS1) coupled to a voltage scan generator (Wenking 

VSG 72) capable of scanning over the range ±10V. A platinum foil 
0 

counter electrode (-30 mm2) was used, and either a saturated calomel 
(Radiometer K401) or a reversible hydrogen reference electrode. The 

latter comprised a strip of platinized platinum foil (-3 mm x 15 mm) 

contained in an open ended tube, half of which was in an atmosphere of 

cathodicall generated hydrogen with the remainder immersed in the y0 
test solution, fig. 4.1. This produced a reference electrode which 
had a stable potential over a period of weeks. It also has the 

advantage that it did not contaminate the sample solution with e. g. 
chloride ions which are well known for their depassivating effect on 
Mg and Magnox as was discussed in Chapter One. The potential of the 

reversible hydrogen electrode was periodically checked by comparison 
with the potential obtained from a saturated calomel reference electrode. 
If found to be significantly different from the thermodynamic value for 

the H 2/2H+ couple at the pH of the solution then the electrode was 
cleaned, replatinized and recharged with hydrogen. 

The cell current and voltage could be recorded in analogue form 

using a chart recorder (Farnell D14212A) or digitally using the ellipso- 
meter data acquisition routine via two buffered analogue inputs as 
described in Chapter Three. 

4.3 Spectroscopic apparatus 

Most of the surface analysis was carried out at B. N. L. using a 
V. G. Scientific Secondary Ion Mass Spectrometry (SIMS) instrument. 
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Fig. 4.1 Reversible hydrogen reference electrode 
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An AG 61 argon ion gun with a maximum voltage of 5 KeV and a beam 

current varying from 20-100 nA was used with the products being analysed 
by an SQ 300 quadropole mass spectrometer. A vacuum of less than 

10-9 mbar was maintained inside the u. h. v. chamber using an Edwards oil 
diffusion pump and two rotary pumps. Scanning Auger analysis was 

undertaken by R. Wild using a Perkin Elmer S95 instrument. 

4.4 Sample cell 

The sample cell, fig. 4.2, consists of a machined polypropylene 
block open at the top. It has an aperture at the bottom for the sample 
holder and large oval apertures at the sides for the cell windows. 
The latter are necessarily large compared to the diameter of the cell 

windows to permit the angle of incidence to be varied from 30* to 80*. 

This arrangement exposes the solution, contained in the cell, to air 

and if deoxygenation of this solution is required then the cell is 

modified. A tight fitting clear perspex lid is used to seal the top 

of the cell whilst permitting observation of the sample during experi- 

ments. This lid is perforated by four tapered holes to allow refer- 

ence and working electrodes and a gas distribution tube, for deoxygen- 

ation, to be inserted. The cell window'apertures can be sealed using 

silicone rubber gaskets which have however the disadvantage of 

restricting the angle of incidence to 70* and also making sample 

alignment difficult. If very low levels of oxygen and/or carbon 
dioxide are not required an alternative system is therefore used: 

polythene bags are attached to the sample cell and cell windows by 

elastic bands and a suitable pressure of the deoxygenating gas is used 
to maintain an inert blanket above the deoxygenated solution. A deoxy- 

genated solution can be admitted to the cell after sample etching whilst 

maintaining an "oxygen free" atmosphere by the use of a reservoir placed 

above the cell. This system, fig. 4.3, was necessary as deoxygenation 

in situ prior to the insertion of the electrode was impossible as the 

electrode is inserted into the base of the cell holder. The experi- 
mental solution was deoxygenated in the reservoir for a period of about 
2 hours before use using a gas distribution tube with a No. 2 porosity 

sintered end. No stirring of the reservoir solution was undertaken 
as it was thought that agitation of the solution by the incoming gas 

would be sufficient to ensure uniform deoxygenation given the small 
volume of solution used (<200 cm 

3 ). 



- 90 - 

Polypropylene 
cell container 

To drai n 

)de 

)de holder 

Fig. 4.2 Sample cell and cell holder 



- 91 - 
air lock 

oil 

solution reservoir 

deoxygenated solution 

A- gl ass f riV : //////i 

II I'I 
Il I'I 

I, II 
Il II 
I II 

N2 in -). 
drain from reservoir 
to sample cell 

Perspex cell lid 

rubber 'o' ring 
siliconerubber gasket 

cell window 

polypropylene window 
holders used to seal 
window apertures 

sample cell 

Fig. 4.3 Diagram of sample cell and reservoir used 
for experiments undertaken in deoxygenated 

solutions 



- 92 - 

The level of dissolved oxygen in the sample solution was not 

measured as the equipment for doing this in situ was not available and 
it is not claimed that very low oxygen levels (<10 ppb) were obtained. 
This would not be possible without considerable modification of the cell 

and the aim was rather to investigate the gross effect of oxygen on the 

corrosion behaviour. 

Due to the. rapid oxidation in air of magnesium and Ma, -:, nox i. e. 

after -chemical etching, as evinced-by the experimental results, it is 

imperative to reduce the time between removing the etchant and replacing 
it with the experimental solution as far as possible. This was 

achieved by the use of a hand-held suction pump to remove the etchant. 

4.5 SamDle DreDaration 

For the majority of experiments the substrate was either poly- 

crystalline, triple distilled magnesium (99.99% pure) or polycrystalline 
Magnox alloy of a typical composition as given in table 4.1.2 In 

addition a high purity (99.99% pure) magnesium crystal (-12 mm 
2) from 

Goodfellow Metals was used to investigate the possibility of epitaxial 
film growth. The Mg and Magnox rods, of 12 mm diameter, were cut into 
discs of approximately 2-3 mm in thickness and then mounted in epoxy 
resin to produce a sample with a diameter of 19 mm and a height of 

about 10 mm. Electrical contact was maintained by an insulated wire 
bound to the back of the electrode by silver epoxy resin. The same 

procedure was followed for the single crystal. 

The polycrystalline samples were turned flat on a lathe then 

polished using successively finer grades of alumina mounted on poly- 
ester strips (3 M Mylar strips) using dilute Teepol as a lubricant and 
finished off with 11i and 0.05p alumina powder on a soft polishing cloth 
(Buehlar microcloth). This preparation method produced a surface that 

was optically flat and free from obvious scratches although polishing 
marks could be observed under low power magnification in an optical 
microscope. 

The sample could then be mounted in a tapered polypropylene 
stopper, using P. T. F. E. tape to provide a tight fit, and fitted into 
the base of the sample cell. The stopper contained a hole in the 
base through which the wire attached to the electrode could pass. 
This hole was sealed with silicone rubber before mounting in the cell 
holder. 
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Table 4.1 

Typical Composition of Magnox Alloy Used 
2 

Element % Composition 

Mg -99.85 

Al 0.8 

Be 0.006 

Mn 0.003 

Fe 0.003 
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4.6 Solution optical constants 

The refractive indices of all the solutions were measured using 
an Abbe -60 refractometer (Bellingham and Stanley) using illumination 
from a sodium vapour lamp source at a wavelength of 589.3 nm. The 

refractive indices at 632.8 nm (He/Ne laser) were calculated by assuming 
that the dispersion correction for these dilute solutions was the same 
as that for pure water, table 4.2.144 The dispersion of a substance 
is related to its refractive index, in general-the larger the refrac- 
tive index the greater the dispersion for normal dispersion. 145 

By applying the dispersion correction for a substance with a similar 
refractive index at 589.3 nm then the refraction index at 632.8 nm can 
be estimated. 

4.7 Corrosion film optical constants 

In Chapter One it was stated that the most likely corrosion films 

formed on Mg and Magnox in aqueous solution are Mg(OH)2, MgO and MgH 2 
and possibly MgF 2 in the presence of fluoride. The optical constants 
for MgO andMgF are available in the literature over a wide range of 

wavelengths 
146 

and those for Mg(OH )2 147 
and MgH 2 

148 
at a wavelength of 

589.3 nm. The latter two indices can be corrected to values at 
632.8 nm by using the same procedure as in section 4.6 whereby the 
dispersion of a substance with a similar refractive index is used. 
For Mg(OH )2 it was found that J<Br had a very similar refractive index 
(1.560 for KBr at 589.3 nm 

146 
c. f. 1.559 for Mg(OH )2 ) and the disper- 

sion correction for this material was used. It was more difficult to 

find a suitable material for MgH 2 with a known dispersion but AgCl was 
thought to be reasonably close (2.066 for AgCl at 589.3 nm 

146 
c. f. 

1.95 for MgH 2) Table 4.3 gives the optical constants and dispersion 

equations for MgO, MgF 2' Mg(OH )2 and MgH 2 with graphs of the dispersion 

of these materials and for AgCl and KBr shown in fig. 4.4. 

It should be pointed out that all these films are crystalline 
and optically non-absorbing which may not be the case for corrosion 
films grown under the experimental conditions used. 
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Table 4.2 

Wavelength Dispersion for Water 144 

Wavelength nm Refractive index 

404.66 1.342742 

435.84 1.340210 

486.13 1.337123 

546.07 1.334466 

587.56 1.333041 

589.00 1.332988 

632.80 1.331745 

656.28 1.331151 

706.52 1.330020 
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Table 4.3 

Refractive Indices at 632.8 nm and dispersion equations for 

MgO, *Mg(OH )2' MgF 2 and MgH2 146,147,148 

Fi lm n Dispersion equation Ref. 
used 

mgo 1.735 mgo Lange 

MgF 1.378 MgF 2 Lange 

Mg(OH )2 1.566 KBr CRC 

MgH 2 1.94 AgCl Ellinger et al. 

Dispersion equations 

M90 

MgF 2 

2=2.956362 
- 0.0162387 i-2.04968 

x 10-5 X4 

+ 
0.02145770 
1-0.01428322 

X in -pm 

2 1.36957 + 35.821 
X-1 492.5 

Xin nm x 10-1 

n2= [2.361323 - 3.11497 x 10-4 X2-5.8613 x 10-8 X4 

+ 0.007676 + 0.0156564 y 
X2 \2_0.0324 

n pm 
where Y=0.001 difference in n between KBr and Mg(OH)2 

at 589.3 nm. 

MgH 2 

ne = [4.00804 - 8.5111 x 10-3 X2 _ 1.9762 x 10-7 ), 4 

+ 0.079086 y 
X2_0.04584 

Xin lim 
where Y=0.116 = difference in n between AgCl and MgH2 at 589.3 nm. 
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4.8 Substrate optical constants 

4.8.1 Literature oDtical constants 

There are several references 
96,149-157 in the literature for the 

optical constants of magnesium as its high reflectance in the visible 
and ultraviolet make it a useful metal for mirror coatings. Drude 156 

in 1890 obtained the optical constants at a single wavelength of 
589.3 nm for bulk Mg and in 1936 O'Bryan 157 

published data for n and k 

over the wavelefigth range 405-578 nm for evaporated Mg films at a 0 
pressure of 10-6 mmHg. More recently H. J. 

published optical data from the farinfrared 

on their own data and the published results 
the visible region n and k were obtained fr, 

using extrapolation from transmittance data 

measurements of other workers. 

Hagemann et al. 
96 have 

to the X-ray region based 

of other workers. For 

3m Kramer's Kronig analysis 0 
applied to the reflectivity 

The differences between the optical constants published in the 

literature, figs. 4.5a and 4.5b, can be attributed to the different 

methods of sample preparation, the quality of the vacuum obtainable 

at the time of the experiment and also the measuring technique used. 
For a very reactive metal such as Mg, tarnishing in air is rapid 

158 

requiring great care in sample preparation and a vacuum of the order 

of 10-9 mmHg or less for a film free surface. 

The most recent results published by D. E. S. Y. 96 
are the most 

comprehensive and would appear to be the most precise due to the care 
taken in surface preparation, the ultra high vacuum used and the 

exhaustive analysis carri ed out on the results. Using these published 
values for n and k in the wavelength range 250-830 nm, table 4.4, 

the optical constants at'632.8 nm can be obtained for n by a cubic 
spline fit, fig. 4.6a, and for k by a straight line plot, fig. 4.6b. 

4.8.2 Experimentally determined optical constants 

For reliable modelling of film covered surfaces it is necessary 
to know the optical constants of the bare substrate. 

73 The previous 

section has described the literature values available for Mg but these 0 
are either for bulk magnesium in a poor vacuum 

156 
ot for evaporated 

Mg films in UHV. 96 The former results are unlikely to represent a 
film-free surface for a very reactive metal such as Mg and the latter 
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Table 4.4 

Optical Constants for Mg 96. 

xnk 

247.97 0.111 2.00 

304.963 0.132 2.63 

413.285 0.184 3.66 

619.926 0.382 5.74 

826.569 0.791 7.96 

632.8 0.392 5.85 

1ý 

,,, calculated from cubic spline of above data. 

t calculated from linear plot of above data. 
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do not truly represent a mechanically polished surface. In practice 
these values can only be a guide to the "true" optical constants of 
the bare Mg and for a high Mg alloy such as Magnox, hence the need for 

the experimental determination of the optical constants of the speci- 

mens under study. 

4.8.3 Mechanical polishing 

The most convenient method of obtaining an optically flat (J. e. - 
specularly reflecting) and film-free surface necessary for ellipso- 

metric determination of the optical constants is to use mechanical 

polishing. The results when this was attempted showed a considerable 

variation both across the surface of individual samples and between 

different samples for both Magnox, fig. 4.7, and Mg, fig. 4.8. Part 

of this variation between different samples is due to an imperfect 

quarter wave plate and can be reduced by zone averaging. This technique 

is discussed in section 4.10 and has been used to correct subsequent 

results. Most of the variation in results however is due to the 

surface pre-treatment which produces a cold worked or Beilby layer 

containing some of the polishing media and also the oxide film which 
is expected to be present under the experimental conditions used. 

159 

The Beilby layer can be reduced by chemical etching and some of the 

stress relieved by annealing but the latter will result in an increase 

in thickness of the oxide film. It is this oxide film and the rapidity 

of its formation that causes the most difficulty in experimentally 
determining the optical constants of very reactive metals such as Mg 

but several methods for tackling the problem are available in conjunc- 
tion with ellipsometry: 

1. Chemical etching in situ 
2. Electrochemical polishing 
3. Cathodic reduction 
4. Heati-ng in vacuum in the presence of reducing gases 
5. lonbombardment 
6. Cleavage 
7. Vapour deposition 

The latter four methods are vacuum techniques for which the 

apparatus was not available and cathodic reduction was not feasible 
due to the very electroneg'ative potential for the oxidation of Mg. 
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There are also indirect ellipsometric methods such as immersion 
in an ambient medium with a refractive index equal to that of the film. 
The film will then be eliminated optically and hence the values of 
A and T measured on the filmed surface can be used to obtain n and k 
for the bare surface. An alternative method has been described by 

160 Vedam et al. whereby a series of measurements of the reflectance at 
normal incidence and A and T values are obtained for a-range of values 
of film thickness. The_optical constants of the bare'surface are 
then obtained by relationships derived between the reflectance and 
the pseudo-optical constants, n' and k' for the metal obtained from 
A and T values assuming that no film was present. These latter two 
techniques require the refractive index of the film to be known with 
reasonable accuracy and to be real, i. e. a non-absorbing film. The 

optical constants of the corrosion film formed on either Mg or Magnox 

are not known however, which leaves the methods of in situ chemical 
and electrochemical etching. 

4.8.4 Chemical etching 

The idea behind this technique is to find a solution which will 
dissolve-the oxide film and the Beilby layer to leave a surface free 
from stress with no oxide present, and smooth on a macroscopic scale 
i. e. 1.1011. Both citric acid and nitric acid solutions have been 

used as etchants for Magnox 161 
and both these acids were tried on Mg 

and Magnox at various concentrations. Citric acid was found the most 
suitable at a concentration of 0.2%. The rate of hydrogen evolution 
at this concentration permitted an ellipsometric signal to be obtained 
temporarily once any adhering hydrogen bubbles had been removed by 

pipette. Fig. 4.9 illustrates the effect of this treatment on A and T. 

This method was improved upon by pumping the etchant across the 

surface of the sample with a peristaltic pump, fig. 4.10. It was 

possible to increase the citric acid concentration to 2% and maintain 
an ellipsometric signal for short periods using this system but the 

rate of hydrogen evolution in higher concentrations of citric acid 
was too high to permit determination of A and T and after about 20 

seconds an 'orange peel' effect was noted on the surface. This made 
the sample unsuitable for ellipsometric work for which a specularly 
reflecting surface is needed. The maximum value of A obtained using 
citric acid concentrations of 2% and 0.1% using a pumped flow of 
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etchant across the surface was about 113' for both Magnox and Mg 

compared to a value of about 120' expected for Mg based upon results 
in u. h. v. which indicates that an oxide film may be present after 
these treatments. 

4.8.5 Electrochemical polishing 

This technique results' in the levelling of the surface due to the 

establishment of-a diffusio'n or Jacquet -layer. 
162 This diffusion 

layer leads to increased dissolution on the peaks of any surface 
irregularities resulting in a general levelling of the surface. 
There are various polishing solution compositions given in the litera- 

ture for Mg39 some of which are reproduced in table 4.5. It was 
found experimentally that an electropolishing bath of ethanol and 

orthophosphoric acid in the ratio 5: 3 v/v at room temperature and at 

a voltage of 1.5 V gave a surface that was bright and apparently free 

from any surface oxide. Fig. 4.11 and Fig. 4.12 give the values of 
A and T obtained from the in situ electropolishing of Mg and Magnox 

under these conditions. From these results values for n of 0.85 and 
k of 5.85 are predicted for both Mg and Magnox which are similar to 

the values given for evaporated Mg film in u. h. v. Unfortunately on 

removal of the electropolishing solution and rinsing with distilled 

water or sodium hydroxide solution a white film formed on the surface 

of the substrate which prevented this technique being used as a pre- 
treatment to remove any oxide film prior to adding the corrodent. 

4.9 SIMS analysis of polished and etched Mg and Magnox samples 

Surface analysis using SIMS in conjunction with argon ion etching 

was carried out on Mg and Magnox samples which had been subject to the 

various surface treatments described previously. This was done 

primarily with the aim of obtaining the thickness of the oxide present 

on the surface but it was also hoped to obtain additional information 

from the depth profile. It was realized that this technique was 

really only valid for polished samples, as on removal from solution 

any etched samples would probably oxidize. This in particular 

applied to the in situ electropolished sample. A Magnox sample was 

also analysed which had been polished then annealed at 390% and 

etched in 10% citric acid for a brief period for comparison with 

previous work. 
158 
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Table 4.5 

Electropolishing Solutions for Mg 39 

Electrolyte Current and Temper- Cathode Time 
Voltage ature 

Ethanol (96%) 1.5 V 
Orthophosphoric acid 0.01 A/cm 2 24 inox 3-5 min 
(d 1.74) 
5: 3 

Ethanol (96%) 1.5 V 24 inox 1 hr 
Orthophosphoric acid 0.005 A/cm 2 

or Ni 
(d 1.74) 
5: 3 

2-Ethoxyhexanol 50-60 V 2 inox 10-30 s 
HC1 
9: 1 

Ethanol 0.6-0.9 A/cm 2 24 Ni 60 s 
HC10 4 
H20 
760: 50: 140 

HCl (d = 1.2) 5 V, I A/cm 2 30-40 
2-Ethoxyhexanol 

: 10 

All ratios refer to parts by volume. 
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4.9.1 Errors inherent in depth profiling 

There are many errors inherent in this technique and in addition 
to the matrix effects which SIMS is particularly subject to, whereby 
the sputter yield is dependent upon the surface matrix, there are also 

errors associated with argon ion etching. Several authors have dis- 
f; 3 64 

cussed these errors both in depth profiling as a general technique" 
165 166 

and separately for SIMS AND AES A parameter Az is usually used 

which is known as the depth resolution and is defined'65 as the layer 

thickness that must be sputtered away before the signal changes from 

5% to 95% (or vice versa) of its maximum value assuming that the element 

under consideration is distributed in depth according to a step function. 

The most important of the factors contributing to the depth resolution 

according to Hofmann and their dependence on the film thickness are 

given in table 4.6. There is also an error in relating the etching 
time at a given beam current to sputter depth. Calibration of the 

etch rate is normally done by obtaining the time taken to sputter 
through a known thickness of oxide on a metal such as Ta and then 

assuming that the oxide film on the sample under analysis will be 

sputtered at the same rate. 

4.9.2 Discussion of SIMS of polished and etched Mg-and t4agnox samples 

The spectra for all the Mg and Magnox samples were similar and 

typical spectra can be seen in figs. 4.13 and 4.14. In the positive 

ion spectra there are strong Mg peaks at mass no. 24 with weaker 

satellites at'25 and 26. Compound ions are also apparent at mass 

numbers 40-43 probably corresponding to MgO and MgOH The presence 

of carbon is also indicated throughout the film, as is sodium, partic- 

ularly in the upper oxide layers. In the negative spectra there are 

strong peaks at mass numbers 16 and 17 corresponding to 0- and OH_ and 

weaker peaks due to compound ions at 32 (0 2- ) and 33 (02 H-). 

