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PREFACE TO THE THIRD EDITION 

The present work on quantitative analysis of Carbon, which 
was started in 1983, was our first in a series of systematic 
investigations into the feasibility of quantitative electron 
probe microanalysis of the ultra-light elements Boron, 
Carbon, Nitrogen and Oxygen. In the meantime this series has 
been successfully completed and it appears to us that this is 
a good moment to publish a completely revised and extended 
edition of our original report for a number of good reasons : 

In the first place there has been a revival in the interest 
in matters of matrix correction procedures in the last 
decade, leading to significantly improved matrix correction 
programs which make part of the data reduction and comparison 
procedures in our original report obsolete. This also applies 
to our own correction programs which, as a result of new data 
bases becoming successively available for the elements B, N 
and 0, have been continuously improved and have evolved into 
a state which is not likely to be significantly further 
improved by using future measurements. 

In the second place we have collected additional information 
on the subject of Carbon analysis in the past 7 years and it 
seems worthwhile to incorporate this into our original 
report. Also, a lot of insights into the subject have been 
changed and improved and some of the older observations have 
proved obsolete. A most interesting feature in this respect 
is that since a number of years we have two synthetic 
multilayer crystals at our disposal . One of these (W/Si, 2d = 
59.8 A) can be used for the analysis of Carbon and although 
it has not been optimized for the analysis of this particular 
element, contrary to the elements N, 0 and F, we have used it 
frequently in the past 4 years with success. The performance 
of this new crystal has, in the meantime, been compared to 
that of the conventional lead-stearate crystal for the 
elements Nitrogen and Oxygen and it seems worthwhile to do 
the same for the element Carbon. 

The last reason for publishing a new edition is that at the 
moment we have very much improved means for the graphical 
representation of our data compared to the situation in 1983. 
Among these are greatly improved plotting and printing 
facilities, the use of which will contribute significantly to 
a better presentation of the results~ 

Eindhoven 
January 1990 
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H.J.M. Heijligers 



SUMMARY 

Quantitative electron probe microanalysis has been 
performed in 13 binary carbides over a range between 4 and 30 
kV, bath for the metal component as well as for Carbon. The 
typical problems encountered in Carbon analysis are discussed 
in detail and solutions to these problems are proposed. It is 
shown that in the case of ultra-light elements like Carbon it 
is no lcinger permitted to measure x-ray intensities at the 
pos i ti on of the maximum of the emission peak because the 
shape of the Carbon-Ka peak is found to be subject to streng 
alterations according to the type of chemica! bond involved. 
As a consequence integral measurements have to be performed 
and it is shown that when a conventional lead-stearate 
crystal is used errors of 30-50 % are easily made if peak 
shape alterations are neglected. These effects are less 
pronounced when a new synthetic multilayer crystal (W/Si, 2d 
= 59.8 Á) with its somewhat poorer speetral resolution is 
used; still the effects can be of the order of 15 % or more. 

The present work has resulted in a total of 145 accurate 
intens i ty ratios wi th respect to pure element standards in 
the case of metals and 117 (integral) intensity ratios with 
respect to FeJC for Carbon, which served as a reliable data 
file on which matrix correction programs could be tested on 
their performance in conjunction with various sets of 
published mass absarptien coefficients for Carbon-Ka. 

Evidence is presented that the existing sets of mass 
absarptien coefficients for Carbon-Ka radiation are not fully 
consistent and a new set is therefore proposed, which is in 
better agreement with the experimental results. 

Finally it is shown that our most recent Gaussian ~ (pz) 
correction program ("PROZA"), when used in conjunction with 
the new set of mass absarptien coefficients, leads to 
surprisingly good results: a relative root-mean-square value 
for the ratio calculatedjmeasured k-ratio (k' /k) of 3. 86 % 
and an average k'/k value of 0.9985. This demonstrates .that 
even for Carbon very good accuracy can be obtained provided 
that proper care is exercised in the measurements, the 
correct procedures are foliowed and a consistent set of mass 
absarptien coefficients is used. 
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INTRODUCTION 

Since the development in the early sixties of pseudo 
crystals with sufficiently large interplanar spacings to make 
the detection of ultra-light elements (atomie numbers below 

1 1-12 f . 10) possible, a arge number o papers had been publ1shed 
until 1983 on the subject of quantitative electron probe 
microanalysis of these elements. Some of these publications 
have dealt with a number of practical problems encountered in 
this particular type of work. In ether cases the 
applicability of the various matrix correction procedures 
then available were discussed. Occasionally, new procedures1 

were even introduced. 
The result of all this was that, at the time when we 

started the present work in 1983, some of the practical 
problems seemed to have been well discussed while it was to a 
large extent an open question which of the existing 
correction programs, if any, was capable to deal with e.g. 
the huge absorption correction which often has to be applied 
in order to convert the measured intensity ratio (k-ratio) 
into concentratien units. In this context it is interesting 
to point out that e.g. in B4C at 30 kV the measured k-ratio 
for Carbon (relative to elemental Carbon) has to be 
multiplied with about 20 in order to correct for absorption 
alone ! 

