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where Ci is the true mass concentration of element i in the alloy
and subscript Ai signifies values appropriate to the constituent element
i when element A is being analysed at a given value of incident
electron energy.
Values of R vary from R=1 if no electrons are backscattered
to about R=0. 6 for heavier elements, and are obtained from the

work of Duncumb and Reed(lzg).

::'llx gives the rate at
which electrons lose energy E measured along their path length in

The electron stopping power S o

a specimen of density P Values for S are based on Bethe's formula,

S = consta'nt-é x In (L‘l_?ég

- ) )

where Z, A and J are the atomic number, atomic weight and mean
ionization potential for that element. Inthe absence of good theoretical
or direct experimental values for J, values calculated by Duncumb

29).

are used(1

Absorption Correction

In this correction, we make allowance for absorption of the
directly excited radiation as it emerges from both specimen and
pure metal standard. The procedure followed is that due to

Philibert(130) but with a modified value for the electron penetration

coefficient due to Duncumb and Shields(131). The relation relating
the intensity ratio for the emerging radiation k;n with the corresponding

ratio for the directly excited radiation generated in the specimen k

A
- SN f (X p110y) :
A T TA f(XA) (5)
where f£(X) = Bxl (6)

F(0)
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F(X) is the intensity of emerging radiation and X is a parameter
measuring the absorption in specimen or standard. When X = 0
there is no absorption of X-rays and thus F(0) gives in principle
a measure of the atomic number effect (but as explained, the use
of this atomic number correction is inadequate in practice),

and the use of f(x) cancels out this atomic number correction and

enables us to make a correction for absorption alone.

A

The parameter X = (Z Ci _(%)i ) cosec 6 (7)
‘ i

where 6 is the take off angle for emerging radiation and (-E-)j: is the
mass absorption coefficient of element i for A characteristic radiation.
An approximate analytical expression derived by Philibert
for F(x) is,
1

S =(1+-§) f1en0+35)] (8)

The electron retardation coefficient G was calculated by Philibert
as a function of incident electron energy, Eo, alone. More recently

the expression

5 -
2.3 10
©= 19 N (9)
E "T-E T
(o] Cc
(31 ; - :
has been proposed , Where Ec is the critical absorption energy

for the radiation being used. This latter expression has a better
theoretical basis and is also proving more satisfactory experimentally.
The parameter h is a function of atomic number alone, and

Philibert's expression is used,

_ A
h= 1,2 72 (10)

\
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The value of h for an alloy is calculated according to
% N, A,
; 1 :
h=12 > . (11)
(iZNi Z,)

where Ni is the atomic fraction of the ith component in the alloy.

Substituting the expression for F(X) in equation 6 enables us to
-calculate f(X):

1 ' X |
1x) -t {“ 1+h 6‘} - (12)

and thus use equation 5 to correct for absorption effects.

Flourescence Correction

Here the component of the measured intensity (If ) which is
caused by absorptmn by element A of the characterlstlc radiation or
radiations of one or more of the other constituent elements of the
alloy is considered. If the measured intensity ratio for the directly

excited radiation is written as,

kZ‘ = 1?1/1’1 (13)
then the inclusion of the flourescence contribution leads to a
measured ratio
m m f m Iin m
KA:(1A1+1Ai)/1A=(1+;-——akA (14)
Ai

To make allowance for this contr1but10n, the ratio IA /IA is calculated
for each and every X-ray line from the other constituents in the alloy
other than A, which might cause a significant fluorescence effect.

Cons tituents giving an intensity Ii’ having a wavelength just shorter
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than the A absorption edge,will be most important.

To calculate the flourescence contribution the equation of

16 132
Cas’caing(1 ), slightly modified by Crreen(13 ) was used:
iy Q U-1 5/3 W
Ai ik Vi T 1 i A i
foti . B2l (T Al x
IAi 2 UA-l Wi _
(14 Fut _1n{1+_ iG- }
In JZ_TXTL?L cosec O ?uj Cj ¢
Lol ¥ (15)
(Zju? Cj) cosec © S
J
L e
where ‘
i) w. is flourescence yield for relevant ionization level for

element i and values used are from data of Kayeand Laby,

which in turn relied on the work of Burho(}])%qc) SZi is the weighting

k
of each line associated with the level, such that = Qik =Y.
k
ii) r is the ratio of mass absorption coefficients for element A

on either side of the relevant absorption edge. It is a measure
of the fraction of absorbed radiation of element i, that causes
ionization of A atoms. For K absorption edges, values of r were

(134) (135)

obtained from data of Victoreen , and Compton and Allison

iii) U = Eo/Ec’ and is the overvoltage ratio for absorption edges

of the different elements.
iv). W is the atomic weight of element i.

v) u! is the mass absorption coefficient for the characteristic line

of element i in element j.

Combining the equations 1, 5 and 14, the combined expres-sion

relating measured relative intensity KI-TA1 to concentration CA 18
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m s T Ratloy Sa
K, =(1+Z4) FTE = S . (16)
i A A Alloy

Using equation 16, tables of measured relative intensities vérsus
coricentration were constructed for the iron-silicon and the ternary
iron-silicon-oxygen system for an operating voltage of 15 kV and
take off angle of 18°.