The ratio of the M. 0/0 peaks at mass numbers 24 and 16 respect- 
ively was used to give an estimate of the film thickness and the results 
based on this ratio are given in table 4.7 for Mg and Magnox. 
The oxide thickness remaining after polishing and etching varies 
between 25 and 42 nm whereas the result for the electropolished sample 
is anomolously high due to a white film which formed on the surface of 
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Table 4.6 

Factors Azi contributing to the depth resolution Az 163 

Factor Dependence 

Instrumental- primary Az 
i= f(z) 

ion beam inhomogeneity 

.. 
Initial surface roughness Az 

r= 
f(z') 

I 
Statistical surface Azs = f(z') 

erosion model 

Crystal orientation and Azc 

imperfections 

Information depth Az X, r 

Preferential sputtering Az 
p= 

Atomic transport Az t= 

A= electron escape depth 

r= back scattering factor 
E 
pi = energy of primary ions 

m pi = mass of primary ions 

MI= mass of ions in sample 
Db= bulk diffusion 

Ds= surface diffusion 

f (Z) 

= f(Ä 
1, ri .. 

f(E 
pi ,mi 

/m 
pi 

f(D b' D 
S) 
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Table 4.7 

Estimation of oxide film thickness from SIMS measurements 
based on the. M&+/O- peak height ratio 

Sample Surface treatment Depth nm 

Magnox polished 30 

Magnox polished and etched 30 

0.2% citric acid 

Magnox polished, annealed at 390% 25 

etched 10% citric acid 

Magnesium polished 28 

Magnesium polished and etched 42 

0.2% citric acid 

Magnesium electropolished >100 
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the specimen on removal from the polishing solution. There is not 

a great variation in oxide thickness between polished and polished- 

and-etched specimens. The etched. Magnox samples have a slightly 
thinner film than the polished ones, whereas the opposite is true 
for Mg. These results are in rough agreement with the thickness of 
the oxide film calculated from the ellipsometric results in figs. 

4.7-4.10 for the Mg and Magnox specimens. They are in accord with 
the thickness of oxide film found in a Magnox specimen annealed at 
390*C and etched in 10% citric acid when analysed by SIMS and ion 

scattering spectroscopy as reported by Allen. 158 

4.10 Zone averaging 

It can be shown using either the Poincare sphere 
84 

or matrix 

algebra 
127 that a given pair of values for A and T due to reflection 

can be obtained from 32 different combinations of polariser, analyser 
and retarder azimuth settings. This is halved to 16 if all angles 
are reduced to lie between 00 and 180% They are grouped into four 

zones which are identified with quadrants on the equator of the 
Poincare sphere with each zone having four groups depending on the 

value of A. These zones and the relationship of A and T to the 

azimuths of the polariser, analyser and retarder has been given in 

table 3.3. If all the ellipsometer components were ideal and 
perfectly aligned then the values of A and T measured for a given 
surface would be identical in each zone, but in practice the results 

are significantly different due to component imperfections, azimuth 
angle errors, beam deviation, surface irregularities and the finite 
band width of the beam. Azzam and Basharu 167-169 have discussed these 

various errors in detail and many of them can be reduced or largely 

eliminated. by 2 or 4 zone averaging. It is also possible to obtain 
a corrected value of A and T from measurement in one zone, providing 
the imperfection parameters describing the devices have been determined. 

Fig. 4.15 shows the effect of changing zones for A and T for a 
Magnox sample immersed in 0.01 mol/dm 

3 NaOH from which the considerable 
variation in T of -1.6' is apparent for measurements in each zone. 
The change in A however is negligible. The values of A and T must be 

known with reasonable accuracy for theoretical modelling of the experi- 
mental results and this is especially true for the more sophisticated 
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modelling using rough films in Chapter Six, for which there is a marked 
difference in the predicted results depending on which value of T is 

taken. 

It was not thought practicable to use either 2 or 4 zone averaging 
for most of the experimental runs, as some used high rates of data 

acquisition and others involved nulling a very poor signal from a rough 

surface. For this reason and from the observation that the variation 
in A between zones was minimal and for T was usually -1.5' it was 
decided to correct for this error by adding or subtracting 0.750 to 

the experimental results. This treatment reduces the errors in T due 

to the quarter wave plate to values that are small in comparison to 

differences due to surface irregularities, figs. 4.6 and 4.7. 

A more sophisticated treatment could be used by utilizing the 

CWP routine in McCrackin's program (see section 4.12.3) to determine 

the error due to the retarder and then using this value in subsequent 

analysis. The error in the retarder was obtained in this way from 

2 sets of P, A and U results the retarder being found to have a retard- 

ance of 91.726* at an azimuth of 45' and 90.345* at an azimuth of 1350 

as opposed to an ideal retardance of 90'. These values were not used 
to correct the experimental data however as this would have involved 
laborious and time-consuming operations. 

4.11 Experimental procedure 

The following steps indicate the general procedure used in obtaining C, 
experimental ellipsometric data: 

The instrument was switched on and allowed to 'warm up' for at least 

30 minutes prior to use. During this period the computer pro-ram 00 
"GETPLT" was run to configure the data acquisition electronics and 
prepare the plotter. 

2. The electrode was prepared and installed in the sample cell as 
described in section 4.5. 

3. The sample-was then aligned using height and tilt adjustments until 
the reflection on the sample from a mirror mounted in the analyser 
arm coincided with the incident beam. The mirror was then removed 
and the matte perspex screen in the analyser arm utilized to ensure 



- 117 - 

that the reflected beam was visible, in the correct position and 
that the reflected beam was reasonably specular. If there was 
appreciable scattering of the incident beam from the sample surface 
then a diffuse image would be observed rather than a small spot of 
light. 

4. The signal was then nulled using the ellipsometer electronics. 
The p. s. d. output signal was continuously monitored on the 

oscilloscope to ensure that the signal'was satisfactory. 0 

5. The cell windows were inserted on each arm and the beam re-checked 
by again obtaining a null. 

6. The etchant (0.2% citric acid) was added and removed after -20 
seconds by means of a hand-held suction pump. 

7. The cell was flushed with the experimental solution which was 
again removed by suction and then refilled. 

8. If necessary the working electrode and reference electrode were 
placed in the cell and connected along with the sample to the 

potentiostat. 

9. The potentiostat was now switched from standby to the cell position 
and the data acquisition program started. 

The time needed for steps 6 to 9 was less than two minutes. 

4.12 Computations 

Various computer programs written in both BASIC and FORTRAN were 
used for data analysis, theoretical modelling and data acquisition. 
This section describes the computations used in the data analysis and 
theoretical modelling. The data acquisition routines were discussed 
in Chapter Three. 

4.12.1 Bare surface 

The two calculations performed are either to obtain n and k from 

experimental values for reflection from a bare surface or calculating 
A and T from n and k values. These calculations can both be done in 
BASIC using Koenig's or Ditchburn's equations 

93,94 (2.37)-(2.38) and 
(2.19)--... A much shorter and faster computer program written in 
FORTRAN uses complex notation to perform the same calculation. 
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The steps for doing this are: 

1. Obtain cos angle of incidence. 

2. Obtain cos angle of refraction. 2) Q 
ý2 is complex for absorbing substrates and is calculated using 
Snell's law: 

n1siO 1n2 siO 2 
(2.17) 

2 

cosý2 I_n, 2 sin 
2ý1 (4.1) 

n2 

n2 is of course complex for a metallic substrate. 

3. Obtain the Fresnel reflection coefficients. 

n 2cosý, -nI cosý 2 (2.15) 
1,2 n2 COO I+nI COO 2 

n icosol -n 2cos02 rs..... (2.16) 
1,2 nI cosp, +n 2cos9f2 

Evaluate P. 

r 

_PI, 
2 

..... (2.35) 
r s 1,2 

5. Evaluate T. 

tan T= 
IrPI 

..... 
(4.2) 

r Is 
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Evaluate A. 

p= tan Te iA 
..... (2.36) 

but e 
ix 

= cosx + isinx 

p= tanT(cosA + isinA) 

P tanTcosA + itanTsinA 

P is complex i. e. P=x+ iy 

x+ j-y = tanTcosA + itanTsinA 

the R. H. S. is-now also of the form x+ JY 

x tanTcosA 
iy tanTsinA 

Cancelling tan T and multiplying both sides by, i: 

x COSA = tanA 
y siný 

A tan- I (X/y) 

where x and y are the real and imaginary parts of P. 

The subroutine DELPSI in the appendix shows the listing for 

this calculation. 

4.12.2 Single isotropic film 

Using complex rotation A and T can be obtained from equation (2.50): 

A 

[r +r exp(-2iD)][I + r^ r exp(-2iD)] 
P p12 p23 s12 s23 

r+r exp(-2iD)][1 + ^r r exp(-2iD)] 
As12 

s23 p12 p23 



- 120 - 

AA where ^rp, 2 .r p23 'r s12 'r s23 are the Fresnel reflection 
coefficients for the two interfaces given in equations (2.47a). -(2.47d) 
D is the phase change due to one traversal of the film given in 

equation (2.46). 

A and T can also be obtained using non-complex formulae by 

following a similar process to that above. The steps are: 

1. Evaluation of the complex angles of refraction. 
2. Calculation of the Fresnel reflection coefficients. 
3. Evaluation of the total reflection coefficients. 
4. Evaluation of p. 
5. Calculating A and T from P. 

4.12.3 Multiple and inhomogeneous films 

The effect of multiple films is calculated using the FORTRAN 

computer Pýogram written by McCrackin. 160, This was an algorithm. 
whereby the reflection from thd bottom-most layer and the substrate 
is first calculated and then these two layers are treated as the 

substrate. The reflection is now calculated between this and the 
next highest layer. Inhomogeneous films are treated by using the 

effective medium approximation theory to calculate the effective 
optical constants of a mixed phase from the optical constants of the 

individual components and their respective volume fractions. This 

treatment has been more fully discussed in section 2.5.3. The 

program also contains routines for evaluating and correcting errors 
due to e. g. an imperfect quarter wave retarder. 
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CHAPTER 5 EXPERIMENTS UNDERTAKEN IN 0.01 mol/dm 
3 SODIUM 

HYDROXIDE SOLUTION 

5.1 Experiments at open circuit and fixed potential 
undertaken ýn Magnesium and Magnox in air-saturated 
0.01 mol/dm sodium hydroxide 

5.1.1 Magnox and Magnesium at open circuit during 
the first thirty minutes 

5.1.2 Magnox immersed in air-saturated 0.01 mol/dJ-q,,, _ 
sodium hydroxide for several hours 

5.1.3 Magnesium immersed in air-saturated 0.01 mol/dm 
3 

sodium hydroxide for several hours 
5.1.4 Discussion of the results for magnesium and 

Magnox in air-saturated 0.01 mol/dm3 sodium hydroxide 

5.2 Experiments conducted on magnesium and Magnox in air- 
saturated 0.01 mol/dm3 sodium hydroxide under a nitrogen 
blanket 

5.2.1 The effect of a nitrogen blanket and its removal 
on Magnox in air-saturated 0.01 Mol/dm3 sodium 
hydroxide solution 

5.2.2 Magnox held at -0.5 V vs rhe in air-saturated 
0.01 mol/dm3 sodium hydroxide under a nitrogen 
blanket 

5.2.3 Magnesium in air-saturated 0.01 mol/dm 
3 

sodium hydroxide under a nitrogen blanket 
5.2.4 Single crystal of magnesium in 0.01 mol/dm 

3 
sodium 

hydroxide solution under a nitrogen blanket 
5.2.5 Discussion of results for magnesi m and Magnox 

specimens immersed in 0.01 mol/dm NaOH under a 
nitrogen blanket 

5.3 Further experiments on Magnox and magnesium at open circuit 
and fixed potential in 0.01 mol/dm3 sodium hydroxide 

5.3.1 The effect of carbonate ions on the passive film 
formed on Magnox in sodium hydroxide solutions at 
PH > 11.5 

5.3.2 The effect of fluoride on the corrosion of Magnox 
in 0.01 mol/dm3 NaOH 

5.3.3 The effect of solution dSoxygenation on Magnox and 
mao-nesium in 0.01 mol/dm sodium hydroxide 

5.3.4 Magnox in 0.01 mol/dm 
3 

sodium hydroxide solution 
with the addition of 1000 ppm chloride 



- 122 - 

5.4 Potential sweep experýments undertaken on Mg and 
Magnox in 0.01 mol/dm sodium hydroxide 

5.4.1 Anodic ramp results for magnesium and Magnox 

5.4.2 Discussion of the anodic ramp results 
5.4.3 Cyclic volammetry of Mg and Magnox in 0.01 mol/dm 

3 

sodium hydroxide solution 
5.4.4 Mg and Magnox in 0.01 mol/dm 

3 
sodium hydroxide 

5.4.5 Discussion of 'cyclic voltammagrams in 0.01 mol/dm 
3 

sodium hydroxide 
5.4.6 Magnox in 0* 01 mol/dm 

3 
sodium hydroxide with the 

addition of 1000 ppm fluoride 

5.4.7 Magnox and magnesium in 0.01 mol/dm 
3 NaOH with 

the addition of 10,100 and 1000 ppm Cl- 
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5. Introduction 

The work in this chapter describes the results obtained for Mg 

and Magnox immersed in 0.01 mol/dm 
3 

sodium hydroxide. This environ- 
ment is similar to that used by the C. E. G. B. for the storage of Magnox 
fuel elements before reprocessing. Experiments have been of both 

short (: ý 30 minutes) and long (1-12 hours) duration in various electro- 
lytes at open circuit and under potential control. 

5.1 Experiments at open circuit and fixed potential undertaken on 
Magnesium and Magnox in air-saturated 0.01 mol/dm3 sodium hydroxide 

Magnox and Magnesium at open circuit during the first thirty 

minutes 

Initial experiments were undertaken with the electrodes at open 
circuit in air-saturated 0.01 mol/dm3 sodium hydroxide solution in the 

absence of aggressive anions. The duration of these experiments was 
fairly short as it was thought that the early stages of corrosion, when 
the passive film is forming', would be the most important. The changes 
in 6, T and the open circuit corrosion potential, E during the 

corr' 0 
first thirty minutes for freshly polished and etched Magnox and Mg 

specimens on exposure to air-saturated 0.01 mol/dm 
3 

sodium hydroxide 

solution are shown in figs. 5.1 to 5.4. During this period the 

appearance of the electrodes becomes slightly dull with a decrease in 
A of several degrees and an overall increase in T of a few tenths of 
a degree. The small scale irregularities in T, figs. 5.3b and 5.4b, 

result in the A, T curves deviating from the smooth curve which would 
be the result for the growth of a uniform homogeneous film above a 
flat, perfectly smooth, substrate, e. g. fig. 5.7. 

The changes in E 
corr 

(figs. 5.3c and 5.4c) for both substrates 
are similar, i. e. an initial activation followed by a more gradual 
ennoblement. Similar behaviour has been observed for stainless steels 
in magnesium chloride solutions. 

171 In that work it was stated that 
the potential became more active initially due to the magnesium chloride 
solution attacking the metal through pores and weak points in the air 
formed oxide film. The potential became more noble as hydroxides 

precipitated out within the pores, making the film more protective and 
stifling the corrosion attack. 



- 124 - 

108 

106 

104 

102 

100 

qR 

Start 

25 mine 

42.4 42.6 42.8 43 
CF 

43.2 

Fig. 5.1 Magnox at Open Circuit in 0.01 mol/dm 
3 NaOH 

43.4 

110- 

Start 

108 

IM 

104T 30 mins 

1024 
42 42.2 42.4 42.6 42.8 43 

Fig. 5.2 Magnesium at Open Circuit in 0.01 mol/dm 
3 NaOH 



- 125 - 

106 

104 

102 

Ux 

42. 

42 

42 

42 

E 
con 
vs 

rhe 

v 

,I 

0 to 15 20 25 
TIME/mins 

Fig. 5.3 Magnox at Open Circuit in 0.01 mol/dm 
3 NaOH 



- 126 - 

IOE 

IOE 

I& 

4? - 

4Z 

Ecorr 
vs 
rhe 

10 is 20 25 30 
TIME/mins 

42 

42 

Fig. 5.4 Mg at open circuit in 0.01 mol/dm3 NaOH 



- 127 - 

It has already been suggested from the ellipsometric results 
in Chapter 4 for the bare Magnox and magnesium substrates that there 

is a fairly thick film present after polishing and etching. If this 

film is porous then a similar mechanism may be operative here, with 

penetration of the sodium hydroxide through the film, and its resulting 

reaction with the substrate forming Mg(OH )2 which blocks the pores 

as in the case of the stainless steel. This corresponds to a type II 

passive film, fig. 5.5 using Sato's classification, 
172 

such as that 
formed on iron in acid solutions. 

An alternative mechanism whereby a more protective layer forms 

underneath the more porous top layer is also possible, corresponding 
to a type IV passive film, fig. 5.6, such as crystalline rutile on top 

of a barrier film of anatase formed on titanium in acid solution. 
17.3 

The latter model is in accordance with the proposal that the corrosion 

of Magnox in alkaline media is controlled by a thin 'barrier' film 

underneath a more porous top layer. 50 

This behaviour complicates the theoretical modelling of the 

results, as the simplest theoretical model of a single homogeneous 
film which will have a constant refractive index throughout is unlikely 
to represent satisfactorily the experimental result. Useful informa- 
tion however can be obtained by this simple treatment on parameters 
s ucb as the likely optical constants of the bulk corrosion film and 
the rate with which its thickness is changing. This has been done 

using a trial and error method, figs. 5.7 and 5.8, from which it can 
be seen that slight differences in the optical constants of the bare 

substrate were found. The optical constants for the film formed on 
Magnox were found to be identical to brucite, a crystalline form of 
Mg(OH )2 (n = 1.56, k= 0) whereas n for the film on magnesium was 
1.455 indicating that it may be more porous. It must be stressed 
however that these predictions are based on a simple single film model 
and variations in the refractive indices of the films will be obtained 
if different optical constants for the bare substrate are used. This 
is particularly pertinent for these results as the small changes in 
A and T over the short time intervals used combined with the experi- 
mental variation in the optical constants of the bare surface due to 
the mechanical polishing preclude any other than an approximate 
theoretical treatment. 
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Using the results in figs. 5.7 and 5.8 the rate of change in film 

thickness with respect to time, dx/dt, can be obtained (figs. 5.9 and 
5.10). It is apparent that film formation is very rapid over the 
first 15 minutes decreasing to a roughly linear change of film thick- 

ness with time thereafter. 

5.1.2 Magnox immersed in air-saturated 0.01 mol/dm 
3 

sodium hydroxide 
for-several hours - 

In order to obtain further information on the corrosion mechanism 
and to enable more accurate modelling of the film growth, several 
experiments were conducted over longer periods. The optical behaviour 

exhibited by Magnox specimens immersed in air-saturated 0.01 mol/dm 
3 

sodium hydroxide solutions over several hours in these experiments is 

unusual (figs. 5.11-5.13). Initial changes in A and T are similar to 
those in fig. 5.1 and characteristic of a transparent film growing on 
a metallic substrate. The changes after the first hour, although not 
being highly reproducible have a distinct underlying trend: a decrease 
in T after a period of 2-3 hours which is initially slow, becoming more 
rapid after a further hour. The reduction in T is preceded by an 
activation of E 

corr' 
fig. 5.13c, which occurs about 1 hour after immer- 

sion. Although the appearance of the electrode does not change during 
the first few hours, after about 4-6 hours a gradual darkening of the 

electrode surface is noticeable. After about 8 hours immersion the 

surface has a patchy light tan colour with small black pits visible 
near the edge of the sample from which the occasional hydrogen bubble 
is evolved. A reduction in pH of the test solution was also observed, 
typically falling from values near pH 12 to values less than pH 10. 

It was thought that the changes in pH of the cell solution during 

the experiment might be affecting the potential of the reference elec- 
trode by diffusion of the bulk solution into the open-ended tube of 
this electrode (fig. 4.1). As the reversible hydrogen electrode is 

pH dependent, its potential becoming more positive by 59 mV per decrease 
in pH unit, then a decrease in pH from 12 to 10 would make the potential 
of this electrode more positive by 118 mV. This would cause an 
apparent activation of the measured open circuit potential for Magnox 
(fig. 5.14). To ensure that recorded changes in E 

corr were due to 

actual changes in the electrode potential and not to a reduction in pH 
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inside the tube of the rhe, a saturated calomel electrode, sce, was 

used. This was periodically placed in the cell during a run to record 
E 
corr whilst E 

corr was also continuously recorded using the rhe. The 

total length of time that the sce was in the sample solution was short 

and not thought to significantly increase the chloride concentration in 

the cell. The fact that the change in potential of Ecorr wrt the sce 

m. irrored that wrt the rhe, figs. 5.13c and 5.13d, indicated thatthe pH 

of the-solution. inside the tube of the rhe was close to the-ini-ti al pH. 
This was presumably the result of the poor mixing of the solution inside 

the narrow rhe tube and that of the solution bulk. 

Further experiments were conducted on Magnox held at fixed poten- 
tials close to the initial value of E 

corr' 
The results in figs. 5.11- 

5.12 show the same trend as those for the experiments in open circuit 

conditions, i. e. a decrease in T after several hours to values below 

that of the bare surface. 

In order to obtain further information about the corrosion film, 

a Magnox coupon that had been immersed in 15 cm 
3 

of air-saturated 
0.01 mol/dm 

3 NaOH for 6 hours at open circuit was depth profiled using 

an argon ion gun and SIMS. The procedure was the same as that described 

in Chapter Four. From observation of a typical spectrum taken during 

etching, fig. 5.15, certain features are apparent. There is a strong 
Mg + peak at mass no. 24 with satellites at mass nos. 25 and 26, a weaker 
Al + peak at 27, carbon at 12 and 14 (CH 2 

+) with traces of Na+ at 23 and 

possibly K+ at mass no. 39. The latter two ions have a very high 

relative ion yield in SIMS of 2400 for Na+ and 2100 for K+ compared to 

260 for Mg + and 200 for Al+ based on Sparrow's formula. 1.74 This 

results in traces of these elements being readily observed. In the 

negative spectra there are strong peaks at mass 16 (0-) and 17 (OH-). 