In the course of 1h~ last seven years a number of our own 
correction programs1 

-
2 have been added to the list of 

existing programs and it has been demonstrated that these 
particular programs, based on the use of Gaussian ~(pz) 
(ionisation vs. mass depth) curves, are very well suited to 
the application on light element analysis, but not 
exclusively for ultra-light elements : their performanc~ on 
medium-tc-high Z elements is excellent at the same time16

' 
0

• 

Quite frankly it must be stated that the main reasen for 
the uncertainty in the early eighties about the performance 
of existing programs was undoubtedly the general lack of 
reliable data on which the programs could be tested. One of 
the original objectives of the present work, therefore, has 
been to supply a sufficiently large data file of accurate 
measurements on which the existing correction programs (and 
later, possibly improved programs) could be tested and 
compared. In the meantime this data file has been turther 
extended towards the elements Boron15

, Nitrogen 6 and 
17 Oxygen • 

The secend motive for the present investigation was the fact 
that a long-term investigation was going on in our laboratory 
into the di ffusion of Carbon in a number of binary systems 
(Ti-c, v-c, zr-c etc.) for which it was an absolute necessity 
to develop microanalytical techniques capable of measuring 
Carbon quantitatively with a relative accuracy of better than 
about 3 % . 
For these reasens an extended series of measurements of 
Carbon k-ratios were carried out on 13 binary carbides over a 
large range in accelerating voltages. Somewhat special 
emphasis was thereby laid on the measurements in Ti-carbides. 

3 



11 PROSLEMS IN ULTRA-LIGHT ELEMENT ANALYSIS 

The problems encountered in the analysis of light elements 
can be summarized as follows : 

1. First there is the problem of a low yield of X-rays (on a 
conventional lead-stearate crystal), coupled with a 
relatively inefficient detection system. Nowadays, the use of 
a modern synthetic mul tilayer like Ni/C (Ovonic Synthetic 
Materials Company) can bring a significant impravement here. 
In order to increase the count rate for the light element to 
acceptable levels one might be inclined to increase the beam 
current to exceptionally high levels. This, however, may 
automatically lead to : 

2. Dead-time problems for the metal lines if these are to be 
measured simultaneously with the light-element line, which 
will usually be the case. Besides, one may automatically run 
into appreciable pul se shift problems. The former problems 
are the result of the counter being choked by abnormally high 
count rates. Th is can be avoided by ei ther measuring the 
metal and Carbon separately, both under optimum conditions, 
with obvious disadvantages, or by resorting to higher orders 
of reileetion for the metal line. Pulse shift problems can 
become prominent when a narrow window is applied in the Pulse 
Height Analyzer and the differences in count rates between 
standard and specimen are very large. In such cases the pulse 
may move out of the applied window when going from standard 
to specimen. At all times it is advisable to check the pulse 
position and its variation with count rate very carefully. 

3. The next problem is that of the frequent interterenee of 
higher order metal lines with the light element line, 
especially on a lead-stearate crystal which is very efficient 
in transmitting higher-order reflections. 
Notoriously difficult elements in this respect are metals 
like Cr, Mn and the group Zr, Nb and Mo. Due to the proximity 
of the Ms absorption edge the latter group causes problems 
with most of the ultra-light elements. Interference problems 
are usually tackled by applying a rather narrow window in the 
pul se height analyzer of the detection system. Th is 
condition, however, bears the inherent risk of increasing the 
effects of smal! pulse shifts as a result of large 
differences in count rates between standard and sample. 
Serious errors in the k-ratios may then result since 
differences in count rates between (elemental) standard and 
sample may well amount to two orders of magnitude and the 
corresponding pulse shift can easily be of the order of 
several tenths of a Volt. 

4 



4. A further problem is the background determination. The usual 
procedure of measuring the background at equal distances on 
either side of the peak and interpolating between these 
values, can be very dangerous in light element analysis as a 
result of the complexity of the backgrounds which are rarely 
flat and straight. This is especially important when attempts 
are made to measure low levels of Carbon or Oxygen (below 1 
wt %) . In those cases ignoring of the typical structure of 
the background and of contamination effects may lead to 
dramatic errors (100% or more), especially in the present 
case of Carbon analysis. Th is problem is closely connected 
with that mentioned under 3 and also with the problem of 

5. Contamination. For the present work the contamination with 
Carbon is, of course& the most relevant phenomenon, although 

t . t. 16,23 b . t . bl t Oxygen con am1na 1on can e a qu1 e ser1ous pro em oo 
in electron probe microanalysis. Carbon contamination is 
caused by the thermal cracking of hydrocarbons in the vacuum 
system at the point of impact of the electron beam, resulting 
in a growing carbonaceous deposit which yields an increasing 
Carbon count rate with time. Since the problems mentioned 
under 3-5 are obviously closely connected, they will be 
separately discussed in II.1. 