The agreement between the calculated values and experimental
results is excellent in the case of iron-slicon alloy, Fig. V-4.

The line is the calculated curve whilst the points are experimental
data.

In the case of the iron-silicon-oxygen alloy, the assumption
is made in the calculations that the specimen is homogenous. In
practice, however, it consists of various phases in different states
of inter-distribution. For the conglomerate phase,which consists
of a fine dispersion of silicate particles in a wustite matrix, the
above assumption may be a fair approximation. The size of the
silicate particles ranges from 0.02 - 14 p3. Since the spot size
of the electron beam is about 2,,1, the excited volume would be
a pproximately 32 I.l . Hence at the lower end of the silicate particle

size range, the assumption of a homogenous material is reasonable.



APPENDIX II
DETERMINATION OF REACTION RATE FROM WEIGHT GAIN DATA

BY NUMERICAL DIFFERENTIATION

To determine the reaction rate from the weight gain data
numerical differentiation was found to be most suitable, since
graphical methods have very poor accuracy and are cumbersbme.
All num erical differentiation methods are based on the fact that
an interpblation function ¢($§) can be used instead of f(>.<) and .
that the derivative of {f(x) is approximately equal tothe derivative
of f(x). Hence, there is a certain degree of error in the derivative
of f(x).

The function f(x) can be written in the form

f(x) = A(x) + R(x) | (1)

where #(x) is the interpolating function and R(x) the residual term

of an interpolation formula. Since the function values were available,
rather than differences)it was decided to use Lagrange's interpolation
formula for equal intervals to represent 4(x).

The Lagrange interpolation polynominal of degree n can be

expressed in the form, {16}
n C yi

" - .i ’n

T = (_l)n t (t-1).....(t-n) = (_1)1
n! i=0 t-i
+ hm-1 t(t-1) (t-Z)'. eoo(t-n) f (x; X3 oeeeesX ) (2)

. X=X - ’

where X =X 4= h andt= h (3)
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Differentiating once we get,

n
, +Ho i, d Eqt-1) oovaes £
hi'(x)=2 (-1 Cn'yi 4 i {t-1) ( n)}

i=0 (t-i)

+ hn+1 £(x; X3 X eeeeX ) - {t(t 1)...(t- n)}

+ B g x ;3 .. X ) HE-D). .. (t-n) (4
o n
In particular, if x = X, We have
51 i Cn1 yi d {t(t—l). .. (t-n) }
1
hiGg) =3 (0 —— o t-3 t=k T
- =1 :
n+l e d { 3_
h £ (2 X ieeeX ) gy t (t-1)...(t-n) t=k (5)

Now the first derivatives for various values of n can be written down:

n = 2 (3 points)
2

R AT B T

R DR L SR g

Y, =3 Ly -4y 43,5 1;—2- £ (£) (8)

n = 3 (4 points)

Yo ° T Uy, + 18y, - 9y, + 2y - 13?13— ™ (% (9)
= %h {‘ZYO = 3y O, ’?’.3} +11§ ) (%) (10)

Y5 = —g‘g— {Yo - by, + 3y, + 2y, }- hT; 7 (& (11)

1 b (iv)
yg = {-ZYO + 9Y1 - 18y2 + 11y3} +-‘1—' i (E‘) (12)
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n = 4 (five points)
, 4
o LS i f2
¥, S 25y_ + 48y, - 36y, + 1§y3 -3y, §tg £ (R (13)

y} = E}T {3y - 10y1 + 18y, - 6y, + 943-%) £v) (%) (14)
1 - hY () |
Y2 " T2n iyo * By ¥ By - Y3}+ 30 (% i
L s _155 { = 6y1 - 18y, + 10y, + 3y4} - Z—Of(v) (&) (16)
4
- IEK {3y - 16y, + 36y2 48y, + 25y4}+ %—- V) (g (17)

where y = f(x) and y' = g—x“ (£(x))

It can be seen by comparing the various formulae that the
simplest expressions are obtained for even n at the middle p'oints,
that is, equation (7) and (15). The coefficients of the derivatives
in the residual terms (those outside the curved brackets) are also
the smallest here. Therefore, these formulae will contain the
smallest error and hence were used as much as possible. It should
also be observed that the error due to the residual term decreases
as n increaseg if h is less than 1.

A computer program was written to use the above formulae
and calculate the reaction rate from the weight gain data. The basic
scheme used is outlined below:

\ In our case the independent variable x is time and the dependent
variable is the weight gain w. Let us consider a table of w and

t values as shown
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t Vo e
%3 V3
ty V4
. Vs
%6 V6

If it is decided to use the five point formulae, then the derivative
of w at 1:2 marked by the arrow, can be readily calculated using
equation (15) to good accuracy since it is the mid point of the first
five points. The derivatives for to, 1:1 can also be calculated using
the corresponding formulae, equations (13) and (14), to a lesser
degree of accuracy. To calculate the derivative at t3, one uses
the five points w, w_, w_, w,, w_ and calculates the derivative

4 5
using the mid polint fzormila. This procedure is continued to
calculate the derivatives at successive points until the end of the
table is reached. Here again as at the start, one has to use
formulae other than midpoint formula to calculate the derivatives
at the last two points. Therefore, the accuracy of the derivatives
at the top and bottom of the table is necessarily lower than those
calculated using the midpoint formula. An error of the order of 1%
is made at the top and bottom of the table, whilst derivatives |

calculated by the midpoint formula have an error of order of 0.2%

due to the residual term, when the five point formulae are used.