The peak heights for Mg remain fairly constant on etching through 

500 nm but there are considerable variations in the peak heights of 
both 0 and OH which results in large variations in the Mg/O peak 
height ratio, fig. 5.16, and makes an accurate determination of the 
film thickness impossible. A major problem in using SIMS, discussed 

in Chapter Four, is relating the measured ion currents to concentra- 
tions of elements present due to instrumental errors and errors arising 
from matrix effects, selective sputtering and molecular ion formation. 
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If however these variations of the Mg/O peak height ratio are due to 

actual changes in composition of the film then they suggest that the 
film is inhomogeneous. One cause of this would be if there was 
roughening of the film substrate interface. 

There is a small amount of sodium present in the outermost layers 

which falls off rapidly on etching through the film which suggests that 
it is due to sodium hydroxide solution left on the surface after drying. 

Aluminiuff-increases in concentratiofi--up to a depth of 50 nm after 
which it decreases. This may be due to the surface enrichment of 
aluminium found on annealed and etched Magnox samples 

158 
and for the 

polished specimens in Chapter Four. The film formed during the early 
stages of corrosion will thus have a higher Al content than that 
formed after the Al enriched layer has been incorporated into the 

corrosion film. 

5.1.3 Magnesium immersed in air-saturated 0.01 mol/dm 
3 

sodium 
hydroxide for several hours 

The optical and electrochemical results, figs. 5.17-5.19, are 
broadly similar to those for Magnox under these conditions. There are 
differences in A and Y between experiments under the same and slightly 
different potential conditions but the general trend of a decrease in 
Y after a variable time period is apparent throughout. Again there 
is also an activation in E 

corr prior to the decrease in T for the 

samples at open circuit. 

The visible appearance of the samples is similar to those of 
Magnox at first with small pits on the surface after several hours. 
In the later stages the magnesium film also becomes patchy, turning 

a dark grey/black colour, then gradually becoming a uniform jet black 

after a period of several days immersion. On removal from solution 
however this dark film lightens considerably and a thick light grey 
hydroxide film can be seen. 

A magnesium sample that had been exposed to 15 cm 
3 

of 0.01 mol/dm 
3 

NaOH for 6 hours was depth profiled by SIMS in an identical experiment 
to that performed on Magnox in the previous section. In the positive 
spectra, fig. 5.20, strong Mg peaks at mass no. 24 with satellites at 
mass 25 and 26 can be identified. There are also several compound 
magnesium ions with peaks at 48 (M82 +) 

and 64 (M920 +) 
with satellites 



- 139 - 

4.3 

\ 
0) C-3 

tr) C 
CLI 

C6 

cq- 

cs 
1 

to =. 

U 
-4 
-4 

CY) 
"-T 

N 

1" 

C') 
a- 

0 

(n 
cn 

co 
ul Vo 

tn C tn 
sopm: 13a 

CD CD co 

C) 

c; 
-0 (L) 

tn 

W 

CLO 

Lf, 

LL. 



Ito 
- 140 

9 
> 105 

100 

95 

4 

90 

43 

42 

41 

40 

39 

2R I I 

4 
TIWJhm 

8.5 hrs Open Circuit 
5 hrs Open Circuit 

6 hrs H61d at -O. 5V vs rhe 

5789 

Fig. 5.18 Magnesium in air-saturated 0.01 mol/dm 
3 NaOH 



- 141 - 

105 

100 
95 

90 

o43 

42 

41 

(C) 
Ecorr 
vs 
SCP- 
v 

Ec c) 
vs 

rhe 

,v 

234 
TIME/hrs 

Fig. 5.19 Magnesium at open circuit in air-saturated 
0.01 mol/dm 

3 NaOH 



- 142 - 

-I- 

u c 

Mt. . 

>� 
4-) 

U, 

cl) 
4) 

'I', 

Mi 

20 30 40 56 66 76 Rass number 
Fig. 5.20 Typical SIMS spectra from Mg immersed for 6 hours in 

0.01 mol/dm3 NaOH after 10.5 nm of film has been sputtered 
6. --I 

5 

4 

C) 
Cn x 

Fig. 5.21 

i 

o 0 50 NO i5o 200 250 
Sputter depth/nm 

Mg/O ratio from SIMS analysis of a Mg sample immersed 

in 0.01 mol/dm 
3 

NaOH 

io 3*0 4o 50 6,0 70 

plass number 



- 143 - 

at mass numbers +1 and +2 to these stronger peaks. The peaks at 

mass numbers 40 to 43 also indicate the presence of compound Mg ions, 

probably MgO and MgOH The peak at mass 39 may be due to K due 

to the sensitivity of SIMS to this element. Carbon is also present 
with a weak peak visible at mass 12 in all the positive spectra. 

In the negative spectra there are strong 0- and OH - peaks at 

mass 16 and 17 with traces of Cl- being evident from the characteristic 

peaks at mass 35 and 37, the latter being roughly 1/3 that of, the peak 

at mass 35. Evidence of carbon can be seen from the peaks at mass 12 
(C ) and 24 (C 2-)' 

There is a fairly sharp transition in the Mg/O ratio, fig. 5.21, 

between ca. 60 nm and 130 nm, in contrast to the results for Magnox. 

An estimate of the film thickness can be made of roughly 105 ± 20 nm. 
The O/OH ratio shows a slight increase above 160 nm but this can not 

really be taken as evidence for an MgO layer beneath a Mg(OH )2 f' 1m 

due to the uncertainties inherent in the technique. 

Another magnesium sample which had been immersed in 15 cm 
3 

of 
0.01 mol/dm3 NaOH for 3 days and had turned black was also depth 

profiled by SIMS. The corrosion film was apparently relatively thick 

with only an extremely weak Mg peak observed after 700 nm of film had 

been sputtered. 

5.1.4 Discussion of the results for magnesium and Magnox in air- 
saturated 0.01 mol/dm 

3 
sodium hydroxide 

The activation of Ecorr and subsequent pitting indicate the break7 
down of the passive film formed within the first 15 minutes. The 

reduction in pH and the presence of significant quantities of carbon 
in the corrosion films suggest that this may be due to the absorption 
of carbon dioxide from the air. 

In solutions with a pH above 10 there is a direct reaction between 
CO 2 and OH-: 175 

CO + OH- 4. HCO ..... (5.1) 23 

HCO 3- + OH- -ý- CO 3 
2- 

+H20..... (5.2) 
(instantaneous) 
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-d(C02) =K OH- (OH-)CO 2 ..... (5.3) 
dt 

KOH- = 8500 sec-' (mol/dm 3 )_i 

which is a much faster reaction than in solutions with a pH <8 in 

which the predominant mechanism is via direct hydration: 

Co 2+H20 -->- H 2C03 
(5.4. *Ct) 

H2 co 3 +JOH- -*- CO 3 
2- 

+2H 20 ..... (5.1t6) 

(instantaneous) 

-d(C02) =K co (CO 2) ..... 
(5.5) 

dt 2 

K Co 2ý0.03 
sec-' 

This is known to be a problem for Magnox stored in sodium hydr- 

oxide for several months 
176 but was not initially thought to signifi- 

cantly affect the results over short time periods. Its effect is 

twofold, firstly it lowers the pH below the critical value of ca. 11.5 

sec on the Pourbaix diagram, fig. 1.2, into a region where the corro- 

sion film formed is less protective, and secondly it results in the 
formation of carbonates which can increase the solubility of the 

corrosion film. 176 

If the film formed becomes less protective and the substrate 
dissolution rate increases, it is conceivable that the attack will be 

channelled through weak points in the film. Substrate roughening 
would then be likely to occur. The decrease in T can not be reproduced 
by any simple optical model based on a transparent corrosion film grow- 
ing on a smooth substrate, but if there is assumed to be a metallic 
type film situated between the substrate and overlying film then this 
decrease in T is indeed predicted. 

57 One way in which this can occur 
is if the substrate becomes rough. This is considered in detail in 
the next chapter. 
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The changes in pH for various volumes of 0.01 mol/dm 
3 

sodium 
hydroxide solution left exposed to the air for 26 hours are given 

in table 5.1. This indicates that the reason behind the unexpected 
fall in pH is due to the small volume of the solution in the sample 

cell and the high surface area of solution exposed to the air compared 

to the solution volume. 

To enable ellipsometric observation of the passive film over 

-longer- time periods than one hour the reduction in-pHrand consequent 
breakdown of the film must be prevented. There are several methods 
by which this may be achieved: 

1. Use a larger volume of solution. 
2. Constantly replenish the solution or replace after each hour. 

I Use a buffered solution. 
4. Use a blanket of an inert gas such as nitrogen to prevent 

carbon dioxide adsorption. 

The latter two methods were investigated and the results are given 
in table 5.2 for the changes in pH over a 26 hour period for a solution 
buffered using a phosphate solution (50 cm 

3 
of 0.05 mol/dm 

3 Na 2 HPO 4 and 
26.4 cm 

3 
of 0.1 mol/dm3 NaOH 147) 

and for a solution-with a nitrogen 
blanket. The change in pH is less for the buffered solutions than 

it had been for those unbuffered but a significant decrease was still 

observable. In addition the presence of phosphate ions can inhibit 

the corrosion of magnesium in neutral solutions 
177 

and whilst, another 
buffer solution composition could be utilized the additional ionic 

species present may still affect the corrosion rate. 

Increasing the volume of the sample solution is impractical with- 

out redesigning the sdmple cell and to constantly replenish the system 

with a peristaltic pump is possible but may increase the noise level 

in the ellipsometric signal. The use of a nitrogen blanket however 

would appear to offer a satisfactory method for preventing the 

adsorption of carbon dioxide. 
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Table 5.1 

The change in pH, for various volumes of sodium hydroxide 

solution exposed to the air for 26 hours 

Solution Volume 

cm 
3. 

Initial 

pH 

Final 

pH 

Change 

in pH 

0.01 mol/dm 
3 

NaOH 10 11.917 8.023 3.894 

0.01 mol/dm 
3 

NaOH 15 8.265 3.652 

0.01 mol/dm 
3 

NaOH 20 9.583 2.334 

0.01 mol/dm 
3 

NaOH + Mg 10 9.915 2.002 

(I g disc) 

0.01 mol/dm 
3 

NaOH + Magnox 10 9.020 2.097 

(I g disc) 
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Table 5.2 

The effect of a phosphate buffer and a nitrogen 
blanket on the reduction in pH 

Solution Initial pH Final pH Mange in pH 

10 CM3 

pH 12 buffer 12 9.812 2.188 

20 cm 
3 

pH 12 buffer 12 10.677 1.333 

33 10 cm . 01 mol/dm 
NaOH under an 11.958 11.903 0.053 

N2 blanket 
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5.2 Experiments conducted on magnesium and Magnox in air-saturated 
0.01 mol/dm 

3 
sodium hydroxide under a nitrogen blanket. 

5.2.1 The effect of a nitrogen blanket and its removal on Magnox 

in air-saturated 0.01 mol/dm 
3 

sodium hydroxide solution 

The ability of a nitrogen blanket to prevent carbon dioxide 

adsorption and the effect of this on A and T was examined by sealing 
the cell with polythene bags, as described in-Chapter Four, and 
maintaining a nitrogen blanket above the sample solution. After 
6.2 hours air was admitted and A and T monitored for a further 6 hours. 

The results, figs. 5.22 and 5.23, show that the behaviour during 

the first 10 hours is similar to that in fig. 5.7, i. e. indicative of 
a non-absorbing film growing on a smooth metallic substrate. There 

is a reduction in T noticeable after about 10-2L hours from the start 
of the experiment and about 4-L hours after the admission of air into 2 

the cell. After 12.5 hours small black pits are visible on the 

surface indicating the breakdown of passivity. 

This experiment illustrates the effectiveness of a nitrogen 
blanket in preventing the breakdown of the passive film formed on 
Magnox and also the link between the decrease in T and this breakdown. 

5.2.2 Magnox held at -0.5 V vs rhe in air-saturated 0.01 mol/dm 
3 

sodium hydroxide under a nitrogen blanket 

On admission of the solution to the cell there is an initial 

sharp decrease in A of several degrees accompanied by an increase of 
T of -I' followed by a more gradual increase in both A and T, figs. 
5.24a, b, c. The electrode appears bright under these conditions with 
no visible film. 

A trial and error method was used to obtain the best possible 
fit between theory and experiment using a single film model, fig. 5.25, 
which although it poorly predicts the later behaviour gives information 
on the rate of growth of the corrosion film, its changes with time, 
and an idea of its porosity. The departure from the theoretical curve 
may be due to surface roughness of either the film/substrate or film 
solution interfaces, inhomogeneities in the film such as the presence 
of voids or a variation in refractive index through the film. 
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There would appear to be about 45 nm of film present when the 
first experimental point is taken assuming that the bulk of the film 

had a refractive index, n, of 1.47. This film grows rapidly to 

ca. 85 nm during the first hour and a half after which the rate slows 
down, becomes more irregular and departs from the prediction based on 
a single film model. This departure from the theoretical prediction 
makes an accurate estimation of-film thickness at the end of the 

experiment impossible, However, a rough estimate of thickness of.., 
100-120 nm can be surmised from a comparison with the theoretical 

plot in fig. 5.25. 

An idea of the porosity of the film can be obtained if it is 

assumed that the bulk of the film is Mg(OH )2 . Taking the optical 

constants of brucite, Bruggeman's effective medium approximation 
(see Chapter Two) can be utilized to calculate the effect of voids 
in the film. This has been done for both solution-free and solution- 
filled voids, fig. 5.26. A film with a refractive index of 1.47 can 
then be seen to contain about 16% voids if they were solution-free or 

ca. 40% voids if they were solution-filled. This treatment is based 

on a homogeneous distribution of voids however and makes no allowance 
for inhomogeneities such as increased porosity near the surface of the 
film. The presence of a porous film does support the proposal made 
by other workers 

49 that water permeates the film in the liquid phase 
rather than by transport of ions such as H30+ or OH- through the film. 

The theoretical effect on the ellipsometric parameters, A and T, 

of a barrier layer underneath this porous layer can be investigated 
by using a multi-film model, figs. 5.27 and 5.28, in which films of 
two different porosities have been grown on various thicknesses of an 
MgO layer. It has been observed experimentally that the minimum for 
A in the A, T curve lies between 98 and 100* which indicates that for 

a bulk refractive index of 1.47 for the top film the thickness of the 
MgO layer has a maximum limit of ca. 5 nm whereas if the refractive 
index of the top film is taken as being 1.5 then this limit is increased 
to ca. 10 nm. This limit is considerably lower than that given by 

previous workers using ion beam techniques. 49 

A Magnox specimen, immersed in 0.01 mol/dm3 NaOH for 6 hours, was 
analysed by SIMS and a sample under similar conditions for 10 hours was 
analysed using Auger electron spectroscopy by B. N. L., fig. 5.2-9. 
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The latter technique yielded a value for the film thickness of 

- 113 ±9 nm based on the sputter time at which the oxygen Auger peak 
had fallen to half its initial value, fig. 5.30. The SIMS analysis 

gave a film thickness of 150 nm ± 30 nm based on the Mg/O peak height 

ratio (fig. 5.31) which is higher than both the estimate from the A. E. S. 

analysis and from the SIMS analysis for Mg in section 5.1.3. It is 

possible that this just reflects random variation between samples 
however, and there was insufficient time available on the SIMS instru- 

ment to analyse more than one sample for each set of conditions. 

A factor that may have also affected the SIMS results was the long 

period the sample remained in the UHV chamber under vacuum before 

analysis. This is reflected in the apparent partial dehydration of 
the film indicated by the sharply increasing OH_/O_ ratio in the 

initial stages of sputtering. It may also explain the high concen- 
tration of carbon seen in the spectra as it is well known 178 that 

surfaces can become contaminated with carbon in UHV chambers due to 

the presence of carbon monoxide and carbon dioxide impurities within 
the chamber. This effect will be exacerbated by long periods within 
the chamber. Although it would be expected that the carbon layer 

would be concentrated in the surface layers of the surface, errors due 

to re-sampling and re-implanting could cause significant concentrations 
of carbon to be present in the mass spectra throughout the depth 

profile. 

Apart from giving an indication of the film depth, the fairly 

sharp transition in the Mg/O peak height ratio, and the plateau after 
the sharp rise, indicates a better defined interface between the 

substrate and the film than was the case for Magnox in section 5.1.2. 
The resolution of the instrument was insufficient however to detect 

whether or not there is a layer of MgO beneath the corrosion film. 

Aluminium is concentrated in the top layers of the film, with its 

concentration showing a marked decrease with sputtering time, fig. 5.32. 
This again probably reflects the surface enhancement of aluminium found 
for the polisheý-and etched samples in Chapter Four. 
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5.2.3 Magnesium in air-saturated 0.01 mol/dm 
3 

sodium hydroxide under a nitrogen blanket 

An identical experiment was performed on magnesium as described 
for Magnox in the last section, figs. 5.33 and 5.34. That the nitrogen 
blanket was effective in maintaining the pH above 11.5 was confirmed by 

the value for the pH of 11.93 found at the end of the experiment i. e. 
after 572L hours. The appearance of the electrode was dull with a white 

-film. visible on removal from the solution and subsýequent drying. 

The SIMS results, figs. 5.35 and 5.36, for a sample under the same 
conditions for 6 hours again show the presence of carbon throughout the 
film at similar concentrations to that found for Mg specimens in solu- 
tions open to the air. This may arise from carbon dioxide present in 

the air-saturated solutions or from carbon contamination in the UHV 

chamber. 

The Mg/O peak height ratio, fig. 5.36, indicates a gradual trans- 
ition from the oxygen rich environment of the outer film to-the metal 
rich environment near the base of the film, which makes the estimate 
of the film thickness difficult. The film would appear to be of the 

order of 70 :k 20 nm thick however, which is less than that for the 

magnesium specimen for which the solution pH had fallen to below 11.5. 
It must be stressed that only the early stages of corrosion are being 

investigated here, as it has been reported 
158 that initial oxidation 

proceeds more rapidly in Magnox alloys than in pure f4g. 

In the light of the fact that passivity appears to have been 

maintained, (in contrast to the situation described in section 5-1.3), 

then the behaviour of T needs explanation. Previously it has been 

stated that a decrease in T can be expected on the basis of substrate 
roughening, a process which would seem feasible if conditions were 
such that local corrosion could occur. Such a mechanism, i. e. local 

corrosion leading to a pitting type attack, would seem less likely 

when passivity has been maintained however. 

It is known that hexagonal close packed metals such as Be, 179,130 

Ti'80 and Cd ISO display different interference colours on various 
surface grains and it has been suggested that this is due to epitlxy 
between the grain and the oxide resulting in oxide films of different 

orientations and growth rates. As magnesium is also on h. c. p. metal 
a similar effect may be postulated with differential growth rates on 
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adjacent grains giving rise to a rough surface. The correlation 
length of this roughness and hence the effect on A and T will then 

depend upon the crystal grain size found in each metal. As Magnox 

has a larger grain size than Mg this may explain the different 

behaviour seen for Mg compared to Magnox. 

The grain boundaries in Mg and Magnox were revealed by etching 
in I_21% citric acid at 60% for 5 minutes and then examined under an 

optical microsýcofp e-to-reveal average-grain si-zes for Mg and Magnox of 
15P and 60P respectively. Although the average grain size for Mg is 

only I that for Magnox it is still large compared to the wavelength of 
the laser beam, 0.6311, but it is possible that the smaller correlation 
length of a rough film formed on Mg due to epitaxial film growth would 

affect T whereas the same film growth on Magnox would not. 

The grain size in Mg can be increased by a factor of 2 to 30P by 

annealing in argon at 500% for 1-1 hours but this is still less than 
the grain size in Magnox. It was decided that a better method would 
be to use a single crystal of Mg to test the hypothesis of a relation- 0 
ship between grain size and the effect of possible epitaxial film 

growth on the anomalous changes seen in T. 

5.2.4 Single crystal of magnesium in 0.01 mol/dm 
3 

sodium hydroxide 

solution under a nitrogen blanket 

A single crystal of magnesium was obtained from Goodfellow Metals. 
The orientation of this crystal was unknown. However, it is differ- 

ences in corrosion rates in differently orientated, adjacent grains 
that is being investigated rather than absolute corrosion rates on 
grains of a particular orientation. The crystal was polished ýnd 
etched as before and immersed in 0.01 mol/dm 

3 
sodium hydroxide for 

3 hours at -0.3 V vs rhe. The results in fig. 5.37 show a marked 
deviation in T of about l' after the first hour and a further l' the 

next two hours. The significance of this result is discussed in the 

next section. 



- 164 - 

(a) 

g6 

P 92 cu 

88 

84 

Start 

3 hrs 

41 41.5 42 415 43 

PSI/deg 

96 

, 92 cu 

C-1 88 

84 

42.5( 

cu 
42 - 

a- 

41.9 

023012 

TIME/hrs TIME/hrs 

Fig. 5.37 Single crystal of magnesium held at -0.3 V vs rhe in 
air-saturated 0.01 mol/dm 

3 NaOH under a nitrogen blanket 



- 165 - 

5.2.5 Discussion of results for magnesium and Magnox specimens 
immersed in 0.01 mol/dm 

3 NaOH under a nitrogen blanket 

The use of a nitrogen blanket seems effective in preventing the 
breakdown of passivity of both Magnox and Mg as the pitting attack, 
evident on the surface of samples immersed in solutions where the pH 
has fallen below -11, is absent. - For Magnox this results in ellipso- 

metric changes more characteristic of film growth than that seen 

previously but Mg still exhibits a combined drop in both-A-and T with 
T falling to values less than for the bare substrate. 