6. The choice of a suitable Carbon (containing)-standard 
presents another problem. Because there are a number of 
allotropie forms of Carbon available, like synthetic or 
natura! diamond, various types of graphites, or glassy 
Carbon, it is difficult to arrive at a well-founded decision 
in favour of one of them. 
It is a fact, though that Weisweiler, in an extended series 
of papers 4

-
6

, arrived at the choice of glassy Carbon, mainly 
because of its good electrical conductivity (contrary to 
diamond) and its isotropie behaviour (in contrast with the 
various grades of graphi te which showed strong orientation 
dependent characteristics). In many respects Weisweiler found 
that diamond was more of an exception in the series of 
allotropie Carbons ! 
In the present investigation we preferred the choice of 
cementite (FeJC) as a standard, mainly because the expected 
count rate for Carbon is of the same order of magnitude as 
that in most binary carbides which would rule out problems of 
pulse shifts in cases of sharp discrimination. Moreover, 
cementite can easily be prepared and has a fixed composition 
(line compound). 

7. The knowledge of the mass absorption coefficients is another 
difficult issue. As a rule of thumb it can be stated that for 
ultra-light elements a variatien of 1 % in the rnac's simply 
means a variatien of 1 % in the corrected results. 
Table II .1 shows the values according to different sourees 
and it is obvious that differences of more than 100 % are not 
uncommon. Needless to say that the large uncertainty in these 
data will introduce an enormous uncertainty into the results 
produced by whatever matrix correction program used. 
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TABLE II.l 

Hass absorption coefficients for Carbon-Ka X-ray 
according to various sourees 

Absorber He(74) 24 Ru(79) 1 He(82) 25 K&S 9 ww6 

B 37020 37020 37000 33000 31000 
c 2373 2373 2350 ---- 25358 

Si 36980 36980 36800 31000 33000 
Ti 8094 8094 8090 6900 7500 
V 8840 9236 8840 7500 8500 
Cr 10590 10482 10600 7700 9500 
Fe 13300 13300 13900 9100 10800 
Zr 31130. 31130 21600 20600 20600 
Nb 33990. 24203 19400 15800 15800 
Mo 32420 15500 16400 12500 12500 
Ta 18390 20000 18400 8500 8500 
w 18750 21580 18800 10000 8700 

• 1 
Extrapolated over absorption edge 

8 Value for glassy Carbon; 2150 for diamond 

Present 
Work 

37000 
2373 

36000 
9000 
9700 

10700 
13500 
25500 
24800 
20600 
17000 
18600 

8. A rather fundamental problem can be systematic differences in 
X-ray emission ffom one light element compound to another. 
The Ni-borides 1 

'
19 were found to be typical examples .of 

such an effect. In these cases it appears impossible to 
correct the measured intensity ratios to the nomina! 
(expected) concentrations The relative root-mean-square 
value in the ratio between the calculated (k') an~ the 
measured k-ratio (k) shows a minimum value with Henke's 5 mac 
for B-Ka radiation in Ni. This indicates a good performance 
of the absorption correction wi th the particular mac as a 
tunetion of accelerating voltage. However, the average k'/k 
ratio is approx. 15 % too high which means that the actually 
emitted intensity is 15 % below the expected level. It is 
important to realize that every effort to change the mac in 
order to obtain a better k'/k ratio will result in a rapid 
deterioration of the r.m.s. value. It is not impossible that 
such effects also play a role in carbides like TiC and VC 
where in the present work rather large adjustments in the 
rnac's were necessary. The low values of the rnac's in these 
cases, however, do not lead to such a rapid deterioration of 
the r.m.s. figures; hence, it is not impossible that 
anomalies in X-ray emission are actually overlooked. 

By and large, systematic differences in X-ray emission is 
something to be very much aware of. Such effects can only be 
traced, however, by systematic measurements over a wide range 
in accelerating voltages. Most probably these phenomena are 
related to differences in the chemica! bond from one compound 
to another and as such an investigation of these effects must 
supply a lot of valuable information on the nature of this 
bond. 