APPENDIX III
INDEXING SINGLE CRYSTAL ELECTRON DIFFRACTION PATTERNS

The diffraction pattern is a plane through the reciprocal lattice
which is perpendicular to the incident electron beam and each
spot in the pattern represents a particular set of reflecting planes.
Since Bragg angles are very small, i:he'zone axis of the reflecting
planes is nearly parallel to the specimen normal. The distance
from the centre bright spot to a diffraction spot is proportiorial to
the reciprocal of the d-spacing of the reflecting plane normal
in the real crystal and thus can be used to a.ssign directions iﬁ the
real crystal. Not all of the points in a particular reciprocal lattice
plane will appear in the diffraction pattern bécause of interference
between waves scattered from different scattering points in each
unit cell (i. e. certain reflections are disallowed by the structure factor).
To illustrate how the diffraction pattern can be indexed, let
us consider the spot pattern in Fig. VI-20. This diffraction pattern
was obtained from the area marked A on the accompanying micrograph,
that is, from the region at the interface between the wustite nodule
and the amorphous silica. In the case of cubic crystals indexing
can be done without a knowledge of the camera constant but for |
other more complex crystals, a knowledge of the camera constant is

(119)

necessary to enable d-spacings to be calculated using the formula

L\

Grk1= R (1)

where dhkl is the d-spacing of the reflecting plane, R is the distance
from central bright spot to any diffraction spot and L\ is the camera
constant. The camera constant for the particular operating conditions

was determined to be 18.6 £ - mm.,
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Lists of the d-spacings of the various oxides, wustite, silica
and fayalite were calculated from the known lattice parameters. ‘
For the case of wustite and some forms of SiOZ, which are cubic,
lists of the interplanar angles were obtained from standard texts(137).
For the case of fayalite, a list of the interplanar angles was
calculated to aid in the analysis of the diffraction patterns.

The lengths QA, OB, OC are measured from the plate, as
shown in Fig. A-1. From these valu&sof R, the correspondmg
d-spacings of the reflecting planes may be calculated using equation (1).
The d-spacings calculated are next checked against the lists of
d-spacings of the various oxides. In this particular case, the
measured d-spacings can only be accounted for by fayalite and the
spots A, B, C are probably of the (011} (012, (02]) form respectively.

The exact indices of the first two spots can be arbitrarily selected
provided they give the correct angle between the two planes. In
practice, the indices of the three planes have to be chosen in such
a manner as to satisfy the condition that the correct interplanar
angles are given by these indices.

The measured R-values, the measured and calculated d;-spacings
-and interplanar angles are listed in Table V-2. The diffraction pattern
indexed in this appendix is that corresponding to plate no. 2254. It
is observed that there is a good correspondence between the calculated
and measured values, meening that the correct indices have been
assigned. |

From the zone law, the zone axis is the cross-product of the

two lattice vectors, namely,

ZA = [o1] x [oiz] = ool = [100]
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Fig. A-1: Selected area diffraction pattern corresponding to Fig. VI-20.



APPENDIX IV

If gaseous diffusion of carbon dioxide is rate controlling,
the 'oxidation rate will be given by the rate of transfer of gas to
the oxide surface. Consider the largest observed oxidation rate,
namely, for oxidation of alloy in pure carbon dioxide. From the
linear rate constant, the oxygen uptake is 1.24 gm-atom 0/cm2-—sec.
One gm-molecule of carbon dioxide supplies one gram_—atom of oxygen

according to

CO ~—=CO + 0 )

2
The rate of carbon dioxide diffusion to the surface is given by(llz’ 113),

D
AT et - b
NCO2 RTI1 NV (PCOZ PCOZ

B IvP 0.5 0.33
N, = 0.664 ( P) (—LD—)

) i -

where

and v, f’ » uare the gas velocity, density and viscosity respectively, D
is the gaseous diffusion coefficient and 1 is the specimen length.

Substituting appropriate values,

-3 -6
1.5 x 0.52 x 0.43 x 10 0.5 450 x 10 0.33
Mg = Gpe 450 x 107° ) (H3x103x 1.5
= 0.505
where V =2V has been substituted for the gas velocity.
max average :
Therefore

. L5x0.5068 x0.7L _ -6 2
NCOZ— 82.05 x 1273 x L. 5 =3.5x10  gm-atms.0/cm”-sec

185
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The oxidation rate should be 28 times faster than the observed rate
if the reaction rate is determined by gaseous diffusion of carbon

dioxide across a boundary layer.
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