This can be explained by a metallic type layer between the sub- 

strate and the overlying film as discussed previously, but none of the 
likely corrosion films, Mg(OH )2' MgO and MgH 2' satisfy this criterion. 
A rough surface would also produce a fall in T to below the value for 

a bare surface (fig. 2.17b) but the results in sections 5.7 and 5.8 

indicate that this is not due to either a pitting type attack arising 
from a reduction in pli or from epitaxial film growth on differently 

orientated crystal grains. If roughening of the Mg substrate is 

affecting T then the mechanism by which this is produced is unclear. 

In view of the fact that the film formed during the oxidation of 
Magnox is more protective than that formed oil Mg then a tentative 

suggestion is that corrosion is channelled throu-h weak points in the 0 
corrosion film formed on Mg, and this leads to a roughening of the 

substrate. 

5.3 Further experiments on Magnox and magnesium at open circuit 
and fixed potential in 0.01 mol/dm 

3 
sodium hydroxide 

Further experiments were conducted at open circuit and fixed 

potential on these substrates in order to elucidate the effect of 
various inhibiting and depassivating ions, and also the effect of 
solution deoxygenation on the corrosion rate. These experiments 
were primarily aimed at studying the effect of these ions on the 
early stages of film growth using ellipsometry, but it was also 
hoped that further information could be obtained as regards the 
postulated rough substrate under certain conditions. 
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5.3.1 The effect of carbonate ions on the passive film formed on 
Magnox in sodium hydroxide solutions at pH > 11.5 

The adsorption of carbon dioxide in alkaline solution causes both 

a reduction in pH through the removal of OH_ ions and the formation of 
carbonate ions. Although a lowering of the pH below about 11.5 can 
increase the corrosion rate of Magnox, it has also been reported 

176 

that the presence of C02 results in the formation of basic magnesium 
carbonates which have a higher solubility-than magnesium hydroxide. 
If it is assumed that the passivity of Magnox is due to an insoluble 
film of Mg(OH )2 then increasing the solubility of this film will result 
in a higher corrosion rate. The adsorption of carbon dioxide may play 
a more direct role in depassivation. 

Which of these two mechanisms was primaý 
of passivity was investigated by immersing a 
specimen in 0.1 mol/dm3 NaOH containing 0.05 

carbonate under a nitrogen blanket. A more 
sodium hydroxide was used to maintain the pH 
neutralizin- effect of the bicarbonate ions: 0 

rily responsible for a loss 

polished and etched Magnox 

mol/dm 
3 

of sodium hydrogen 

concentrated solution of 

above 11.5 due to the 

HCO 3- + OH- -)- C03 2- 
+H20..... (5.2) 

From visual examination of the surface and the ellipsometric 
results, fig. 5.38, it would appear that passivity has been maintained 
which suggests that carbon dioxide causes depassivation by a reduction 
in pH rather than by the formation of carbonates in the film. 

5.3.2 The effect of fluoride on the corrosion of Magnox in 
0.01 mol/dm 

3 NaOH 

As discussed in Chapter One, dosing an aqueous solution with 
fluoride inhibits the long term corrosion of Magnox 40, 

possibly by 
incorporation of fluoride into the proposed barried layer in the form 
of a sub-micron oxy-fluoride layer. The effect of the addition of 
1000 ppm F_ in the form of NaF on the corrosion of Magnox during the 
first few hours in air-saturated 0.01 mol/dm 

3 NaOH under a nitrogen 
blanket was investigated ellipsometrically. The results in fig. 5.39 
for the optical results indicate broadly similar behaviour to non-F - 
dosed solutions, with a minimum in A of 98* suggesting that the fluoride 
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has not modified the optical constants for the bulk corrosion film. 

This agrees with the proposal by Case et al. 
49 

Although the initial corrosion rates are similar in both fluoride- 

dosed and fluoride-free solutions it would appear from the changes 

observed in A and T that the corrosion rate is slower in the fluoride 

dosed solutions after the first half hour. In view of the similar 

bulk optical constants of the films, this supports the suggestion that 

fluoride may be incorporated into a thin film near the metal/oxide 

surface, with slow transport of ions through this controlling the 0 

corrosion rate. 

5.3.3 The effect of solution deoxygenation on MagnoX and magnesium 

in 0.01 mol/dm 
3 

sodium hydroxide 

The effect of oxygen on the corrosion of both magnesium and Magnox 

has also been discussed in Chapter On 
' 
e. Although it has been stated 

39 
that oxygen can strongly modify the reactions of the magnesium anode, 

Blanchet 54 
and Khalaf 56 have found that Magnox and M, g can still corrode 

in deoxygenated solutions. 

A Magnox and magnesium sample were prepared as normal and briefly 

etched in a nitrogen atmosphere in situ. The previously N 2-saturated 
solution was admitted to the cell from a reservoir above, and a 

nitrogen blanket was maintained above the solution to reduce oxygen 

ingress. It was not possible to continually sparge the solution 

during the experiment as the bubbles would have scattered the light 

beam. 

The results in figs. 5.40 and 5.41 indicate that there is little 

difference in behaviour for both Mg and*Magnox, indicating that the 

reduction of oxygen to levels possible in the experimental arrangement 

used has not resulted in any apparent modification of the electrode 

processes. 

5.3.4 Magnox in 0.01 mol/dm 
3 

sodium hydroxide solution with the 

addition of 1000 ppm chloride 

The susceptibility of both magnesJum and Magnox to severe local- 

ized corrosion in the presence of chloride ions has been widely reported 

as discussed in Chapter One. Ellipsometry is not an ideal method for 
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studying metal surfaces after pitting has been initiated, as corrosion 

may depend upon processes occurring within the pit, 
181 

with only 

slight changes to the bulk of the surface film. Substrate roughening 

may also occur which can cause problems in interpretation. It can 
however be a valuable tool for studying the initial stages of pit 

nucleation 
73,74,77 

which are not fully understood at present. 
182,183 

These experiments were undertaken to investigate whether there is any 

overall degradation of the film or whether it is-ýpurely local corrosion 

as it would be with bare metal. 

A Magnox sample, polished and etched as before, was immersed in a 
0.01 mol/dm 

3 
sodium hydroxide solution containing 1000 ppm Cl- (2.25 g/ 

dm 3 M), a level of Cl- sufficient to cause spontaneous breakdown at 

the open circuit potential, and the ellipsometric parameters A and T 

were recorded. Pitting was observed visually after an induction period 

of about 20 minutes in a region located away from the incident beam, and 

after a further 40 minutes had elapsed a white film was visible on the 

substrate near the epoxy mounting. 

The results in fig. 5.42 indicate overall film growth was occurring 
in the region of the beam with the minimum for A in the A, T curve being 

similar to previous values found in non-chloride dosed solutions. This 

indicates that the bulk optical constants and film thickness after 2 

hours are similar for films grown under those differing conditions. 
Visible pitting however took place away from the region of the beam and 

when at the end of the experiment the beam was relocated near a pit the 

optical signal was lost due to scattering of the beam. 

The random fluctuations of T are particularly interesting and may 
be related to the potential fluctuations seen by several authors 

153,194,185 

and attributed to crack-heal processes. It is known 110 that Y is 

particularly sensitive to film roughness compared to A, and it may be 

postulated that these fluctuations are due to bare metal being trans- 

iently exposed at the base of flaws or defects which is in accord with 

modern theories of pitting. 
182 The fluctuations occur immediately on 

immersion in the presence of 1000 ppm Cl-, a feature also observed on 

other metals using noise analysis . 
1P, 2 

and supporting the hypothesis of 

continuous crack healing processes. 
186 The induction time before 

pitting has been measured by other techniques and is considered to be 
due to the time taken before a pit has survived long enough to become 
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self-sustaining. It can then be measured by other means such as 

visually or by the rise in current. 

In the region of the beam the cracks in the film are repaired 
before they can become established leading to overall film growth 
being observed, whereas at the edge of the film where there is more 
surface damage from mechanical polishing the pits become established, 
leading to severe localized attack. 

A useful experiment would have been to have scanned the laser beam 

across the surface of the sample so that changes happening in regions 
of film near a pit could be observed, but the facilities for this were 
not available at the time. 

5.4 Potential sweep experiments undertaken on Mg and Magnox in 

0.01 mol/dm3 sodium hydroxide 

In order to provide additional information on the electrochemical 

characteristics of the films formed on Mg and Magnox in the previous 

sections further experiments were conducted using potential sweeps. 

5.4.1 Anodic ramp results for magnesium and Magnox 

If a potential ramp is applied to either a Magnox or magnesium 

specimen immersed in 0.01 mol/dm3 sodium hydroxide at open circuit in 

the absence of aggressive anions then a characteristic current voltage 

response is obtained. There is an immediate rise in the anodic current 

on sweeping from E 
corr quickly followed by a plateau with a current 

density of ca. 0.14 A/m 2. At potentials above about 3V vs r. h. e. 
there is a sharp rise in the anodic current by several orders of magni- 
tude with corresponding severe local attack and oxygen evolution from 

discrete areas on the surface. If the voltage is maintained at these 
levels then the current continues to rise and a gradual darkening of 
the surface is seen, eventually leading to a marked roughening with 
small black pits being visible on optical examination. 

Associated with the anodic current on sweeping from Ecorr there 
are corresponding changes in A and T, a decrease in A of a few degrees 

and an increase in T of a few tenths of a degree. Reproducibility is 

poor however and above 3.2 V vs r. h. e. gas evolution makes ellipso- 
metric observation of the surface impossible with the electrochemical 
cell used. 
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This electrochemical and optical behaviour is seen in both air- 

saturated and nitrogen-saturated solutions regardless of whether E 
corr 

and the changes in A and T have been allowed to stabilize over the 

first half-hour. If however the sweep is undertaken immediately after 
immersion the effects of the sweep are complicated due to the rapid 

changes in A and T which occur in the absence of any applied potential. 
Typical results obtained 30 minutes after immersion are shown in figs. 

5.43 and 5.44 for Mg and Magnox samples subject to an anodic ramp of 
1 mv S-1 from E 

corr 
in air-saturated 0.01 mol/dm 

3 
sodium hydroxide 

solution under a nitrogen blanket. 

5.4.2 Discussion of the anodic ramp results 

Magnesium is already protected by a passive film in alkaline 

solutions, 
12,29,34,44 hence on sweeping anodically from its open 

circuit potential no current peak characteristic of an active passive 

transition is seen but rather a flat plateau with the anode current 
being independent of potential. In fact a corrosion current can be 

measured at'potentials considerably cathodic to E 
corr 

in alkali'ne 

environments 
51 

at which potentials rapid hydrogen evolution occurs. 
King 29 has postulated an anodic polarization curve for Mg in 1M NaOH 

based on current voltage curves and weight gain measurements of the 

type shown in fig. 5.45 with an active passive transition of ca. 

-2.4 V vs NHE. More recently Cowan and Harrison 51 
using a rotating 

disc electrode and impedance measurements for Mg in 1 mol/dm 
3 KOH have 

stated that this transition occurs at -2600 mV sce, with a reduction 

in the corrosion current from a maximum of -1 A/m 2 
at E- -2800 mV sce 

to 0.2 A/m 2 
at E> -1400 mV sce. 

Although Young 187 
states that Mg can behave as a valve metal under 

certain conditions these results suggest that the passive film formed 

under these conditions is not a highly insulating film. This is 

indicated by the weak field that can be maintained across the film 

before the transpassive region is reached. In contrast the films 

formed by more typical valve metals such as that formed on aluminium 
in neutral solution 

lp"Ct 
are able to support a much higher voltage before 

breakdown. The premise that the film is a poor electronic conductor 

may be proposed. If the film is a good conductor then oxygen evolu- 
tion might be expected across the whole oxide surface at potentials 
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only slightly anodic to 1.2 V vs rhe rather than the localized attack 

seen at potentials in excess of 3V vs rhe. 

If in keeping with the previous discussion a thin film of MgO is 

located underneath a more porous top layer of Mg(OH )2 with the kinetics 

of the corrosion reaction being controlled by diffusion through this 
MgO layer, then the electrical properties of this film are of interest. 

Mitoff 
j? 'q has discussed the electrical conduction of MgO and states 

that--it is a mixed electronic and ionic conductor7ýthb relative import- 

ance of each being a function of temperature, partial pressure of oxygen 

and impurity content. Mitoff reports that widely different results 
have been reported by different investigators however and states that 

transport phenomena in MgO are complex. 

Magnesium hydroxide is described as being a poor electronic 
conductor. 

32,34,44,46 However, if the solution permeates through a 

porous film of Mg(OH )2 with corrosion being controlled by slow ion 

transport through e. g. an MgO layer, then this obviously is of little 

importance. No information could be found in the literature concerning 
the electrical properties of MgH 

5.4.3 Cyclic voltammetryof Mg and Magnox in 0.01 mol/dm 
3 

sodium hydroxide solution 

Further experiments were undertaken under fast sweep (200 mV s-1) 
conditions to enable more information to be gained on the electro- 
chemical and optical behaviour in 0.01 mol/dm 

3 NaOH. The sweep was 
begun anodically from a potential slightly cathodic to Ecorr and 
reversed at a potential cathodic to the transpassive region, usually 
at about 2.5 V vs rhe. The cycle was then repeated once the starting 
potential had been reached on the cathodic sweep. The voltage applied, 
resulting current, A and T and the time were all logged on the micro- 
computer using the fast data acquisition program, GETPLT3, described 
in section 3.5.2. The initial results were obtained in the absence 
of any inhibiting or aggressive anions but later experiments were 
carried out in fluorided solutions and also in the presence of varying 
concentrations of chloride ions. 
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5.4.4 Mg and Magnox in 0.01 mol/ m3 sodium hydroxide 

The results for both Mg and Magnox are again broadly similar, 
figs. 5.46-5.50. Starting in the hydrogen evolution region, fig. 5.46, 

the cathodic current quickly falls as E 
corr 

is approached after which 
2 

an anodic current is seen rising to a plateau of ca. 2-3 A/m On 

reversing the sweep the anodic current falls immediately to zero with 
no hysteris%*sor visible pitting and no measurable cathodic current until 
hydrogen evolution is reached. ON the second and subsequent anodic 
sweeps there is initially no resultant current once the potential is 

anodic to E 
corr until a further over potential of about I volt has been 

applied, when a small potential dependent anodic current occurs rising 
to a value roughly half that of the plateau current on the first sweep. 
On the second and subsequent cathodic sweeps the current is again zero 
until the hydrogen evolution region is reached. It is also notice- 
able that the peak cathodic current due to hydrogen evolution and also 
the peak anodic current decrease with time i. e. with increasing the 

number of sweeps, figs. 5.51 and 5.46. 

Corresponding changes in A and T to the above anodic currents are 
seen, figs. 5.47-5.5-0, with a large decrease of ca. 2* in A on the first 

anodic sweep and an increase in T of a few tenths of a degree. Much 

smaller changes occur on the second and subsequent anodic sweep in line 

with the much smaller anodic current. There are no changes in A and T 

on any of the cathodic sweeps. The changes give rise to a 'staircase' 

type plot if A and T are plotted against time (figs. ý. 48 and 5.50). 

A Magnox specimen that had been immersed for 9 hours under a 
nitrogen blanket was also subject to a potential sweep to see whether 
similar behaviour would be observed for the much thicker corrosion film 

existing after this time. This was indeed the case although the 

changes in A and T were markedly less and A showed an increase with 
increasing anodic current rather than a decrease. This is as expected 
on the basis of theoretical predictions for film growth from the point 
on the A, T curve from which the potential sweep was begun. 
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5.4.5 Discussion of cyclic voltammagrams in 0.01 mol/dm 
3 

sodium hydroxide 

It is apparent from these results that uniform film growth is occur- 

ring ., md. 1nTy on- the first anodic sweep but also to a lesser extent 

on the second and subsequent anodic sweeps. No removal of the film 

is seen on the cathodic sweep. Reduction would not of course be 

expected given the very electronegative. potential for the reaction: 

Mg(OH)2 + 2e = Mg + 20H 

E' = -2.7 V vs NHE, -3.4 V vs RHE 

Neither is there any chemical dissolution of the films formed at high 

potentials. 

It may be surmised that the film being formed on the anodic sweeps 
is of fairly low conductivity. This can be inferred from the marked 

reduction in the anodic current and the reduced changes in A and T 

between the first and second anodic sweep, and also by the gradual 

reduction in I 
max 

for both the hydrogen evolution current and the 

anodic current with the increasing number of potential sweeps. 

The current on the second and subsequent anodic sweep is then due 

to a leakage current, 
190 through weak points in the film such as flows, 

micro-fissures, micro-cracks, invisible blisters, incorporated impuri- 

ties and other surface defects. This leakage current is fairly high 

and again indicates the relatively poor dielectric properties of the 
film formed on magnesium and Magnox under these conditions compared 
with more typical valve metals. The imperfect nature of the passive 
film formed on the anodic sweep is also indicated by the fact that the 

corrosion film continues to grow if the substrate is left at open circuit 
after an anodic sweep as evinced by the changes in A and T. 

3 5.4.6 Magnox in 0.01 mol/dm sodium hydroxide with the addition 
of 1000 ppm fluoride 

It has been suggested 
49 

and discussed previously that fluoride 0 
may be incorporated into the proposed barrier layer in the form of a 
sub-micron oxy-fluoride layer and that transport of ions through this 
layer may control the corrosion kinetics. If this is the case then 
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the effect of fluoride ions may be to make the corrosion film less 

'leaky'. This proposal was investigated by recording the cyclic 

voltammagram of Magnox in 0.01 mol/dm 
3 NaOH dosed with 1000 ppm 

fluoride. The results in figs. 5.52 and 5.53 however show that again 
there is little difference in the electrochemical and optical response 
in fluoride dosed and fluoride free solutions in the short term. 

5.4.7 Magnox and magnesium in 0.01 mol/dm 
3 NaOH with the addition 

of 10,100 and 1000 ppm Cl 

The results for the cyclic voltammetry of both Mg, and Magnox in 
the absence of and in the presence of 10,100 and 1000 ppm chloride ions 

are shown in figs. 5.54-5.59. No attempt has been made in these 

experiments to measure the breakdown and repassivation potentials which 

are sweep rate dependent 191 
and require slower potential sweep rates 

than were used in these experiments. They were undertaken to get an 
idea of the electrochemical and optical properties of surface films in 

the presence of varying concentrations of chloride ions. 

Little difference is seen between solutions containing 10 ppm Cl 

and chloride free solutions but on the addition of 100 ppm Cl- the 
leakage current is seen to increase although this is not reflected in 
the changes in A and T. This suggests that pitting may be initiating 
in a region away from the light beam and indeed small pits could be 

seen on the surface of the sample on removal from the solution. 

In the presence of 1000 ppm Cl- there is a marked rise in current 
for both samples at about 1.5 V vs rhe. The current continues to grow 
on the reverse sweep leading to marked hysteris due to active pit 
formation. The surface of both electrodes became covered with small 
pits from which a steady stream of hydrogen was evolved. Similar 
behaviour has been observed for Mg in solutions containing high concen- 
trations of chloride ions 44 for sweep rates of 300 mV s-1. On the 

successive anodic sweeps film breakdown occurs at lower and lower 

potentials indicating that there is either incomplete passivation of 
the pits on sweeping cathodically to the hydrogen evolution region or 
hydrolysis has resulted in lowering the pH in the pit to a value where 
breakdown of the passive film is easier. 

The ellipsometric results are inconclusive as they only represent 
what takes place in the region of the beam whereas pitting is a highly 
localized process. Film growth does appear to occur normally up to the 
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potentials at which breakdown of the film takes place, but after 
this the signal for Mg becomes very noisy, probably due to the 

hydrogen evolution in the surface. The ellipsometric results for 

Magnox indicate normal film growth as seen in non-chloride containing 

solutions but again this may not reflect accurately what is 
happening across the whole surface. 
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Introduction 

This chapter describes the additional experiments which were 
conducted in order to obtain a deeper insight into the processes 
occurring on Mg and Magnox when the solution pH falls below 11.5. 

6.1 Experiments on 
I mol/dmi sodi 

and Magnox in neutral solutions i 
ydroxide 

6.1.1 Magnesium in distilled water 

X- Mg sample was polished and etched in 0.2% citric acid, as 
described in Chapter 5, then immersed in distilled water at open circuit 
for 9 hours. Soon after immersion hydrogen bubbles were visible on the 

surface of the Mg and were removed periodically by pipette. On removal 
from solution a white film was visible on the Mg surface which darkened 

over a period of 24 hours to give interference colours of brown, purple, 
green and yellow. Fig. 6.1 indicates the rapid changes in A and T 
during the first thirty minutes. Although the rate of change slowed 
down after this initial period there was a much larger overall change in 
A and T than was the case in more alkaline solutions. The changes in T 

under these conditions are significantly different to results obtained 
in solutions in which the pH was changing from 12 to values below 11.5. 
The initial decrease in T occurs earlier than is the case at higher pH 
values (-10 minutes compared to about 1-2 hours) and is followed by an 
increase after 2 hours which gives rise to the 'loop' seen in fig. 6.1. 
This trend of an early reduction in T followed by an increase after 
several hours is reproducible. 