6 



9. The choice of a matrix correction program. 
When we first started the present work in 1983 this still 
appeared to be quite a problem indeed, because it was 
extremely difficult (if not impossible) to assess the 
performance of a correction program on light-element work as 
long as there were so ·many doubts about the correctness and 
consistency of the published mac's. Besides, there was a 
severe lack of reliable and consistent data on which 
correction programs could be tested. on top of that the 
conversion of intensi ty ratios into concentrations was and 
still is a very complicated process. 

First the amount of generated intensity in standard and 
sample has to be calculated (Atomie number effect). This 
calculation in itself is already rather complex and uses a 
number of basic assumptions or physical laws which have not 
always been established beyond any doubt. A typical example 
of uncertainty is the use of various expressions for the 
ionisation potential (J) which is used in Bethe' s slowing 
down exp~ess~on. While the most commonly used 
expressions ' 26

-
2 will yield comparable results for elements 

wi th atomie numbers higher than Sodium, the various 
expressions will produce markedly different results for the 
ultra-light elements B through 0. Unfortunately, the 
experimental evidence to support either of these expressions 
is very meagre indeed. 

Another region in the atomie number correction where a 
number of doubts seem justified is the calculation of 
backscatter losses. Recent investigations29 have shown that 
the backscatter coefficient 7} is not independent of 
acealerating voltage as is frequently assumed in the atomie 
number correction roodels which are currently in use. 

The second step concerns the calculation of the emitted 
intensity by means of applying a correction for absorption 
within the specimen. Now, it must be clear from the beginning 
that such a correction can only be properly applied if a 
detailed knowledge is available about the x-ray production as 
a function of depth in the specimen. 
The curve relating the number of X-ray photons produced (~) 
to the depth z in the specimen, or preferably the mass depth 
pz (density times linear depth z) is commonly known as the 
"~ (pz) -curve". Fig. II.l shows a typical example of such a 
curve. It is important to point out that a ~(pz) curve does 
not gi ve an absolute number of ionisations but rather the 
ratio relative to a very thin layer of the same material free 
in space. This sterns from the way most ~(pz)-curves have been 
measured in practice using the so-called tracer technique in 
which a very thin layer of element A (the tracer) is buried 
under an increasing number of layers of B (the matrix) and 
the emitted intensity of A-radiation is measured as a 
function of the mass thickness of B. Besides, this way of 
reprasenting ~(pz)-curves has the obvious advantage of making 
the curves independent of the particular type of machine they 

7 
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Fig. II.1. Typical example of a ~(pz)-curve. 
Al-Kcx-radiation in Al at 15 kV. Solid curve gives the 
generated intensity~ vhile the dashed curves represent 
the emitted intensity for a hypothetical mass absorption 
coefficient of 100 (top) and 10000~ respectively. 

were measured on. 
As Fig. II.1 shows the ~(pz)-curve starts at the value of 

~(o), the surface ionisation, which is higher than 1 because 
the same thin layer on a substrate will always produce more 
x-rays than without a substrate as a resul t of an enhanced 
process of electron back-scattering in the former case. After 
an initia! rise in the ~ (pz) -curve a saturation level' is 
reached after which the curve finally goes down to zero (no 
more x-rays produced). This latter part of the curve, from 
the top on, can usually very efficiently be represented by a 
Gaussian distribution, thus reflecting the statistica! nature 
of the X-ray production process. In the (near) surface layers 
the si tuation is different; here the electrons are not so 
efficient yet because of two reasons: 
1) The electrons are more or less still collimated in a beam 
as a result of which the electron trajectories per unit of pz 
are short and mostly perpendicular to the successive layers. 
In deeper layers the electrons will have been scattered many 
times, resulting in more oblique (and hence more efficient) 
trajectories. 
2) The efficiency in X-ray production is strongly related to 
the overvoltage ratio (ratio between accelerating voltage and 
critica! excitation voltage). The so-called "ionisation 
cross-sectionn has its maximum values at overvoltages of 2-3. 
The initia! high overvoltage in the near-surface layers will 
therefore produce relatively few ionisations. 

8 



Finally, a fluorescence correction is sometimes necessary in 
order to account for the fact that additional, non-electron 
beam generated, x-rays can be produced by primary x-rays of 
other elements in the specimen. However, fluorescence effects 
for ultra-light elements are usually extremely smal! due to 
the very low X-ray fluorescence yields and can mostly be 
safely neglected. 