The ellipsometric result in fig. 6.1 can not be modelled theoret- 
ically using a single film but a very rough estimate of the film thick- 
ness can be obtained by this method. A closed A, T curve or 'egg' is 

produced, (fig. 6.2), for a film of Mg(OH )2 (n = 1.56, k= 0) on Mg 
(n = 0.85 ,k=5.85) when the film has grown to -340 nm. If it is 
assumed that the changes in A and T in fig. 6.1 correspond to the trav- 
ersal of three-quarters of the closed curve then the film thickness 
would be about 250 nm. This value is in reasonable agreement with a 
film depth of 200 ± 50 nm obtained from changes in the Mg/O ratio with 
depth using SIMS for a Mg sample immersed in distilled water. 
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6.1.2 Magnox in distilled water 

A Magnox sample was polished and etched in 0.2% citric acid and 

immersed in distilled water for 6 hours. Hydrogen bubbles were visible 0 
on the surface soon after immersion and were removed by pipette. The 

appearance of the sample was very similar to that of the Mg in the 

previous section -a white film visible on removal which slowly chanodd 

on drying in air to give interference colours of purple and green. 

Much larger changes were seen for A and T, (fig. -6.3) than was the 

case for Magnox in alkaline solutions but no reduction in T was observed, 

unlike the changes in A and T recorded for Mg immersed in distilled 

water. Using the theoretical curve in fig. 6.2 a very rough estimate 

of -150 nm for the film thickness was calculated. This value is 

rather less than the figure of 300 nm obtained from SIMS using the 

variation of the Mg/O ratio with depth. 

6.1.3 Magnesium in I mol/dm 
3 

sodium hydroxide 

The ellipsometric results for a Mg specimen polished and etched 
then immersed in air-saturated I mol/dm 

3 NaOH, fig. 6.4, are broadly 

similar to those in 0.01 mol/dm 
3 NaOH. There is an initial rapid 

decrease in A accompanied by a slight increase in T. After about 20 

minutes the rate of change of A slows down and after about 30 minutes 
T begins to decrease. The appearance of the electrode after 6 hours 

immersion was in marked contrast to that observed in distilled water 
with no visible film present on the electrode. 

This result indicates that increasing the pH of the solution 
beyond about 11.5 has little effect on the corrosion of Mg which is 

in marked contrast to the retult obtained for Magnox in the following 

section. 

6.1.4 Magnox in 1 mol/dm 
3 

sodium hydroxide 

When a polished and etched Magnox sample is immersed in air- 
saturated I mol/dm 

3 NaOH a ch ' aracteristic A, T curve is observed. 
Over a period of about 30 minutes T at first increases, then decreases 

and increases again. Although slight changes in A and T were noted on U 
repeating the experiment the trend in T was reproducible as evinced by 

the two results in fig. 6.5. These results are different from any of 
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those seen previously for either Magnox or Mg and again can not be 

explained by a single non-absorbing film model. However, the much 
larger changes in A and T in 1 mol/dm 

3 NaOH compared to 0.01 mol/dm3 
NaOH indicate that there is greater film growth in the more alkaline 
solution. 

6.2 Computer modelling f rough films 

6.2.1 Determining A and T for a rough surface 

Many of the ellipsometric results in this thesis can not be 

explained by the model of a single non-absorbing film growing on a 
smooth homogeneous substrate. However, marked deviations from this 

model are predicted if substrate roughening is taken into account. 
This proposal of a rough substrate was investigated by computer simula- 
tions using multi-film models. 

The various theories used to describe reflection from rough 
surfaces have been discussed in section 2.6. The theories relevant 
to microscopic roughness fall into two groups - those representing an 

undulating surface with a correlation length very much larger than the 

wavelength of light, and effective medium theories which are applicable 
to roughness with a correlation length less than the wavelength of light. 
It would seem reasonable to assume that substrate roughening of Magnox 

and Mg arises from localized corrosion processes such as pitting and 
will not be well represented by a smoothly undulating surface. The 

scattering type theories are thus not applicable. 

Effective medium theories treat the roughness as a separate layer 
having its own optical identity which is dependent on the optical 
constants of the inclusions (fig. 6.6). The rough layer can be treated 

as a single film or subdivided into a series of 'slices' each with 
different optical constants. Evaluating the values of A and T due to 

reflection from such films involves several steps: 

1. Calculate the volume fraction of each component in the rough layer(s). 

2. Using the volume fractions obtained above, and the optical constants 
of the individual components in each fraction, evaluate the optical 
constants of the combined phase(s). 

3. Determine the values of A and T due to reflection from the multi- 
layered film from the optical constants of each layer. 
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The first step requires an assumption as to the form of the 

surface topography. In the absence of any information as to the 

density profile of the rough layer various geometric models which 

have been used by other authors were chosen. 
116,131 These were 

triangular ridges, hemispheres, cones, inverse hemispheres and 

inverse cones (fig. 6.7). The volume fraction of substrate, Vf, 

lying between heights 06z1A ;Sz2 /h ; ýl above the basal plane for 

these topographies is given by: 

triangular ridges 

Vtr = )/2h f1- (z, + z2 

hemispheres 

Fh Z, 
2+zz+2 

Tr f12 Z2 

R2 4 

close packed cones 

(6.1) 

(6.2) 

vc 1-z, + z2 +z2 
21 

IT ..... 
(6.3) 

fI+ ZlZ2 + z2 
. 

h 3h 24 

inverse hemispheres 

Vih =I-vh..... (6.4) 
ff 

inverse cones 

v Ic vc..... (6.5) 
ff 

Each of these geometric models has a different density profile (fig. 

6.8). The close packed cones have the least proportion of substrate 
in the mixed phase and the inverse cones model the most. The other 

geometries fall between these two extremes. All these models are 
highly structured and are unlikely to represent a true rough surface 
but were chosen to give an idea of the effect of different topographies 

on A and T. 
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Once the volume fraction of the individual components of the 

mixed phase has been obtained then the optical constants of the mixed 

phase can be evaluated. The most suitable theory for this calculation 
is Bruggeman's effective medium approximation which is self-consistent 
and does not differentiate between the two phases. Bruggeman's EMA 

equation has been given in Chapter 2: 

f 
a[6a 

fb r6 
b': -6 

1 
-F =0..... (2.72)- [E: ýTEJ 
- a+ 

1+ 

where E:, E: 
a and E: b are the (complex) dielectric constants of the mixed 

phase, and the phases a and b respectively, fa and fb are the volume 
fractions of a and b in the mixed phase. 

Expanding equation (2.7,2) and using the identity, fb= 1-f 
a, 

the 
following equation is obtained: 

-2 -2E: + E: [3f b 
E: 

b- 3f b 
E: 

a+ 
2E: 

a-E: b3 + EaEb =0... (6.6) 

This is a quadratic equation of the form: 

F- 2+ bE: +c=0..... (6.7) 

where a= -2, b= 3f bEb- 3f bEa+ 2E 
a-Eb and c=c6 b' It can 

easily be solved by using the general solution for a quadratic equation: 
I 

E= -b ± 
/77 

4ac ..... 
(6.8) 

2a 

Two values for E are obtained from equation (6.8). One of these 

will have a negative value for E: " and is rejected. 

El and E" can be related to n and k using equations given in 
Chapter 2: 

n2 _k2 

Ell = 2nk 

(2.29) 

(2.30) 
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Substituting for n in equation (2.29) and rehrranging gives: 

4k 4+ 4E: 'k 2_E1,2 
=. (6.9) 

This is another quadratic and can again be solved using equation 
(6.8) to give: 

*f1 
-0.5F-'* + 0.5v/E: 2+ kF- u2 12 

If k is finite then from equation (2.29): 

n= [c' + k2] . (6.11) 

otherwise 

I 
E: 12 

..... 
(6.12) 

When the optical constants for each of the films representing the 

rough layer and the surrounding media are known then A and T can be 

calculated e. g. by using McCrackin's program described in section 
4.12.3. This program was adopted to perform the previous calculations. 
On input of the optical constants of the top film and the required 

surface topography it calculated A and T for various thicknesses of 
top film and rough layer. This program is appended in A4. 

6.2.2 The effect of varying the number of films used to model the 

rough layer 

The effect of subdividing the rough film into several 'slices' 

was investigated for all five geometries by comparing results calculated 
by: 

(a) treating the rough layer as a single film, 
(b) dividing the rough layer into 30 slices, 
(c) dividing the rough layer into 80 slices. 

Differences in A and T between these three approaches were compared 
for rough films of 0-40 nm on a Mg substrate (n = 0.345, k=5.85) under 
a non-absorbing (n = 1.48, k= 0) top film varying from 0 to 140 nm in 
thickness for an angle of incidence of 70'. Significant differences 
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were seen between (a) and (b) e. g. for 100 nm of top film and a 30 nm 
rough layer the single film model gave values of A= 86' and T= 41.2* 

compared to values of A= 89* and T= 42' for the 30 slice rough layer. 
The fit between (a) and (c) becomes progressively worse as the thickness 

of both the top layer and rough film increases. Large differences of 
several degrees in A and T are observed for rough films greater than 
30 nm and top films thicker than 100 nm. The fit between (a) and (c) 

is also dependent on the-, surface topography of the rough layer. The: - 
order of best fit is: 

Best Worst 

inverse hemispheres: hemispheres: triangular ridges: cones: inverse 

cones 

No differences were seen between (ý) and (c) i. e. on increasing the 

number of slices in the rough layer from 30 to 80. 

It is apparent from these results that it is not acceptable for 

this application to model the rough film as a single layer, and computer 
modelling of the experimental results was therefore undertaken using a 
30 slice film. 

6.2.3 Comparison between the various geometries used to represent 
rough layer 

A comparison was made of the various geometries described in 

section 6.2.1. The values of A and T were plotted for 120 nm of a 
non-absorbing film (n = 1.5, k= 0) grown on rough layers of varying 
thickness from 0 to 30 nm on a Mg substrate (n = 0.395, k=5.85) and 
are shown in fig. 6.9. All the geometries result in a reduction in 
A and T from the smooth substrate values. This reduction increases 
in magnitude as the rough film becomes thicker and as the top film 
becomes thinner. 

Three of the geometries - triangular ridges (fig. 6.9a), hemi- 
spheres (fig. 6.9b) and cones (fig. 6.9c) give very-similar results. 
The inverse cones (fig. 6.9e) model gives slightly less changes in 
A and T compared to the other models. The other geometry, inverse 
hemispheres (fig. 6.9d) gives a much greater change in A and T for a 
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given thickness of rough layer. Reducing the refractive index of 
the top film, fig. 6.9f, from 1.5 to 1.4 also results in an increase 

in the changes of A and T from the smooth substrate values. 

6.2.4 Computer modelling of experimental results 

Modelling of a rough surface underneath a film using the procedure 
described in section 6.2.1 involves several variables: 

1. n and k of the substrate 
2. n and k for the top film 
3. surface topography 
4. thickness of the top film 
5. thickness of the rough layer 

The changes of the variables (2)-(5) above with time also has to 
be considered e. g. does the rough film grow at the same rate as the top 
film, does the surface topography of the rough surface and the refractive 
index of the top film remain constant. The trial and error method of 
modelling experimental results used in section 5.1 is unlikely to give 
satisfactory results for such complicated models. 

The procedure used was to generate a A, T 'map' for each of the five 

surface topographies for various thicknesses of top film and rough layer 
(fig. 6.10). This process was repeated for several values of n for the 
top film and the effect of slightly altering n and k for the substrate 
was also considered. The experimental result was then overlaid over 
these 'maps' and if possible a fit was obtained between the experimental 
result and the theoretical predictions. The use of this technique is 
discussed in the next section. 

6.3 Computer simulations of experimental results using rough films 

6.3.1 Magnox in 0.01 mol/dm 
3 

sodium hydroxide 

The procedure described in the previous section was applied to the 
ellipsometric results obtained for Magnox, in air-saturated 0.01 mol/dm 

3 

NaOH (figs. 5.11-5.13). Part of the experimental results could be 
modelled by first growing a non-absorbing film on a smooth substrate 
and then roughening the substrate. Fig. 6.11 illustrates the result 
for a rough film based on triangular ridges compared to an experimental 
result. A non-absorbing film (n = 1.48, k= 0) is grown to a thickness 
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of 55 nm then the rough layer begins to grow at an exponential rate 

with respect to the top layer, (fig. 6.12). 

This model is applicable to the period when T begins to decrease 

and is consistent with the proposal of localized corrosion arising 
from a reduction in pH and consequent loss of passivity. However, 

there are marked deviations between the theoretical predictions and 
the experimental result if both the-rough film and the top film continue 
to increase in-thickness. -The theoretical model predicts an increase- 

in T after a decrease of several degrees whereas T in the experiments 
continues to decrease. At longer immersion times the reflected beam 

becomes more diffuse which indicates that a larger proportion of light 

is being scattered. The differences between the theoretical prediction 

and experimental result may therefore arise from errors in the theoret- 

ical model which is applicable for specular reflection and microscopic 
roughness. 

A better fit between the experiment and the theoretical prediction 

was attempted by the use of more sophisticated models. It was found 

that a continued decrease in T is predicted if the refractive index of 

the film incorporated into the rough layer decreases. Fig. 6.13 

indicates the predicted values of A and T for a duplex film composed 

of a porous top film (n = 1.46, k= 0) overlying a more dense film 

(n = 1.56, k= 0) with a rough substrate underneath. When the combined 
thickness of the top two layers has reached 100 nm it remains constant 

and the rough layer begins to thicken. In addition the refractive 
index of the film incorporated in the rough layer decreases gradually 
from 1.56 to 1.37, (fig. 6.14). The correlation between this more 

sophisticated model and the experimental result is much better than 
that obtained with the previous model. However, an exploration as to 

why the refractive index of the film incorporated into the rough layers 

should decrease is required. 

An explanation for this decrease would be if a gas was produced 
at the metal/film interface resulting in the production of voids. 
The blistering of steels due to the accumulation of 6lecular hýdrogen 
in voids as a result of corrosion is a well-known phenomenon * 

19 

As the cathodic reaction in the corrosion of Mg is hydrogen evolution 
then it is reasonable to assume that there is a possibility of 
molecular hydrogen being present at the interface. 
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6.3.2 Magnesium in distilled water 

The experimental results in fig. 6.1 for magnesium in distilled 

water was compared to the theoretical A, T values predicted using rough 

substrate models. It was impossible to obtain a good fit between 

experiment and theoretical predictions for a model similar to that used 
for Magnox in section 6.3.1. This resulted in modifications in the 

computer program to allow for variation in a surface coverage of the 

rough layer. Fig. 6.15 indicates the results obtained using cones to 

represent the rough layer for non-absorbing films of n=1.56, n=1.48 

and n=1.42. The rough film grows at a constant rate 1/7 that of the 

top film and the area of coverage of the rough film increases by 1% per 
2 nm increase in thickness of the top film. The changes in thickness 

and surface coverage of the layers is given in fig. 6.16. 

The variation in surface coverage of the rough layer from 0 to 100% 

can be explained by a pitting type mechanism. Small pits are initiated 

on the surface which grow laterally and vertically. If the pits 

continue to grow laterally and more pits are initiated on the surface 
then after a certain period the whole surface will become rough and will 

correspond to a 100% surface coverage of the rough layer. 

The best fit between the theoretical prediction and the early 

stages of film growth (figs. 6.1 and 6.15) is obtained for a refractive 
index of n=1.48 for the film overlying the substrate. In the later 

stages of film growth a value of n=1.42 gives a better correlation 
between experiment and theory. This implies that the film is fairly 

porous initially (n = 1.48 compared to n=1.56 for Mg(OH )2 ) and becomes 

even more porous i. n the later stages of film"growth. This would occur 
if the top film slowly dissolves in the solution. The dissolution of 
Mg(OH) 2 is dependent on the pH with the dissolution rate increasing 

with decreasing pH. 
43 An increase in porosity or the film ages would 

thus appear likely. 

6.3.3 Magnox in distilled water and 1 mol/dm3 sodium hvdroxide 

It is not possible to model the ellipsometric results for either 
Magnox in water, or in 1 mol/dm 

3 NaOH using rough films as described 
previously., The values of A and T obtained for Magnox in water however, 
can be modelled if slightly different optical constants are used for 
the bare surface (ns = 1.2 and ks = 5.68 compared with ns = 0.75 and 
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ks = 5.85). The results in fig. 6.17 then indicate that a fairly 

porous film (ns = '. '6, ks = 0) of about 160 nm has formed on Magnox 

after 4 hours immersion in water. 

The result 'in HaOH is much more difficult to model, particularly 

with respect to the behaviour of A. T The results can be modelled 

roughly by using a single metallic film growing in the Magnox surface 
(n f=1.56, kf=5.75) fig. 6.18. This is quite different to the 

rough films considered previously which had optical constants inter- 

mediate between a rough film and Mg or Magnox. 

The mechanism by which the optical constants of the metal surface 
may change is unclear but the observation that it does not occur on Mg 

suggests it may be due to the presence of one of the alloy constituents 
such as aluminium. If selective leaching of one of the alloy components 
occurred, as is the case for e. g. brass in seawater, 

193 then it is 

possible that the surface layers of the metal may become enriched with 
the remaining components. This would then have the effect of changing 
the optical constants of the underlying substrate. 

6.3.4 Discussion of theoretical modelling of experimental results 
for films grown on Mg and Magnox using rough layers 

The results in sections 6.3.1 and 6.3.2 illustrate the success that 

can be achieved in modelling complicated results using models which 
take account of surface roughening. The major problem in calculations 
of this nature using multi-parameter computer simulations is the lack 

of experimental parameters measured. The experimental results do not 
permit all the variables such as thickness of each layer, optical 
constants of the films etc., to be determined with any degree of 
accuracy. Confirmation of these predictions was therefore sought 
by further experiments. 
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6.4 Further experiments to investigate the proposal of substrate 
roughening 

6.4.1 Ellipsometric investigations 

One way in which the number of experimentally determined parameters 
can be increased is to vary the angle of incidence or the wavelength of 
light used. Snyder et al. 

194 have recently published work describing 
the use of this technique. They determined the thickness and compos- 
ition of multiple layer semiconductor heterostructures and found good 
agreement between theoretical predictions and experimental results. 

The effect of varying both the angle of incidence and the wave- 
length of light for a rough model similar to that in section 6.3.2 is 

shown in figs. 6.19 and 6.20. The ideal result would be for a large 

change between the predictions for the rough model on changing either 
the wavelength or the angle of incidence. It is also a requirement 
that there should be significant differences between the result based 

on a rough substrate and one based on a smooth film/substrate interface. 
Changing the wavelength of light from 632.8 nm to 400 nm does not 
result in large differences in the predicted result for this model. 
Changing the wavelength to 400 nm would also necessitate the use of 
the xenon arc lamp which gives a less intense incident beam compared 
to the He/Ne laser. It was thought that this would be a problem in 

monitoring film growth on Mg in distilled water due to the appreciable 
scattering of the light beam by the fairly thick film which forms. 

Changing the angle of incidence does have a marked effect on the 
results predicted by the theoretical models. It was decided to use an 
angle of incidence of 50' to record the film growth on Mg in distilled 
water as this angle of incidence produced a quite different result to 
that at 70'. Although the result in fig. 6.21 does not correspond 
to the prediction in fig. 6.20, the behaviour of T does suggest that 
substrate roughening does occur. The differences between figs. 6.20 
and 6.21 may thus be due to variations in topography of the roughened 
substrate between the samples in the two experiments. This problem 
of reproducibility could have been resolved by obtaining values of A 
and T at various angles of incidence throughout an experiment. 
This was not done however due to lack of time. 
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6.4.2 Other methods of investigation 

There are various techniques available for examining the topo- 

graphy of rough surfaces, by scanning electron microscopy (SEM), 

transmission electron microscopy (TEM) and stylus measurements. 
All of these techniques have been used to study rough surfaces in 

conjunction with ellipsometric analysis. 
121,130,131 Evaluating the 

topography of.. a bare surface or the film/air interface however, requires 
the removal of either the film or the substrate whilst retaining the 

original topography. A common technique is to obtain a thin slice 

or cross section of a filmed surface using an ultramicrotome and then 

examining this section by TEM. 
195 

Alternatively carbon replicas of 
fracture sections can be prepared and analysed by TEM or SEM. 

TEM has much higher resolution than SEM but the preparation of 
the very thin samples necessary for TEM requires a high degree of 
skill and the use of, e. g., an ultramicrotone or ion beam thinning. 
For these reasons SEM was chosen to study the topography of the Mg 

substrate underneath corrosion films grown in various environments. 

Thin magnesium foil was polished and etched in 0.2% citric acid 
then immersed in demineralized water or 0.01 mol/dm3 NaOH, with and 
without a nitrogen blanket. The samples were then placed in liquid 

nitrogen for about I minute and then bent into aY shape using 
tweezers (fig. 6.22). On removal from the liquid nitrogen the samples 
were air-dried and sputtered with gold before examining in the SEM. 
It was hoped that this technique would produce cracks in the oxide film 

through which the film/substrate interface could be observed. This 

method has proved successful in investigation of substrate roughening 
under anodic films grown on aluminium. 

196 

Initial experiments indicated that the cracks produced by this 
treatment were too narrow to permit observation deep within the crack. 
Increasing the angle through which the samples were bent widened the 

cracks and did permit observation of the base of the cracks. Unfortun- 

ately there still appeared to be a film present at the base of the crack 
as well as considerable debris and surface damage presumably arising from 
the preparation of the fracture. The debris could be removed by ultra- 
sonic cleaning in an inert solvent but this would not resolve the problem 
of surface damage due to the preparation of the fracture. In hindsight 
it would seem that an alternative technique is needed such as TEM analysis. 
Unfortunately lack of time and the necessary equipment precluded this. 
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CHAPTER 7 SUMMARIZING REMARKS 
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This thesis is a report of an investigation into the early 

stages of corrosion of Magnox and Mg in alkaline environments. ' 
Most of the work was undertaken in situ using an automatic nulling 

ellipsometer in conjunction with an electrochemical cell. In vacuo 
surface analysis using SIMS and Auger spectroscopy with ion beam 

sputtering has been used, where possible, to provide additional inform- 

ation and to confirm the ellipsometric-results. Although none of the 

experimental data conformed to an ideal model of a single homogeneous 

film growing on a smooth substrate, considerable information was 

obtained from the use of ellipsometry. 

The rate of corrosion of Magnox in air-saturated 0.01 mol/dm 
3 

NaOH, in the absence of aggressive ions, is initially rapid, with the 

film growing from 45 nm to 85 nm in the first 90 minutes. The corro- 

sion rate decreases thereafter to a roughly linear increase in film 

thickness with time. After 7 hours immersion at 20% the film thick- 

ness is about 100-120 nm. This value is in good agreement with results 

obtained by ex-situ analysis using AES (113 ±9 nm for a sample immersed 

under identical conditions for 6 hours). SIMS analysis of a sample 

under these conditions gave a slightly larger film thickness (150 nm 
after 6 hours immersion). These differences may arise from experi- 
mental variation between samples, or in the case of SIMS, from matrix 
effects. 

The initial rapid fall in the rate of corrosion of Magnox in air- 
saturated 0.01 mol/dm 

3 NaOH indicates that the film formed during the 
first 30. minutes is protective. However, although film growth continues 
throughout the experiment, as evinced by the changes in A and T, the 

corrosion rate remains fairly constant after the first 90 minutes. 
This suggests that the film formed after the first 90 minutes may not 
be protective which in turn implies a bi-layer film may exist such as 
that proposed by Bradford et al. 

49 They put forward the idea of a 
permeable top film through which water molecules could permeate. 
The corrosion rate is then dependent on the thickness and transport 
processes occurring across the underlying protective or 'barrier' layer. 
The model of a bi-layer film and the proposal of a porous top film were 
examined by computer simulations. The bulk corrosion film was found 
to be very porous. Nb evidence of an underlying film was found but 

a limit of 5 nm was given for the thickness of this film on the basis 

0 
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that it is composed of MgO. This limit is considerably less than 

the previous value of 100 nm obtained by ion beam studies. If the 

'barrier'-film is composed of M44 then this limit is reduced even 

further. In addition to being fairly thin, potential sweep results 

indicate that the underlying protective layer is 'leaky' and not 

highly insulating. 

Reducing the oxygen content of the corrodent from saturation to 

f ai rl y1 ciw -1 e-vje1s - has no ef f ect on the corros i on of both Mg -drid 'Magnox 

in 0.01 mol/dm 
3 NaOH. This is in accord with results obtained by 

Blanchet 54 
and Khalaf. 56 It is possible though that very low levels 

of oxygen may modify the electrode reactions but facilities for 

investigating this were not available. 0 

The addition of 1000 ppm fluoride does not modify the bulk optical 

constants of the corrosion film on either Mg or Magnox in 0.01 mol/dm 
3 

NaOH. However, the corrosion rates are less after the first half-hour 

in fluoride dosed solutions compared to solutions in which fluoride is 

absent. This does support the suggestion 
49 that fluoride may be 

incorporated into a thin film near the metal/oxide surface, with slow 

transport of ions through this controlling the corrosion rate. On 

investigation of Mg and Magnox in fluoride dosed solutions by potential 

sweep experiments however it was found that the fluoride had not improved 

the poor insulating properties of the protective film. 

The deleterious effect of chloride was due to purely localized 

corrosion processes such as pitting as would be the case with bare metal. 

No modification of the bulk film was observed as might be the case if 

anion entry into the film resulted in a greatly increased ion conduction 

in the 'contaminated' oxide film A deeper investigation of these 

processes would be useful but requires the use of an ellipsometer able 

to scan the electrode surface. 

Magnesium immersed in neutral and alkaline solutions gave anomalous 

results -a decrease in T, on immersion, to values below that for the 

bare metal. This was attributed to substrate roughening. The 

mechanism by which this roughening takes place in 0.01 mol/dm 
3 NaOH is 

unclear as it does not occur on Magnox under similar conditions. it 

was tentatively suggested as being due to channelling of the corrosion 

attack through weak points and fissures in the film present on Mg. 

This film is more porous than that on Magnox and hence may explain the 
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differences seen between Mg and Magnox. Substrate roughening also 

complicates the ellipsometric result for Magnox immersed in 0.01 mol/dm 
3 

NaOH for which the pH subsequently falls below 11.5. 

Computer simulations have been used to model these theoretical 

results by treating the rough layer as a separate film having optical 
constants dependent on the inclusions in this film. Some of the 

results could be modelled by such means but the fit between theory and 
experiment was not particul-arly good. Attempts-to confirm the sub- 
strate roughening by ellipsometry and SEM were unsuccessful. The model 
of a rough film could not explain the results obtained for Magnox 
immersed in either water or 1 mol/dM3 NaOH. Under these conditions 
it appeared that there was a change in the optical constants of the 

underlying substrate. This implied that there may be selective 
leaching of one of the alloying components in Magnox. 

The above comments indicate the complicated nature of the corrosion 
processes which occur on Mg and Magnox in neutral and alkaline media. 
They also illustrate the sensitivity of ellipsometry in measuring such 
processes. Although the results for Magnox corroding in 0.01 mol/dm 

3 

NaOH are consistent with a bi-layered model there are still several 
outstanding questions concerning the exact nature of the protective 
film. The application of current 'state of the art' rough models to 

complex real systems shows the gulf that exists between theory and 
experiment. Considerable additional work would have been undertaken 
given more time. This would have involved the inclusion of more than 
two components in the rough film, to take into account the presence of 
voids, and also the effect of inhomogeneous films. Additional experi- 
mental data would have been obtained by varying the angle of incidence 
and wavelength scanning. The recent interest shown in substrate 
roughening by using such techniques and the experimental response of 
more 'ideal' rough surfaces would also prove beneficial in modelling 
the results for Mg and Magnox. 
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Appendix Al Data Acquisition Program - GETPLT 

4VvI ", ", REE-1111 -; 'iý IGETIONE CUIVERTHED TO 6-3017 ', *---: X( 
: ý,,; ̀113ITS F, 4 
io -KN' 'T, H1 'a FROG - GETS., PLOTS h F., 66 11 ES AN INFINITE NO. ' 

!H PRINIT "W17 PQJK`Týý WTT4 VARYING TiHE [NITERIJALS' 
! 3ýf F1=2.44,117E-33 : REM Hi ADC OIGITS ý Fl = VOLTS KH 
"?, . HM Hi* ALTERED FOP MIN' OF 1@ ON, CH2 M 
, 32 F3=232ý : REX ýg P DEC, = PDC DIGITS H Hl 
ý, 34 F4=24i2 : R-Do, kH A-1 DEG = ADC DIGITS F4 M 
1 S6 R, Elm ( Y, ,i1: 6=FFILE RESULTS FLAB MH 

REE! ", =7-PILOTTER. ' FLAG MH 
llp- *REM iýHxt, F, 

21=10,011KFEP FLAG ý,, fW 
14C MN '(71 

DIM Nk 
I C5 C, 07T%`j' MilliN PROG XMHý-, ' 

2Ct, R-711 W'xl. PLOTTER S/R MiX 
M FEM PLOTTER "IN17. KMA: t 
23-'. ' lj$=CHRS(27' 

250 ? RWr As+`IN--`, Yj' ; 4'. Nfle; 27, *+USP . 140; ; 27., 

27 tl INPUT 'SCALE VALUES X'l, X2, XSTEP, Y',, y2, YSTlEP' J! J2, J3, Hll,, %2, X3- 
LGE KIK, 2 

REM ZEND, Or' ILNIT. HM 
0,1* HM!, FILOT & LqB--'l AXES HW 

31 1 t" PRINIT 'PU'; j4 'I; K2; JI; KL; APU' 1 ; 11", 1; ', PD' ; J2; K1 J2; K2; 
ýýe F: 10 R A-- ITaJ2 ST EPJ3 
KA PRINT 'PAO; A; Kl; 'XT' 
44FI KT, 'CP-2, -!; 1-B"; A; E$ 
350 NEXT A 

0 PRINT 'RA"; j',; r%l; 'CP40, -2.2'j; LBPSI/deg'; E$ 
Vq M K. 2 IC STEP V3 
380 PRINT 'PA'; Jl; 9: 'Y-l' 
3? 0 IF Eý19C l-H-M kINIT -CP-4, -1,. 25; LB', B; E$ 
400 !F K99 THFJ-,, ' PRII-fr 'CP-5, -Q. 25; LB'; BE4 
4 10 N EXT; 6 
4 , 20 PRINT 'PA"; Jl;, ýl; ', L')18,!; CP3@, 2.5; LEDEUdeg'; E$ 
425 PRINT 'DI1, V: J$ 

, 30 MPUT 'LABEL HEADING & DATE', H3 
44e lF PM--'N' TH94 48e 
42 INPUT 'FEADING', H2$ 
460 PRINT A$+*SP2; PA'; %. '!; K2; *CP5,1; LB'; H2$; E$; J$ 
, 470 - 60SUB SOC : RMH GET DATE MH 
. 4811 PPINT AS+CPl0)@; LB'; D1$; E$; J$ 
4 9, PRINT AWS11+110ts 
He PETURI 
otio REEM S/R TO GET DATE Wk'ý 

e, A 11D= DPE-. - K(HD, ', ' IC C2 B 
ý20 H=H9-. ('F7FB'ý 
64'e 5S: = S L!,, N ONFU Ell"IE D TH U FR I SAT VIV 

JiE 511 A -7 AF Rl AYJ L ý, " JU 1- AU6SEP OC TN1.11 DEC 

DP&KEýAD-2) H; j7', (lF0ACl) 
680 

e J=, Tn 12 

_H1 NEX-7 j 
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720, S$f MI DVDý , 3Xd', '( 1) +1 -3) + 
.IZ. .u 73P 

740 
750 S! ý-Ss+l 1985 AT I 
'Ag S:; -N 
770 
7 81, D 1$=S$ 
790 RETUZ. N 
seo REM XWIýi S/R FOR TIMER ýXXIA 

882 H--. HEX% 'F7FB) 
810 DPOKE(AD-2) HEX('FeAC`) 
820 X=USR(C) 
820 FOR J=l TO 7 
840 N2 (. j/ =PEEEýý(Hl- 124J, 

i J! NE)7 
860 S I= I Ok'N'2%' 7) +N'2ý 6) 
870 32=80ýSll+ 1@ýN2(5) +N2-4) 

2+ 1 O. Vý12 (,; ) 4N2 (2) 1,12 1 11(t 86C. S3=SeXK 
890 RETU; dl 
900 REMI IýW TIMER LOOP 
9! c, j DPOKE HEXX(F7El`,, '. r2 
? 2(, DPOKEZAD-2) , HEX ( "F 1 7: 0) 
3 15 ý'%--USRQ) - REM ýIX Z/R W 

94C RET QRýý 
'? 0' a i% 

1 .1: REFOITAT A51f, XB 
I Ole 

1020 1 ir, fll0)=6'44kl TH, 

1030 RETURN 
1200 REM WH CALCULATE DELTA & PSI FROM Pl,. Al Wiý 
1210 P2--Pl+D3/F3 : RPM XXX APPLY FA&ADAY CORRECT ! ON W 
1220 A2=AI+D4/F4 
1230 IF P2(0 THEN 02--P2+118e 
1240 IF A2(8 THEN A2--A2+180 
. 12,50 IF P2)360 THEN P2--P2-'360 
1260 1, F, A21)3160 THEN A2--A2-360 
1270 IF P2)180 THEN P2--P2-180 
1280 IF A2)180 THEN A2--A2-180 
1298 IF A2<=90 THEN 1360*: REM W SPLIT INTO 2 GROUPS WRT A2 VALUE XXX 
1300 P--180-A2 : REM WXX FIRST A GROUP XXW 
1310 IF Q--135 THEN 13410 
1320 IF P2(=45 THEN D--90-2XP2 : RETURN 

": R---, URN 1330 D=450-2%PA 
1340 IF P2(=*? 5. J THElq D--620-2KP2 : RETURN 
1350 D=2XP-1-90 : Rz'. TURq 
4260 Pý---A2 : REM XWX SECOND A Gýý-Qji IP 137e IF 0-=135 THEN 140e 

IF P21'1=135 THEN D=630-2XP2 REETUPW 
1390 D=2'f@-2iP2 : RETUP. q 
1400 IF 02)=135 TH9--N D--202-27a REM 
1410 D=90+2XP2 - PETUR4 
3000 REM Wxx MAIN PROGW XVýýH 
3010 R: -M iWX INIT ROU711NE 
2 0, AD, =D, -c. EK(HEX('CC2B")) 
3030 HLL-l4EX("F7FF') 
3035 DE=HU-, ' 
3@40 Ml=HU-2 
'31145 SE=H. U-3 
305"', DPOKE(AD-2) HEWFe3o"') 
'060A X=USR(8) - REM*(XQ'DO THE INITM 
3070 REM Xýýff END OF 
3100 PRINT'PLOT RESULT, (Y OR N Q1 INCHs 0) 
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3105 PRINT" 
3110 01$---"Y' THEN GOSUB 20CI : F7=1 
S 120 lNPUT 'Tl! l-' DNTEDNAL S-E-111JEE-34 FOjsj-, c UIN S, -CS)', Ti 
"25 T. 2'-(TI-0.9)XI0@ 
3130 REI, KXRýIRKEE TI INTO TIXXlz-URý 
2140 FORE HEWREV) T2 
31150 FRINITI TILE PESSULTS IY OR IN 
3155 FEW "" 
316e IF Q2$--'Y` THEN F6--1 
317e IF F6011 THEN ý1 `M 
3180 INPUT 'FILDME*, F$ 
3198 OPEN NEW F$ AS I 
z1K GOSUB 680 : REM HM G--'[ DATE K'XW 

PRINT41, "MTE--'; D1$ 
? 202 Q, 3s-`N': REM XHXý SET PFT117 RESUITS FL41-, T tjo 

.11 
6. .0ý:.:. jk 

. 3204 IF 03$--'N' THal 2`06 
3205 F8=11 
H6 PRH'J '00 YOU 'ANT TO AVERAGE CH2 (, -URR--: WD MER 50 FtS? ' 

3M PRM "THIME FOR IWEFAGIN3=10 SEW: 
3 20,8 ir' fj-t$=1N1 THEN 32! 5 
02T9 F9=1 2 T2=T2-? 80 : REi SE, KAG tý X-1,11 ;:, WP P*, i-- R, 4ý31NS, TIM7 
3210 DPOKE 
3215 G-1 (0" U:, 
K28 DPOK: -'(AD-2,, HEýý r4j 

7M -rTR" S/R 
" -x W. L, ,xk, ý 

? 24o 
3242 PRINT 
3245 PRINT 'G='; G 
3 Ag 24 Q0=IN`T(O+0. eD 
1ý '1259 IF ((G-45). M-45j `! E-6 ýHEN 329e 'M - 
326C PRINT 'ERROR IN 0, RESET & PRESS AW IKEY ý FRETURN' 3270 
3275 PRINT, 
3280 GOTO 3210 
329e REM XMH (0) VI'ALUE OBTAINED. H. M 
3295 PRINT *TYPE AKY kEY TO ST ART' 
3298 PRINT' 
, 3300 REM XXHX GET TIME MH 
3310 GOSUB 600 : F-t-M HGET T 
3320 S4--S3 
3330 S6--c 
3340 RSI MH GET CIRCLE Kii H)iH 
3345 1=0 : D5--8 
33H DPOKE(AD-2j', HEX%'*F845') 
3360 J=1 
3370 A'-USR(LI) : R0 XH CIRC S/R W 
3380 AI=108-. tP; ----V, (HU)+PEEP, (DE'ý 
3390 X=USR(2) . REM, HH' C11RC S/3 M 
34 0C P1=11WPEEK(HU) +PEEK(DE) 
34 10 REIM, XXXXX GET ADCdCH 
3A 
3420 OPOK'r (AD-2) HEX('HF-F*1 
343(1 X=USR(6) : REH SETADC S,, *R Wx 
3440 AC=HEX(HF77-E-` 
N3 H COSUB MB DI=De : 00SUP IM : 02--DO 
3116"" GOSUB We D*3=00 : GO-'! 'B loge : r. 4-00 
'2470 KFUB 12,30 Rfý71 ýýxU 'ý-^, '-'-JL-5TE DEEL & PSI 
2 18'5 D41=LD11.! Ff : D2--OW2 
34K IF FFO' THEN 31'0 
, Z484 D5=D5+: 1.112 
3496 IF 1115C THEN 34: 5 
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- Ar. e. 

PEN, 
3500 41F F6', 

-,! 
THEN T5211 

15-10 
PRIff 

350 IF r"3011 7-HEN 3560 
355c' D2 
: ýl GOSUB IRS' CALL Tl,, ', E DELAY XXX 
35 -R GGSUS M Oll XH GET C4M'GE IT 1 

ký TIflE Hý 
0580 S, '--SI'l-S4 
STH GOITO 3340 
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Appendix A2 Machine Code Program - FASTI-BIN 

E808 
Ee 10 
Ee 12 
E020 

"F -015 He 
Fe. 45 

Ro" 7c- FOA, 
, F'3199' 7E 

=, HT 2r* ;: i rQ 
IL1. .-I- 

F41 0F 7E FI',,. H 
FO 2H FF 3 2. 

F7F.;: 

, -7FB 
7F A 

F7F'? 

ý: 7F6 
F7F5 
-7=14 
F7F'3 
F 1 7F2 
F7Fl' 
F7FC 
F7 -E F 
HEED 
PES 
F7E9 
F7, E7 
RE5 
F7E3 
RE I 

'28 

F@15 7F E80,04 
FM 7-F E009 
le. -n F .3 ir EORA 
FCIE 7F ECOS 
'021 86 04 
F023 B7 -E-002 R326 87 E009 
F229 86 22 

S7 Eel! 
'C2E 27 E@13 
F2,31 V 
FP, 32 '13 
- E' ", ", 67 EO 10 
FeS, S7 E@122 
F920 106 36 

ý'HX S/F TO INITIALISE PIAS 
xUX: ', * 

ORG 
HCE ICIRC Eau 
LOCURC EGU 
MOTORS EGU 
ADDBUS EGU 
VIA EGLI 

j., lp 

Irl 
IF 

JIMP 

JMP 

& 
I? 

iiH STORE U 
m- G 

HUNDEG EQU 
U 

M. " Eau 
St.. E GU 

DAT I E- ci 
IA- 1A 
- 

: Hi It. 
EQU 

DIATI., ZGU 
EC'U 

DAT6 E fil Ll 
DAT5, Eau 
W4 Eau 
DA-2 EGU 
DD Eau A T2 t 
DAT I EGU 
XT0MP EGU 
CR411 Eau 

4, Wrl. Eau 
CFAN-3 Eau 
CHANIII E12U 
CNTRL EGU 
NSTEPS Eau 
TIX EGLI 
ME11IND Eau 

OPG 
! NIT CLR 

CLP 
CLR 
CLR 
LOA 
0A STA 
11 'IT 
LILE. I.; 
STA 
STA 

CIL 
'I'TA 
ST 

SF000 
sE80A 
$Has 
$EO 10 
M 412 
$-'020 
1NIT 
C! Rc 
TINIT 
9,41 L06 
T', HT 
SCANT 
STEPIT 

CATHNS FOR A-111. 
$F7FF 

.f 

4 

X-12 

NIS 
X-20 
X-22 

. 1-24 
1-26 
1-28 
ý1-30 
M28 
M 15 
HICIRC+l CIRCLES ARE MPUTS 
LOCrl. RCi. I 
HICIRC 
LOCIRC 

h, ICI RC 
I CIRC+! L. 0% 
#$ZJ2 
, 
'I, OT, ORS+ I MOTOFS, ADDBUS ARE OUTPUTý 
ADDBUS-1 

MODOIRS 
ADD8U, q 

, 4$3.4 
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F03B 97, Eo I* ST A MJ. TO: )S+ 
F03E 97 Ee 1*3 S'-A 

i ýGDBU'S+ I 
F041 7F --- El CLR all%]TORS 
F@44 3Q 

MU S/R 79 G ; ET A CMCLE MD STORE AS rHG, M; N, SEC 
F!! A" IE5. 'A 

EE BEE HWE ON INITIMISEED I w- F045 -334 A CIRC P; PS , X 
F@47 BE CUs L DX 1-10,112.111, 
F04A A6 ID LUA -3, X 
FC 4A 04', DECIA 
F84D 48 AKA 11 F04E 87 EO IL 2 S A' ED DBUS PLIT 0,2, OR 4 T. N ',, Ii, 'JX 