Now, the concentration C of a particular element in a matrix 
is related to its k-ratio (intensity emitted by the specimen, 
divided by that emitted by a standard) through the following 
relationship: 

or: 

C=k.Z.A.F 

I 
C = spec r-

stand 

z 
stand z--
spec 

F (X) stand 

F (x) spec 
.F 

in which I stands for the emitted intensity, Z (atomie number 
effect) for the total integral under the ~(pz) curve (total 
amount of generated intensity) and F(X) for the fraction of 
the generated intensity which is actually emitted from either 
the standard or the specimen. 
The parameter x is equal to ~lP . cosec ~ in which ~lP is the 
mass absorption coefficient and ~ the X-ray take-off angle. 
F stands for the secondary fluorescence correction factor. 
Due to the straight-forward linear proportionality of the 
concentration to all three factors Z, A, and F, in which F 
can . be neglected for our present purposes, i t would appear 
that the Z and A factors are of equal importance. The 
magnitude of the atomie number correction for medium to heavy 
elements usually differs less than 30 % from unity. The 
absorption correction, on the other hand, can be an order of 
magnitude larger: A-factors of more than 10 are not uncommon 
in heavily absorbing matrices. The latter cases are typical 
for the analysis of ultra-light elements. In the past the 
absorption correction has, therefore, always received the 
most attention. In this correction it is of the utmost 
importance to have the correct shape of the ~ (pz) curve. 
Especially the surface ionisation (~<o>) and the very first 
part of the ~(pz) curve (see Fig. II.l) play a crucial role 
in cases of heavy absorption and i t is at least remarkable 
that this is exactly the portion of the ~(pz) curve that has 
always been neglected in the simplified Philibert30 

absorption correction model, which has been used for many, 
many years (and is still being used) in the conventional 
"ZAF" approach. 
The strong interest for the absorption correction, however, 
has diverted the attention from the atomie number correction 
and this is certainly not justified: our experiences with a 
large number of correction programs on our Boron and Carbon 
analyses show that the differences in the atomie number 
correction factors produced by these programs can easily 
amount to 20 % and these differences in themselves could 
already account for the discrepancies between calculated and 
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nomina! concentrations in a large number of cases ! 

We have pointed out before15 that what it all comes down to 
is that the same product Z. A can be produced by a wide 
variety of Z and A factors and that it is very difficult to 
know what the exact distribution over Z and A factors should 
be. To speak in terms of the ~(pz) approach The same 
emitted intensity can be produced by a ~(pz) curve having a 
relatively smal! integral of ~(pz) but a peak very close to 
the surface as by a ~(pz) curve with a larger integral but 
with its peak deeper in the specimen. 
The main problem in quantitative electron probe microanalysis 
of bulk specimens is that one is usually dicussing the ratios 
between quantities, rather than the quantities themselves. In 
many respects it is possible that large errors are present in 
the calculation for the numerator (i.e. intensity emitted by 
the specimen) and the denominator (intensity emitted by the 
standard) and that still the ratio is fairly correct. As a 
consequence it is very difficU:lt to obtain absolute 
information on the more fundamental parameters from measured 
k-ratios in bulk specimens. The situation is completely 
different in Thin Film analysis; here it is crucial to have 
both the correct integral of ~ (pz) as well as the correct 
x-ray distribution function. 
For bulk analysis under not too difficult conditions, 
however, it seems that the requirements are not so stringent 
and this must be the reason that for a period of more than 20 
years peo~le have satisfied themselves with the simplified 
Philibert ~isorption correction and the relatively simple 
Duncumb-Reed atomie number correction which together form 
the basis of the well-known "ZAF" approach. 
One glance at Fig. II.l (lower dashed curve), however, shows 
that this practice could not possibly be continued in the 
field of ultra-light element analysis simply because the area 
from which the intensity is emitted is neglected all together 
in the simplified Philibert model bl assuming a ~(o) value of 
zero. Attempts undertaken by Ruste to reinstall the "full" 
Philibert model with realistic ~(o) values based on work by 

31 ; 14 15 18 Reuter were only partly successful ' ' because the 
~(pz) curves were still based on an unrealistic exponential 
function producing a too long tail into depth which was more 
or less compensated by a position of the maximum in the ~(pz) 
curve too close to the surface. 

A completely different approach for the absorption 
correction was chosen by Love and Scott. Their first matrix 
correction program, which was also based on a typical "ZAF" 
approach in the sense that the Z and A factors were 
calculated sep~fately, contained an atomie number correction 
of their own and an absorption correction based on 
Bishop's33 "square model". In the latter model the X-ray 
distribution was assumed to have a rectangular shape which 
is, of course, totally unrealistic. Nevertheless, ' by an 
appropriate choice of parameters and especially a suitable 
parameterization of the latter the model was found to work 
surprisingly well (for not too difficult cases), at least 
better than the conventional ZAF approach. The model failed, 
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however, in the analysis of Ultra-light elements14
'
15

• 

A further impravement in Love and Scatt's program was 
produced by the introduetion of the so-cal~ed "quadrilateral" 
model for the X-ray distribution function 4

• Due to the fact 
- that this (still unrealistic) shape is much closer to the 
real ~(pz) curve the model was found to perfarm much better. 
Still, the performance of this latter prograll} tt,as hardly 
satisfactory on our Baron and Carbon data bases 4

'
1 but this 

was not only due to inadequacies in the parameterization of 
the quadrilateral model under extreme conditions ; also the 
atomie number correction broke down at extremely high 
overvoltages. A new parameterization of the quadrilateral 
model, in which our Baron and Carbon data bases were used, 
tagether with the rnac's we proposed, and some alterations i~ 
the atomie number correction finally produced a program3 

with a similar performance as our own programs. 

In the past decade two completely new and fresh approaches 
to the field of m~trix correction have beeJf introduced by 
Pouchou and Pichoir 6 and Packwood and Brown3

, respectively. 
Both approaches can be considered to be based on attempts to 
describe physical reality as much as possible in the sense 
that all efforts have been concentrated on producing X-ray 
distribution functions which are as realistic as possible. 
Once this goal has been achieved matrix correction becomes a 
rather straight-forward process. This is not only important 
for the analysis of ultra-light elements; it also opens the 
way to analysis under much more extreme conditions of 
accelerating voltages and X-ray wavelengtbs in genera!. 
Finally, such approaches offer the best possible basis for 
Thin Film analysis for which an exact knowledge of the ~(pz) 
curve is crucial. In many respects Thin Film analysis is the 
ultimate test for any correction program. 
A further discussion on this subject will be given in Chapter 
V where the numerical results obtained on our final data base 
will be discussed. 

10. Peak Shifts and Peak Shape Alterations 

Perhaps the biggest problem in ultra-light element analysis 
has to do with the fact that the K-o: line in ultra-light 
elements is produced by an L-K-transition. For these elements 
(Z<10) the L-shell is not complete yet and includes the 
electrans involved in the chemica! bond. This manifests 
itself in two ways: 

a. In appreciable shifts in the position of the maximum of the 
• • k-1,5,38 C-Ko: em1ss1on pea . 

This problem can easily be dealt with by retuning the 
spectrometer when rnaving from the standard to the unknown. 

b. In considerable changes in peak shapes. 
This is no doubt the most serieus of all the problems 
discussed so far and although detailed descriptions of 
C-Ko:-emission :ieaks in various carbides have been given as 
early as 1966 this most important effect has sj~,n~e then 
been grossly neglected with only two exceptions ' 9 The 
first concerns the work of Weisweiler on a large number of 
binary carbides, unfortunately restricted to only one 
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accelerating voltage; while the second concerns the work of 
Love et al. on Oxygen analyses. 

The immediate result of alterations in peak shapes is that 
the intensity can no longer be measured at the maximum of the 
emission peak, as is usually done for medium to heavy 
elements in the tacit assumption that the peak height is 
proportional to the integral intensity. While this assumption 
is generally valid in the latter case it is completely wrong 
in the case of very light elements. This is demonstrated in 
Fig. II.2 where the shapes of the C-Ka peaks emitted by TiC 
and glassy Carbon are compared. In order to facilitate the 
comparison both peaks have been scaled to the same net peak 
heights, which means that the peak k-ratio is equal to 1. 
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Fig. II. 2. Comparison betveen the peak shapes of the 
C-Ka peaks emitted by TiC and Glassy Carbon. Note that 
the peaks have been scaled to the same net peak 
intensities. Stearate crystal; 10 kV~ 300 nA. 

It will be obvious from Fig. II.2 that the measurement of the 
k-ratio for C-Ka in TiC relative to Glassy Carbon as a 
standard, when performed at the peaks, will yield unrealistic 
results because the integral intensity emitted from TiC will 
be highly over-rated. Instead, it is absolutely necessary to 
measure the intensities in an integral fashion in order to do 
justice to the extreme differences in peak shapes. Of course, 
this is obviously a tedious operation for a wavelength
dispersi ve spectrometer. However, the problem can to some 
extent be overcome by the introduetion of a so-called 
AreajPeak Factor (APF). This APF will bedefinedas the ratio 
between the (true) Area (integral) k-ratio and the (usually 
wrong) Peak k-ratio for a given binary carbide with respect 
to a given standard (in our case usually Fe3C) and for a 
given spectrometer (with its typical speetral resolution, 
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depending on analyzer crystal and dimensions of the Rowland 
circle). The idea is now that once the APF has been 
determined for a specific compound, future measurements on 
the same compound can simply be carried out on the peak again 
and multiplication with _the appropriate APF will yield the 
correct (integral) k-ratio. 