F051 86 OF 0A MF 
F053 B"t E83tA I NIDA HI CIL RC fI Ll L VI-S BE TS 
F056 67 PFIFF STA WMIEG 
F055 C-i FO LED 8 WO 
F952 F4 EOOS P, ' ', -; --^ f- 0C1RC SELECT MS Dlýllll' 
F05E 54 LSH 
CRY = 54 LS R6 
FA6C 54 LISRSS CHI 54 
F: O,, 2 86 OA I-DA 41,11.1 MUL II Pý ý Vp 
F064 r, Id L 
F085 S-, E688 Dlý 11-oci PC WHOLE N. E. 
FeSS 84 OF ; W, ý'Tll tic Q! T, 'ý 
FG6A 34 04 ABU, t ABAý 
F06E 97 F7 c UA DEC, 
F871 A6 ID '-DA -3, X 
F0731 4A 0E CA 
F074 48 ASLA 
F075 4C NCA 
F076 27 E012 STA ADD BUS PUT 13 OR 5 IN HUX 
F079 F6 LU'S 

'41CITPý' 
F07C C4 Fo MD '-l We 
Fk. '17E "14 LSRB 
F07F 54 LSR'8 
FOSO 54 LSRB 
F081 54 

. -LSRB F082 86 @A LDA #iO MULTIPLIER 
FO84 K I'lu; 
Fe85 B6 EOOA LDA 
FO88 84 OF ANDA #$OF 
F08A 34 04 ABEO ABIý 
F08E B7 FM KA MI NIS 
FO91 Co. FO LDS -0FO F09-3 F4 E002 ANDB LOCIRC 
F996 54 LSH 
F@97,54 LSR-3- 
F098 54 LISPI6 
F099 54 I-SRB 
F09A 8 -6 OA 0A #I ILI MULTIPUER 
F09C Z mul 
F09D 86 E9 0'3 L CO. L ', C I JR C 
FO 

,4 84 OF AND-4 T'l$ 
0 

FOA2 34 ell AKE' A EA, 
FOA6 21' F-7 F, STIA L-, r 
I IIIA9 2- PUILS Y 
FOA9 39 RT, -' 
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ilW S/IR TO GET DATE ANI, TIVEXW 
Ee', -'- TADDR EQU $EOIE PRIKHER PIH B SIDE 

PRINTER PIA A SIDE , -ADr, )R EGU $E8 IC t 
IM S/P INITIALISE PIA YHR' 

FOAC 7F EO .1FT, TNIT CIL R TADOR+ I SELECT DDR 
FeAF 7F E041D CLR DADDR+l 
FH2 7F EOIC CLR DADOR 
FOB5 7F ECIE CLR TADDR 
F928 73 ME CON TADDR ALL OUTPUTS 
FOBB 86 04 L ED A #04 SELECT DATA REG 
FOSD B7 E041F STA TADDR+I 
FOCO B7 EOID STA L"ADDR+l 

S/4", SET COWT 
o'. I STX XiEMF F '3 8F T 

FOC6 C6 OC LOB ?l lZ 
FOCE 8-7 Ff7c. 0 LLrL)X* #DAT12 

, iH, SIR C". 34TROL PULSES TO PIA OUTPUTS X-M 
D FOC, 0W6 7@ ýC ET LDA #112 

HCD 34 04 ABE0 ARA 
FOD! S7 HIE `71 A TADDRR 

LDA #48 F'3041 31 'i 30 L 
COD16 3% 4 13,11 AHRI ABA 
FODý 67 Efl-c STA TADOR 
=ADD 86 10 L", ýA #1 16 
HEN 34! e4 ABEe A E. A 
HE13 B7 EoiE STA TADDR 
FOE6 086 HIC LOiA DADDR 
FOE? 24 OF I-C ANDA #QF 
FOEB 81 ý, F CX-FA #$0F CHECK DATA VALIDITY 
HEED 227 DC B-co GET READ AGAIN IF N1971 
FOEF 47 84' ST., ' q, x 
F@F1 30 IF DE< 
FoF3 86 70 LDA 0112 
FC-'5 B7 ECIE STA TADDR 
FOF-8 5A DECS 
F@F? 2t De E44E GET 
F@F8 BE FKF LDX XMIP 
FOFE 39 RT-5 

ý THIS RSADS THE FIRST FOUR ANALOG CWNELS. IX 
I ASSI. ý, E'S IINIT RAS BEEN CALLEN 

X'STCRE FOR DATIAX 
ý OB7'-11N IATA MD STORE 1N CHRICELS0 TO 4)1 

FOFF BF F 7E F MALIN STX XTEMP 
F102 L- F7E, -; LDX tcpAql 

P0 5 C6 ?4 LOB 484 CYCLE COUNTER 
F'? 7 8V, K CA 1, CA'D LDA C '- 12 8 IS FIRST MUX ADDR 
C109 34 @4 A@E@ SEA CALC FIRST MUX ADDR 
Fl@D 87 D! 2 GETAX -01" STIA 
File 12 NOP 
F 11,11 12 INN Fl! 2 12 Nop 
F113 SW6 3E LOA #s3E 
F115 b-7 E813 STA A. DDBUS41 CB2 IS HISH 
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Pil 1.8 C, -6 DA #$36 
F,,. A B 77 E 13 . 13 STA ADDSUS'j- I C82 IS 1.134 

F110 KA E@ NRDY LOA Ar'DBUSfl READ CWIROL REG. 
F12@ 48 ASLA WAIT FOR C81 70 60 HIGH 
-121 24 FA scc NR5-Y 
F! 23 66 E009 LDA LOCIRC LS8 OF ADC 
F126 A7 P, I STA I, X STORE LSS IN TOP CIMNl F1128 Pli 6 E8 @A L CIA HII, IRC MSB+S! Gtq OF ADC 
F122 A7 
' 

84' STA O, X STOREE Mc, B+Slgl IN BOT CKkNl 
,I- 12D 30 iF Dc< 
F! 22-F 'a' 0 lF D Ex 
F? 31 5A DECE 

2ý K alt-- CALCAID NEKTI WLUE 
3 Fl*. *l SE F 7EF L5X XT F11 P 

F 13? 39 RTSS 

THIS V; DRIN"ES THE MONOCHNVAT03H 
ýX AT W STEPS/SEC. USE FROM BASIC H 
H BY PGREING C&N7ROL BYTE AND NO' i. 1 
H OFF STEPS AS SHUM. ýi 
H FIRST WE X REG fi 

F, 438 FF -", 'E-' Tc STEPIL 5--x XTEMP 
F133 BE 1F7E3 LDX NSTEPS 
F 13: 27 4' 5 BEG 

IRET114 RETIMI IF ZERO STEPS FIQ B6 F7E5 LPA CNTRL 
. -143 5F C1 LRB F144 67 E@10 PULS STA tEeig RAISE PULSE IN PIAA F147 7F EM CLR $Eel@ 
F14A 100 IF DE)( 
F414C 27 07 PEG RETN END OF PULSES? 
F14E 5A LOOP DECS 10 CYCLELOOP 256 TIVIES Fi4F 12 , 

IN, L) P 
ff'? 12 INOP F151 26 F8 BIN-- LOOP 

F! 5A5 20 EF BRA F UL S NIE X Ti PULSE F155 BE F 17.1 F P. ETN 41-OX XTEMP RESTORE X 
F153 3-' RTS 

.4 THIS USES TIMER ' L- TIMER 2 OF THE (6840) CHIP 
14T PORT 3. THEf OPERATE IN TANDEM, C IM114UOUS MODE 
TO GENERATE WR. REGUESTS, THE FIRST TIMER USES A 120e B-AUD CLOCK ý! 9200 HZ) AS INPUT TO GIVE 10-4S TICKS, WHICH ARE C01111qTED D014ý BY THE SECOND C-41P ACCORDING TO fAD: V! SOR SET IN TIX BEFORE ENTRY. 

I' TIMER ADDRESES ARE SEWAE, F & %E4eCj0, E, F. 
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F 15? BF FHEF MiT d, 1ý r XT, Em 1, 
F1 55 C, BE 005F L t4is 51: 55F NEEDED FOR M. PN PZ CAN 

1 5F F 5 B-F ECOE STY, $ECOE 1IN-10 T#l LATCHEE 
F. 11-02 BE F7EJ ix GE" NO. TICKS (2 gyMES. ' 
F 165 BF E40-C STX $E40C lN70 T#2 LATCHES 
F168 86 31 MA 8' NO lRQ RESET 
FISA ON EOOD STA $ECOD CP2 WRITE TO C 
F16D 86 81 LDA #$81. NO IRG R-UP' 
FloF B7 EOOCC STA $EOeL STORE IN CRI 
F172 4A DECA REMOVE RESET SIT 

173 B-7 ECOC STA. $EOOC START TIMIERS' 
F176 F7EF VTr, '-'P A. L. 1 1, - 

P9 K RT-" 
FOULING TIMER FOR GiIE SCAN 
NTER 14! Th .. !) .. k FE. TO INTERVIi P "U. SET 

I 'ALUE C', F T, 1X+1 EEE 0 UA LS T 11 A[ E : ýl SEC FOR 1 SCairi' 
FVA BD FO 15 SWT; JSP I N, AMP 'Ira IN"T S"i; 

. ', Fl7D ED F159 SR T IN7 
F180 96 -POOD WAIZ DA czECCL! READ ST AT US 
F183 84 02 ANDA 002 LOOK FOR Til-M-E-i 2 
F185 27 F9 HE IG Wil'T FUR N-N-HRIC- 
F187 86 ECOD LIL"A iE IV (f D N' THESE NO &N'STRUCI U%'S 
F118A 86 E40C L'. -)A $E40C REESEET 
F18D 39 13TS 

E. Ql 

e ERROR(S) DETECTED 

S'ýK; OL TABLE: 
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Appendix A3 Plotting Program - PLOTV 

'i'll REM )a. C-U I, PLOT PRC, -'; ' ! CF, HP 747qA FLOUER MH 
`3ýi - "" - ,. ýý IRAEDS 3 0, - 5 C-LUTN -I'LE HYM 

::. " R211 0ý,, H P-'OT. ': ' VER-ICALLY . 2](M 
M REM HUX LINE TYPE STWEEM-Ni ITS AT : 530 Xx. HX 
120 R-31 HM 1P VALUES ARE AT . 1115 HM 
125 DIGITS 8,2 
13ý DIM F(180,5) 30) 
'22 D! tl P(5,1 
25 coo 
:; o GOTO 3000: REý GOTC A$11,111 FROG 
He REM HHý PLOTTER INIT. HtUl 
2, i" = -CH R$(2 7) :ýs= U5 +ý. Y', is ='-ý s-L .7 Et' S=CH R$ (2 
22P! FIRI. N` 
225 PRINT 
22P PRINIT 

p 
ý-7! 1C, 

"E. -.., 

-Z ZX, REIlt Akx. X. fREZ 
"xxxi ,Z EMM 

320 INFUr' '-. NP(J-i 
2 2 -- RR ENT 

U., ti s 221) 1 
5 INPU71M. '. OF 

328 PRIN7 
3N! CFEN OUE, Fll. t AS 

S35 1=1 
340 ; '! N E-RROR C-27iC ý', 20DO 

5 R: *ý 
ý: (j 3-, =i, T 4., F(I 5) : 50 F '-5 TIM lNlK7#!, F 

qi; (ý 
352 Y Y-3 THEi 1INPUTit IF 2) 
355 +1 

365 CLOSE 

'375 1F Y=3 TP04 P, 3E 
38e INFUTITU. TRENT TIN m-A vjrt FSD -Y- PQTEEN-r!, jS'rjAT4,. --. 4 
Y FOR I -lý 1=1 TO Cl 
4H, F(1 5) =F- (1,5) X5X8 
.110N 'EY-1 I 
tR -E' J. 2C R\ 
5@0 REM ýýX ý11 k 2-ATH. 11-9 
505 REM ýHH CREATES 2 ARM": ) FROM MTA & FINDS P116.9 Ic UYA iA-LUES-'XHXX 

- li ,j WFIRE f, - OR 5 MSý'MES NO. OF L, DATA IN FORM. -":, N 
'20 REY. yxf XX 8,1=CURRE-Wl IN ý0,: Hxx, 
5H; R-114, X)Mý ", K, -X, Y AX-ES,, STtART, E-P4D, S'EP NUR 

R&I MH 
53 55 PRIN7'TITL-"-. -' F"M AXE. ES 
5 

,4 PRINr 'TIME/secs ,",.?,., aj ! ý-4 DEL- 2) , PS I /dcg M 
545 PRINT 'P"7/vol ts (4), CURRENll /na 5) , OT HER (65: 
548 FRi.. N-l 
15? ', NPUIITTTI ZC X 'vit, 'r, TI) 

555 ). 6 Q. Ek1 -10 

SCTO 562 
ý-'Al T 3=- GOLIB '36C 5 Ll 
542 c 'r.. "I'M THEEN 5100 
,A 1%1; ýfrr, :, - -V M"; ") 

-- J, I T, 11LE -, 
!, 'OTC 

L DOKE 
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7 :ý FI. N7 '' 

,. ýS ;: 00 v , 568 i 
1,41? 

JTI. 1"'ILU: 11. 

CZ'7,1 RT 
ý1; ýý-i =1 TO Cl 
575 
580 Y(! )=F(I, N) 
585 NEXT 

2=3 IFSEN RETURN 

q, Q 555 F OR IT0 
6eo IF MIMI THEN Xl=X(D I 

. ic, * IF Y(D)Yl T', '-: E,, i' Yl=Y(D 
62 IF XQXX2 T 6, HEN X2--X(1,1 
615 Y YMIM THD4! Y2--Y(D 
620 NEXT 1 
622 PRINT 
625 PRINT'X VALUES RANCE FRO. 4', X2; T '; X: 
6430 

ýl 
. 
ýPUTIX AX. 783 START, END, STEP' J j2, U`3 

"32 PR 11\7 ', 
635 FIR !N 17 "' VALUES RANGE FRr,, 'I*; Y2; "-: O' ; Yl 
6 4, t .1!,, 'P UT Y AXIS START , E11,13, STEP* ; , Kl, K2, w3 
642 PRIN'l, 
i455, RETUFN 
801ý REM XMALý SCALES J&K IF N[ýý' INTEC-ER IX. 15X 
-ý05 REM 51=1 FOR ! M, J2, @. l 2: =2 :: OR 

21 'OR 810 REM Mly S2=1 FOR (Kl$K2%.?. 1 S2-1 1 1, XMMUl kM 
S. '5 IF S10'0 TH2-i 910 
825 IF S2\00 THEN 9119 
831' l1r, INTWID-J"M THEN Sl=, 
'M IF IN'100-J200 THEN Sl=' 
840 Y 4l,, 4T(KD-Kl08 THEN S2--ll 
845 IF DfT(K2)-, R2<'/O THEN S2--l' 
85e ITF Sl0l THEN 890 
855 
`60 IF INTWD-JI-00 THEN S1=2 
865 IF INT(M-J. 200 THEIN S1=2 
870 IF S102 THEN 830 
8755 Jl=JM0. J2--J2Xl0: J3=M1@ 
880 Y S201 THEN 910 
885 Kl=FlXl8: K2--lK2Xl0: K3=K3Xl8 
890 IF INT(KD-KI0@ THEN S2--2 
895 IF INT(K2)-K200 THEN S2--2 
980 IF S202 THBý 910 
905 Yl=KlXle: K2--, K2M6: K3=K3XI@ 
910 !F S101 THEEIN 930 
9! 5 FOR 1=1 TO CA' 
920 X(I.,, =MMAl, o 
925 NEXTI I 
93, j IF S14-012 "I'Hall 950 
?, 25 FOP 1=! TO Cl 
940 X(D=X(Mlo? 
945 NEXT I 
? 50 lr-' S2\01 THEN 970 
955 FOR MA TO Cl 
96E, Y( D=If 1% D, y !, r., 
965 t, 'EXT T 
970 IF S202 7HEN Q90 
975 FOR I=! TO 
? 80 
;, oc; mrxT 
990 RETURN' 
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I' 00 REX X: *", '. M( DRAWS L LASELS AXES-3 FOR PLIC-5 ER I'P. XX II 
ASSUMES PLOTIN7 PAS EKEEN RUN' 

, : 10 RE!! 'A-IM ASSUMES S"ý JALUE HAS BE-24 -2, JERED XXXIX 

ra 1 .2 
ý--j2 vl=Yl 
JKK! =, Xl K2=X2 

,,: 5 G "J S 
I 111c, `0 7NT 

0 ', '2., K', 
A 

R -; Os 
vl) -_ F(_! ý A=X AE 10 ut 3 
II HEN 

PRI u Y,. r I 
I 7c' . 1-7 ", I=, -OEN 

IF 
13? TH2ý IF E)2 TIEN IFF EDC6 TIEN 1200 
125 PRINT 
. Qr' IF THEN FIRIN7, 'CP-3, -! ' 

'2111C FSI '11EN ARA 740 

! 2? 5 1FS 1=2 7 '1 EN A; ýA kI", 0 
21 ý6 FRLil, 7 1-N? U7- A, -'$ 

1_4 NEDT A 
: 2! 2 FR L DJ As+'Ap" 
12 13 PRY CH., Rs(215) :!,, 'PUi A:: $ 
12,1 d PRINI 'AP' Ot$ 
: 21 :5 IF THEN !. - ED2 THEN IF EU. TE EN 

! 2. '; 7 PRINT A, --+IPUI 
, '2. '9 LEE='LEN(L's)/2 
: 220 PRINT 
221 PRI: '15) 1 N7 CHRV2 NPUT ACs 

IAPI; J$ 1222 -R INIT m 
*223 IF ED2 THEN Y! =Y, +K'3 . Y242-K-5 
: 225 FOIR B--Y! 1"0 Y2 STEEP K3 
1228 PRINrr Asf Wý 
! 2Z9 IF BlEgAeOl TEEN B=6 
1230 PRIIJ 'PA'; 9; Xl., gX'l. " 
1235 -IF S2--l THEN O=B/10 
1240 IF S1, -2 TH N D=B/ 18 el 

. 245 F 9)0.? 99 THENI PRINT *CP-cj, - 
1250 IF B"! TMEEN PRINT *CO-47,4.25' 
! 26C §RINT'L8', E; E$ 
1265 ! -: ' S2=1 THEN B=Ule 
1270 IF S2--2 THEN 8=8.1100 
1,272 PRINT CHR$(35) . INPIUTADS 

IA 
l. 1273 PR INT P; PUI; J$ 

1275 N D(T 18 
12N LL E =11_ EN(L $2 
! '23 3 PRINT A$+'PU' 
! 235 PRINT 
1290 PR! 

_20 R ET U 
irl. 

"I 

13365 T-2 GOTC 
'270 LWTIME/secs' : GOTO 2 '295 
1375 113? 5 
3 89 COTO 1,395 

LWPOT/ve' ts" DOTO 1395 
'129a L C"_'R R Di"i Am A GOT. e. 295 

M- RETUFýi' 
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ý00 RD! :. WAýl PLOTXII ýMý 
11 OR S; IODE, 12= 150ý REEM ý'Mý Y$= ýI 'T T`fFIE MH 
151C OR OTHER LINE 79E - ROM Xk'M I$: -SYM9GL FOR 1, ýj. 1 3=, N, *. 3p. MH; 
4c 15 PRINT *LINE TYPE 13R VIML MODE, lL UR S' 

. 51S PR DIT 

. 520 IF Y$--'S' iNPUT'SYý11BOL',: $ 
"i . Cl . K5 IF Y$='S' THEN PRINT 
153@ IF Y$--V THEN GOSUB 6200 
1535 PRINT ̀PA'-, Y(D; X(D; 'PD'; J$ 
ff4o , ýýOR I=! TO Cl 
I 1596 IF X(D(C. elt THEN' IF Xffl)-Ml THD, ' X(I)=e 
15057 IF Y(IX0.0I *rHEN IF '. (. I))-e. el TUt"N Y(I)=e 
1598 PRINT A$+'A? ' 
1600 'f: Y$-`S' THEN PRINTI 'SM': IS; 'P'V; Y%M ; X' ID 

5 IF Y4-7-"L" THEEN PRINT, 6 ̂ -A": ',, -'I) ; v( 

! ý-'5 PRINT CHR$1,35) : INPUT ATI$ 
!9 PRINTI W" ; J$ 

1.620 NEXT '. 
1623 PRINT A$+'PUi&v; '; J$ 
i ý_ 11: a PET Ull; ýll 

2.000 RDI WXX REAFS $ SCALES Fi7LES 5'Mlit 
2305 60SUS 302 : M! DATREAr, YR 
2018 FOR 1=1 Tfo C! 

2015 X(: j=F(I, M) 
, 0020 Y(! J=F(I, N) 
2025 NED7 1 
2030 FOA 1=1 TO Cl 
2035 IF Sl=l THEN A_(l)=X(IMC 

2 GAO 

C4 IF S1=2 THEN X(D=X(. TMrl. 9 
20,45 IF S2ý-l THEN' Y'%D=Y(IJM@ 
205-3 lF S2--2 THEN Y(D=Y(IM00 
2055 NEXT 1 
2060 GOSUB 1500 : REM PLOM S/R 
2065, PETURN 
2200 RSMI XlXXX LABEL ROUTINE XIM 
2205 PRINT CHW'31) 
2210 PRINT 'INPUT DL FOR DEELTA/deg IN GGIREEK ALPHABET, PSI FOR PS*/Ceg' 
2220 INPUT'LABEL', L4$ 
2225 PRINT 'DIRECTIM OF LABEL* 
2. Y'30 PRINV ' 
2240 PRINT 'L TO P (1) ,R TO L (2), TOF -10 807Q-, (3) 

., 
E! TO T (4) ' 

22415 INPUT 'DIRECTION', DI 

2248 PRINT As+*PUl 
2250 IF Dl=l THEN PRINT 'DIO, " 
2255 79 DI=2 THEN PR! NT lDI8, -ll 
2269 Y D1=3 THEN PRINT "DI1,04 
22, _,: 5 IF DI=4 THEN PRINT *01-41,24 

2268 PRINT A$+'PU'; J$ 
1269 IFF S5=2 THEN 2278 
2270 INPUT'SIZE OF LETTERS IN' cm, LEl4GT4, VEICL,: T4, S3, S-`, 
2275 PRINT As+, SlR; S'z; S4; J$ 
L278 PRI. Nrf *PDSITI(D, ' PEN ý PRESS 9ýY KEY' 1$=lNCPV0) 
2279 PRINrr As.;., PUl 
228P IF L4$='DL' THEN 2M 
2290 IF THEN 2450 

2310 MNPUMHANGE LABEL" ') 011RECTIC-O'K2, 
.. 
LETTER _-3. REPLC-7, (4ý END(5'. ' S5 

2320 C-N S5 G(TO 2330,224ý, 22176,32e,? ^M 
? 20 'NPUT'LA8EL', L0 '2 

23015 IF 1-4$='D'-* THON 2400 
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2345 GOTO 2278 
24110 PRIiliT'UC99,4,!, *, -2,4, -2, -4, P! V" 2410 PRfN`r'f'P@ 

. 
'ý,. CT 

. 
i,. 