Apart from the definition given before the APF can to some 
extent be regarded as a quantity which is related to the 
width-to-height ratio in the .. peak, provided that the emission 
peaks are symmetrical in shape. The APF must certainly not be 
confused, however, with the Full Width at Half Maximum (FWHM) 
of the peak. The danger in the latter conception is that in 
that case peak broadening in the lower half of the peak is 
overlooked. As will be shown later on in the vast majority of 
cases peak broadening takes place at the foot of the peak by 
the development of extra components. This effect is not 
necessarily visible in the FWHM value. A much safer way to 
look at the APF is to see it as a kind of weight factor which 
has to be assigned to a specific emission peak. 

The accurate measurements of APF's for carbon-Ka will be 
discussed in Chapter III. 

II.l CONTAMINATION AND BACKGROUND PROBLEMS 

As already indicated before carbon contamination in the 
mieroprobe can be a very serious problem, especially if low 
concentrations of Carbon have to be measured quantitatively. 
The sourees for contamination are innumerable because 
virtually anything the specimen comes into contact with 
contains carbon, e.g. polishing agents (diamond), lapping 
oil, cleaning fluids etc. Besides, there is the problem of 
hydrocarbons (diffusion pump and rotary pump oil) left in the 
high vacuum system. Under electron bombardment these 
hydrocarbons can be cracked at the point of impact of the 
electron beam, resulting in a rapid carbon build-up and 
correspondingly rapid increase of the Carbon count rate. 

Several solutions to this problem have been proposed : The 
use of a cold (liquid nitrogen cooled) finger surrounding the 
point of impact of the electron beam on the specimen; the use 
of an air (or Oxygen) jet, in which case a fine stream of air 
is directed towards the point of impact of the electron beam; 
or a combination of both. Considering the importance of 
Carbon contamination for the measurement of carbon it was 
decided at the beginning of the present investigation to 
start wi th a separate investigation into the efficiency of 
the various anti-contamination devices, the influence of 
different pretreatments of the specimen and different 
experimental conditions in the microprobe. 

The air jet was constructed in our own laboratory and 
consisted essentially of a bent piece of stainless steel 
capillary tubing, as commonly used for gas chromatography 
purposes. This capillary tubing was attached to the cold trap 
that was part of the standard equipment of our mieroprobe. 
The curved end of the tube ended approximately 2 mm above the 
specimen surface, close to the point of impact of the 
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electron beam, in the middle of the flat ring of the cold 
trap. The air jet .could be pos i tioned by simple turning of 
the cold finger 1n its place. The air-admittance valve 
(openjclosed only) was fitted with a sintered piece of sic 
with some residual open porosity, which in fact causes a 
fixed and controlled air leak. When the valve was opened the 
vacuul!' in the micropz:_~be, measur~4d near the gun filament, 
deter1orated from ± 10 to 2 x 10 mm Hg. Most probably the 
vacuum conditions in the specimen chamber are even worse than 
this figure. 

Initially, our instrument was equipped with a conventional 
oil-diffusion pump. In the meantime this has been replaced by 
a turbo-molecular pump in an effort to remove one of the 
principal sourees for Carbon contamination. 

The first experiments concerned the measurement of the 
Carbon contamination rate on a freshly polished Copper 
specimen without any decontamination device. Next, the 
influence of the two anti-contamination devices mentioned 
before was tested on the same specimen. All experiments were 
done at 10 kV and a beam current of 100 nA on the 
lead-stearate crystal. 

Fig. II. 3. demonstrates the effects that the two anti
contamination devices have on the observed Carbon-Ka count 
rate on an alumina polished Copper specimen as a function of 
time. It is obvious that in the long run (i.e. for very low 
Carbon concentrations which require long counting times) the 
use of an air jet represents the only efficient option in our 
case (JEOL Superprobe 733, oil diffusion pump). 
Experiments with different gases to replace the air, the use 
of which reduces the life time of the filament considerably, 
showed that although noble gases like Helium or Neon do have 
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Fig. II.3. Carbon contamination rate on polished 
Copper, without anti-contamination device, with cooling 
finger and with air jet. Conditions: 10 kV; 100 nA. Dil 
diEfusion pumped vacuum system. 
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some beneficia! effect, they cannot compete with air (or 
Oxygen) . Presumably the presence of Oxygen is essential in 
order to "burn off" carbonaceous deposits. It has, by the 
way, even proved possible to use an air jet in order to burn 
a hole in a conductive Carbon coating, which makes it 
possible to do analyses with the benefits of a conductive 
coating without suffering from its disadvantages. 

It is noticeable, though, that the use of an air jet leads 
to a slightly reduced specimen current, in the order of 1 %, 
in spite of the fact that the beam current, measured 
irnrnediately after the final lens, is kept the same. Thus, it 
should be kept in mind that measurement of standard and 
sample should be carried out under exactly the same 
circurnstances, also for the metal lines ! This effect is 
probably caused by a smal! fraction of the electrons being 
prevented from reaching the specimen by the presence of a 
cloud of air. 