2420 PRIN'r A$4'SV; S3; S-', 
2430 GOTO 2310 
2459 9u 
2455 PRINT"M 05,. 2: 31.1.. 2; Lh' ; Es: is 
246? PRIN'T A$+'Sl'; S*S; S4 
2465 on 0 7310 OT - 3000 REM XXXXX MA! N FROG U. M 
30! 0 GOSU3 20-ý. REM PLOTM S/R 
3820 Goaus 3co REý DATREAD S/R 

T 3930 GOSUS 500 : R-', Io S/R 
3040 !. 'GSIjs 890 ';, 21 SrakE S/R 
3950 GGSUP 10.0 R ED I P07LAE, S/R 
M3 o GOSUB 1530 D", PLOM 

ljleo PR IN- 'Tl. '*Eý. 3 -- F, OR Y2 IF iLiul' T 
312 PRIN'PTYPE 2 For R ( S, 4ý-E FILE ANOTHER G. -FACH, 
3: 20 PRIN7'TYP-, ' DIFFE - -, p 'PE. '*, F F-'LE, S-!! MjE AXES Ox 
313i, FR'N7' ', f? E 'Cl -, LAKE CI JIT., NE 

r 1.7 1 , 7*,; i.;: 7 5 FOR iK. 3140 PR Ll 
34150 IN PUT INIME E". ý 1-13D I, F2 
3160 11C F2--21 T-2-i GGSU9 200 
3! 70 IF F2=5 THEN 9979 
3190 !ý F2=1 T", "EN PRINT "THIS OPTION '-;,, -, T AVAIT; 3: A- L% .6 
3200 1F F2--2 THEN SM . IF F2=2 Tflta, ' SM' 
"205 IF F2%. D2 THEN 3210 
3 208 IF FF5 THEN F3=1:! F THEN F3=! 
3210 IF F2--2 THEIN GOTO 3030 
3215 IF F2--3 Man' !, NPLrT"VA-IU. -- FF X AXISY AY! Sljý.,, --, 
3220 IF ;: 2---3 THEN GOSUS 20ge : REM D! F--. rLE S/R 
3230 !F F2=4 THLN GOSUS 2200 : FEll LABEL S/R 
32148 GOTO 3100 
5C'00 IF ERR--8 THD; RE)Lri--- UE 
5002 lF ERR--4 THEN CLOSE C 

Z, ARR; ý I INE 13C. " 5805 IF ERR, -22 THD4 PRIN'r 'RESDUCE DT 
5006 IF ERR=4 THM PRINT 'F! LE NOT FOPUND' 
5ee7 IF ER. R--4 THEN RESUME 320 
5-0ag IF ERR=77 THEN RESUXE 365 
5010 IF ERR03e T, Ptall ON' ERROR GOTO 0 
5020 CLOSE ., 5030 OPEN OLD Fli- AS 
5040 INPUT L! NE#!, D$ 
5e5g RESWIE 3't5 
Me Gosua --ee 6010 FRINT 
6C-20 lNPU"i'NElq Y ST--'P*, K3 
6 03, ? PRINT AWSPII, 
6040 GOTO 1225 
6200 REIM LINE TYPE SVP 
62M PRINT CXR$(3D : REM CLEAR SCREE 
-62P. 8 PRIINl C'Msf? j) 
6210 PRINFT 'SOLM LINE(L) -. 2 OTHER1,10)' L4$=INCH'vQ; -PRINT M0 IF THEN PRNT A$+"-*, r4 : R7--UkN 
8220 PRT,, V I, 
624? PR 

ITN7 'TYPEE 
............. 6245 PRINT , ft 

4-r Pr v :................... 
62 055; rR Dr, ," 
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,; W- PRI"' "T PEE 2 
6265 FRIN7, 
. 27, PRIN'r "r,,, PE d. ', A A 

PRM 
628@ PR. 7NT 4 
6285 PPT, 17 
- RFi , , 02 PRI 

------- -- 62? 5 MIN, 
FUJ ITIVOE 14 -- ------ -- -- -4 

NpUf 
6339, IREý GET, P., P-- cl. vikucý C, 
24 a "IN17 P %"3. ' ,P 4) . PR 

Aýzc; "j r. ýw UDIAGUI'-ý-"- DISTAN-HE 7w, .P! L P-21 
P'-= S'jR ( (P (3) -P -P (F (4) -p " 21 (P (4) -P ( 2)) 

, 5365 PRNTI 'RATTERN LEENFOI TS', P-`IEM-AMC25; '-cri' 1! C 

qc5 'CFANf-, 'E PATTERN Lai74' 5. I 

6'Ho Iz F. N'! Ai H! 'r., i . C- -01' 

IN-L"PATT-E. -FiN LENGTH Dlý cm, 

639" F"R'NF A$+'Ll RETURý 
j, ' bl, "'I'le REX S-7 UP I-P IA FCP : TTER 
4`5 P7. irT "'OPTILINS ARP 

t LI '-'R " IT SI NGI E' 0! --T - r, L'It 0. -- . j, 
. 4, ý . .; 1. 

MT29 *22 SEPARATE. 7 N 72 J- ý21" 
6425 PRIN7. 
6430 ýRIINT '2 ?i OTS CLt1l, fl X AXIS (3) 
64K PRIN7 , 

40 111 RI NT '3PL Cl TSC 110*1 CN X LX IS(4 
. 41445; PRIIN', :0 
6450 PRINT 4 PLOTS CC; XiM, ", ll rl AXIC (51 
42 65 PRIN- 

W 4456 PRI' . '2 SEEFý'MTE Fi OTS 
64ý8 PRINT 
6 2,60 1INPUMPTlail REQUIREV$E 
6465 ON' E 6,11TO 
6470 PRINT RETUFL*N 
6420, Ký 2 SEPEPATE PLOTS 
6485 PRINT 'TOP(T) OR 90TTOMB) PLOT' P$--INCýS(0) 
6499. IF THEN PRINT A$+'IP90@, 2@eC,. 4! CB, 7C@e' : REETURW 
., 495 IF Pl='3' THEN PRINT AWIP5608,200e, 8800,7000' REM6*1 
6500 RED' 2 PLOTS UffllrN X AX'IS 
Lý! o PR: T, "'OPM OR EOTTOM(B. ) FLOT' : Ps=lNCH$(0) 
1520-i IF P$--"T' TFEý PRINrr 0. $+'! P' 01$2 i52-301 rF P$--*9' THEN PRINT 

.. 540 REý 3 P-1 -3 M-TAIIN X AXIS 
, Minim rem) C,., 6550 PRIN-, 

. 1, Pf OTO - P$-! Ncjý .-1$., 
p) 

j ", .. &IL 6c; i-" IF -Fl=` THEN PRINT AW! P! 000,20eC, ^., 100,7e? @, RETUM 
'5E 'F THE 

IN, RP; 7 AWIP3-00,20C, 09620e, 7080' : KETUR 
: czl C-5; eIC Ili= I ; *' 71.1EN, P. RIK, - ""P620 , MV : RETUM 

65 ? : --:, ýj 17,, ýP(7) UPPEIR(C" LCUERW OR S-0-Tal(S) F5=! NCH$(9. ) 
F$=`, 4 T04 Pr. U . 1. A5+'IP! 0@6,200e, 2? 5E,, 70eV R, , 5 ?5 Ný=V TH07N PF: %- AWIP2950,200e, 448,790-,, " RFURIý 

'M N PRI' T, AWIP490C, 2000,665e, 79W REETURq 
, 41C FT EN P-Rifff : RE-U!. ý%' 

-Pi; RA7 F. "C"72 
C; 'Nij MTOP(7% BC, 771arý 1-c-F71 ý., l 

.. 
1,13 EC UOM. R 1,131ý7 (R) P$--! NiCRs (11) 
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'1000,4! e0,780e' : P7-12N . 664P IF P$=7` 'ITHEN, PRtM AWIPIMB, 'A 
"'65E, "FF THEýý FRNT iý-$+4.! P56cliP,, 2000,8800,4108" REETURI 

, 460e IF PWP" THEN' 
E 7' FOR PLOTTER 11 BUFFER TO EMPTY MH Ral "!, "i-E DELAY 

7eiq FOR ý=! TO 2! 
70220, FOR j=l 'M 189 
7030 1,071 J 
7949, ND(T '., ' 
7050 PRINT A$+ 'Plu" J$ 
7060 NpUrNfle ,BI 
70710 IF Bl)'48? THEN RETU76' 
_100, i1 10.1 '12 c TIC- 701C 
? p9p END 
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Appendix A Computer program for modelling substrate roughening 
RUFFILM 

3,, -! Til ý. P, ",, FOR FOUR FILM 91,01DIEL c USLS K K16i KAPPA' 
c SLIPSRATE IS 

11 NSI GN FNS1 (2) -D 2) ,F 14 SE (2) F N! XII(, q) 
BUHR*! FILE(40) 

REAL R;: I, RF2,4.,: 3. RF4jJ- 
FEALEP Pp c,; 2! q, COM, 

CDHPý-EX Z. i; I N-. F UY ,F IN SRH0, RN, FRNI 21. RP RP21R SR t 
CH-PLEX T,. , T'ý, T7 T! 

tCAT, Aý 
C OM 14,1t, 11 C- PT/ FN 11 ,31C: N, FN QiK D 12 05) -7, CRIN, C -RP12, CR N32, IWL, 

Eý!, Hlý rý? - IRP21 RN'21 D0 
IT4,64, I)EU L IF, pg Dx 16 IOX ELDEL, ELPS1 DENP, FNP, DE-11111 ý, vje 

c 
DINEINSION CALIN205) 
SIN: COS, ATANIJAý! FGF AMOLES IN HEREES 

m1 275 78) 

ATAUD (X)=A!. Ai4 1157-3572 TM 

-1 TA11D =, ffiVj (. X) /pf,, SD (y 
cS 15 LIEU FOR CALCULATING SPECIFIC REFPr. T 011 

SUN; =(` 
WRIM6,13j 

1 1" * 
-N I FORKANIF: , 'FILEIIAME? l 

ýEAD(5,171 FILE t, I. 17 F ORNA 1 (4, 

CTD GIVE STAURN VALUE0 I VARIARES 
10 FUIN. 334 

R2.101=1.334 
FUL' 1 (2) =0. 

-ATL c MAKE SUBSTR E MAGNESILIH 
F11131 (11 85 
IN r SI(2)=5.75 

FKIC=42. cFNSI (I I iFUSI (21 411=70 
. WLI=6326 

RHGC=(O.: -f. ) 
TC=I. 
DELC=90. 
DEN1=1. 
DENP=I. 
FNP=1.5 
FN=1 . PI=3.1415926 

! 000 CNTINUE 
STEP=260. 
D12)=D. 
N=32 
INPUT OF VARIABIES 
WRITE(6,121 

1 FORRVIA THIM , 'TOP FILM THICKNESS? 
READ (5,14) nliq 1 

14 FORMATIF8,3) 
YR! TE(6.16! 

IL F ORM AT(IH! TOP F 11, .1 RE F; AC TI VIE 1114,1 ý--, y 7 READ(5,, 'B)RFI, PF2 
IE FORMAT(FS. 3) 

ýF, j TE( 2 Cl) 
20 FCP4AT( fill, .1, ýIHD. . T. RIDGE( C011-HON-2) YRITE(L, 71) PH JRES13)^ 

F0 NNIT U 111 1 NVER'" EC GIN E5 (4) , NNIEFROSE HEN ISPHEERE 1: (5) 'e 
VITE(L, 222) 

4: 4 FOPHAT0ý1, 'RATE GF ! NCREASEE OF RONNINESS 
-9 A -- E 

S. TTING4 CONLEY EV!,, 
FNX Q) =CMP! Y QF I. -RF2) NPHASEZI. 
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EF, 'fY, D=RFl*RFl-RF2fRrF2 
;: p. ýiMD=2. 

-RFl iR. ,7 
ROUGHNESS MODELLING 
START OF CALC 
DO 210 1=1,30 
jZI-1 
IFMODEEL, 67.1. ) SOTO 50 

GOTO 1-0 
50 IMIODEMT. 2.1 SOTO 60 

COTO 70 
60 CONTINUE 

MMIDDEL. GT. 3. ) COTO 75 

SOTO 70 
i5 ff'(1490EL. ST. 4. ) GOTO 78 7 

YFRAC(I)=l. -VFRACT 
GOTO 70 

76 
VýRACIM=]. -VFRACT 

70 CONTINUE 
9RITE(L, 100) VFRACM 
CALL OFTCOMFRAC(l), EPSIMD, EPS2HD. EPSI EP22*C, EvM3N. -'-M-`) 
MMODEL. GM. ) GOTO 60 
F14X (33-1) =CIMPLIX (EMAN, -EMAK) 
COTO 2100 

al CONTINUE' 
FNX(I+R=CMPLX(EMAM. -EKAK) 

2100 CONTINUE 
c START 0; 7 CALL' 

I' (tl)=D(2) -STEP 
2300 MINTINUE 

! F(FLAC. EG. I) COTO 1155; 
V(2)=D(21, STEP 

1155 
RATE=RATI(EXP(RATED)) 
RATED=RATE[j+. l 
! F(RATE. GT. 1) COTO 1128 
RATE=! 

1129 CONTINUE 
COTO 1210 

1210 CONTINUE 
DO 2150 1=3,32 
D(IM. 

2150 CONTINUE 
21551 CONTINUE 

IF(D(2). LE, tlTHl) COTO 2000 
60TO 3000 

C PROCEED TO PRINT USING CTABLE 
OF WAVE C THICKNESS OF TOP FILM vl. OPTIONALLY. SETTIN, E PLATE 

2000 CONTINUE 
0=74 

C SET INITIAL VALUES 
310 FUlzFNlI 
311 Al=, All 
Z12 51=SIND(All 

Cl=COSp(AI) 
315 WL=WLI 
320 N?! =N, +l 

c S--T VALUES FOR REFRACTIVE INDEX OF SUBSTRATE 
FUX(NPI)=I"r. PLX(FNSI(I), -FNSI(7)) C COMPUTE REFLý: CTION COEFF. BETiEEN LAYERS 4 
MN. E9.2) GbTO 335 
X=SIND(Al)*FNi 
CN=CS@RT0. -(XlFNX(N+l))'i2l 

, IFNX (N) ) **2) 
CRP=(FNX(N+') *CNMl-FNX(N) fCNh'(FHX(Ni! l *[firil 41410', iCtl; 
CRN= MNY (N) f CINN ! -F!, *'X 04 11 ) ICN; I (FNI ! 4) *CNNI 4NX 
IF(N. EG. 3j) SOTO 335 
; 
=4_ 

PC 3JO JK=l, RX 
CIPI 'SORM, . -0; /Ftlv(I+1))ii2j) 

Q'i 
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.C1 
(14-1) fc I P! Rlif FN'A' 11 -Ff! vI+CIPFI 

C RP, 
R RC ( RN CRU TIi 

Z5L 9' NTI 1111 E 
2) FN2=FtIK (I 
12 CALCULATE REFLECT 1 LIN CGEEEFF. b ET WIWEN' LAYERS 3 

PA LL SUBRUT iBLES OF DEL & PS! FR P-TArLE 
CONTINUE 

570 D2=D(2) 
101.1 =RC (PP21 C RK, "i C24 E-21,4L) 

C R'N' 1 =. R C( W12, R IN 32 FU 21C22 
PH9=CRK'i /C. RN12i 
1F (Fti, N, .IR -1, a=CEp(1 'N ELU0F. H ri 1 

, 
AS ff, ilcL=' T A, 

ý(7 
il t', IV , ýý*,, 

) 
, REAL (RHO, I k57.2ýý572, 1-) 

1 -6, ' HE =1180. iý4, ý! 411,111) Ap G lF. Hi, T. 1.0E 
FS, =01TAND (CARS (PHO; 
Xhl =CABS (CEP-71, 

IM.. 4 

PC' A -j 

, Tt, l= AN12 (CRF21 ' OREAL(CRP-21 #57 . -, r, 78 
AND. THETAI=180. 

2 NAIM'GUN21, Hli iC, Ql))t57,9378 ; id " .i =A'T'ýý! .1ý 11- -. j A. , li HA rj E 180. 1 RE A, (CR N'2 LT. 0. N: -1 (CRI-21 LT. 1. OC-. -) THETA2=1 
! ý, 'rirl 'LT. 0. DELI=DEL'ý360 
Iý i6i L. LT. 0. D EL= DE LI 
WR iT -- (6 100) D( 21 FS DEL 

I oo FOR. 'ýýi X, F7. -, 6 
0 Cor NUE 

sT P" 
ýflb 

SUBROUTINE SlUBROT 
CAULl, Hi CRP12 AND CRNK KFIEPTION COEFF. G-- MEDIUM & 

COMPLEX 

! ýý-2' 1 RA? l , DEL FS)I , C2 C3 R, 12I Q) , DFN212) Rt2E (2) F. U. 10A (2) , T! , T2, 
t ý'l 

, T4 , D'. ',, DEL DX J'S 1 ERDEL'. ERPS! , 
bENP, FNP, 

y =r 
"-2. RTQ. -(Y/FtL2! *i2j 

C3=CS1'F, '-(l. -H/FNXQ)ýfi2) 
I (" "', FORMIAT H'0.3,6i" 10. ') 

2FH -Cl-FNI+C2l I (Fli2*C+--t,; ' f0ml 
(FN I iC 1 -FN122FE 1 (FUILIC". i FNý 2, C2) 

INI. E9.2) 6010 10 
RP37= (FUX f C2-FNIIC3) I (FINX (3) iC24FN2f N 7) 

iilN2iC2-FNX I (FN2*C2+FNX (3) *C-, %) CRP. )i. =RC (PP7,2, CPP. FNX', 3) *C-., *D (3) JWL) 
E'NN3! =RC(RN32, CRN, FNX(3! fC', 7*D(. 7), VL) 
IRE Titlit! 

i0 RP' '= i FNIX (3) *C'l-FtQ* "3) 1 (Ftl', * 1, 'll *C2+-*142*C3) 
CRUH= (FN2fC-? -FNX (3')*'C3) If FN2f C. '+FtIX'(. -) *C3) 
HE TU 
END 

- CF'-, -- ,m 
C UIN r' LE R2! ICUý2, Q, T 

2 :: T=C EX F. Ul 
., .1. 

Zý 6 6, -; 74 
(Ni 12 

PC= 'F *-T CF32* TI, 
TON 
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I LIE RaNE C`M-11,0"! . -, Pq I NED , EP-MID , EPS I lC , EPS2 IC. RIN. RK) S 
CALCU., Aii-ES N*U ý-N" EF'FEC-TIVE-rii-DIUM APPROXIMATION USING EHA 

CONFILE EPSI,, 'PS^,, EPS7, A, B, C, EPSEI, EP-^E2, -iERH2, RESUý-T II 

(2), TI, T2, T3, 
I T4,02, PSI DX, DENIP, FNP, DENTEA, K, I'S, RHO' 

EF5I=CflPLXI.; PSIlE, r-PS2Tr, ) 

. q=,. P0i-?. f) 
Et = (3. fýIfiFS3V1zE IP K+ 1'. kEPEPSI 
-, =EFSjiEP'o2 

EPSE B*+'i ER2 2'r A) 
;71S -P S+ TERM 2) 12. A) 
1F iA I fl A r, (z FzEI), LT. C. ) fr, 0T03 10 0 

(ALppg; P ;:, -E SCLIJLTMM C,,, -"-Te 400 
0 01 SR=, -, E A. 1,11 EPSý: 2) 

EFS! =. A I MAS iEPS E' 2 
SOM 

400 EP. ^-R=FEAL(EPS--El'j 

. 5*-'ý'ýýýýt)., ý-IS-2. -T(EýSR, Er'SR-ý-EPS14EPO'l)). EE. 1.1-s) GOT 15 
Rel, =o. 
RtN=cnRT(EPSR *, SOTO 20 

15 
RNl=SQRT(EPSR4ýY(RK) 

Ru Rtl 
E ED 