A further observation was that the contamination rate 
always has a tendency to decrease with time. Fig. II.4 shows 
these effects, again measured on Capper, after increasing 
periods of time have elapsed since the introduetion of the 
specimen into the microprobe. Apparently the introduetion is 
accompanied by an initia! increase in contamination, probably 
caused by the release of hydrocarbons from the specimen mount 
and the operatien of a number of grease-covered o-rings. With 
increasing time the contamination rate decreases (Spots 1-4). 
Again, however, it is evident that the air jet is the most 
efficient device (spot 5). 
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Fig. II. 4. Influence of the time elapsed since the 
introduetion of the specimen in the mieroprobe on the 
Carbon contamination rate on Copper. Same conditions as 
in fig. II.3. Spots# 1-4 with cooling finger; spot# 5 
with air jet. 
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Apparently, it is advisable to wait appro~. 1 h (or better 
still overnight) before starting a Carbon ànalysis. In this 
context it must be stressed that the quality of the specimen 
and its mount must be of the highest possible level. We have 
seen notorious cases of poorly moulded mounting resin with a 
high degree of porosity with disastrous results for the 
analysis of Carbon; in some cases the hydrocarbons (from e.g. 
the lapping oil) escaping from the pores caused the carbon 
peak from a ZrC specimen to shift more and more to the 
position typical for amorphous (glassy) Carbon each time a 
new peak search was performed, even though an air jet was 
used. Similarly, we repeatedly observed that the presence of 
pores or cavities (like those frequently present at the 
interface specimenjmounting resin) can be noticed at a 
distance of tens of microns away from the electron beam by an 
increase in the carbon signal. 

A very simple and efficient procedure to check for 
persistent Carbon contamination is to repeat the same carbon 
measurement a number of times at the same location. If the 
Carbon count rate is found to be higher with each new 
measurement this must be taken as a serious warning of 
contamination. Removal of the specimen from its mount, 
followed by cutting away of porous parts and carefully 
remounting usually helps to bring down the contamination rate 
to the usual (lowest) level. 

It cannot be expected, however, that the contamination 
rate is a fixed condition for a particular microprobe. Our 
experience shows that i t can vary from day to day and i t 
depends especially strongly on the quality of the vacuum, 
which, in turn, is strongly influenced by the quality of the 
specimens examined immediately before the actual Carbon 
analysis is undertaken. After the analysis of a porous or 
powdered specimen it can take up to several hours before the 
contamination rate is down to its original low level again. 
Likewise, the use of large amounts of silver paint or other 
conducting pastes can be very bad. The indication of the 
vacuum meter is a bad guide in such cases; apparently it is 
the quality of the vacuum that matters and it can take quite 
a long time to pump away all the hydrocarbons once they have 
been introduced with a bad specimen. 

Rather to our surprise we established that the 
substitution of the original oil-diffusion pump for a 
turbo-molecular pump on our instrument did not noticeably 
lower the contamination rate, although it might be expected 
that the removal of one of the principal sourees of 
hydrocarbons would have had a beneficia! effect. Apparently, 
there are sufficient sourees for Carbon contamination left. 

The influence of different cleaning procedures is 
illustrated in Fig. II.5 for Titanium. Ultrasonic cleaning of 
the specimen must clearly be preferred over the more 
conventional cleaning with light petrol and alcohol. To some 
extent the effect of the two treatments may be cumulati ve, 
because one has been applied after the other. Again, however, 
the powerful action of the air jet is obvious. Especially the 
observation that on spots, already heavily contaminated, the 
air jet is capable of reducing the Carbon count rate quickly 
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Fig. II. 5. Effect of different pretreatments of the 
specimen on the Carbon contamination rate on Titanium. 
Same conditions as Fig. II.3. 

again to a constant and very low level, is quite impressive. 
Another artifact, related to Carbon contamination, can be 

introduced by the polishing techniques used, especially in 
the case of relatively soft metals like Ta and Nb. With such 
metals it is perfectly possible that considerable amounts of 
diamond dust or other polishing agents are rubbed into the 
specimen surface. Such agents can usually be effectively 
removed by etching with a 1:1:1 mixture (by volume) of 
concentrated HF, HNOJ and H2S04, until the grain structure of 
the metal is exposed. 

Next, a number of experiments were carried out in order to 
determine the influence of the mieroprobe conditions on the 
contamination ra te. Items investigated were Influence of 
the focus in the electron beam and the effect of varying beam 
diameters, differences between spot mode and scanning mode, 
etc. To this end a <111> Silicon single crystal was selected 
as this could easily be polished and the danger of rubbing 
diamond into the surface could be considered negligible. 
The general conclusions of this investigation can be 
summarized as follows: 

1. It is always observed that the Carbon count rate immediately 
after the positioning of the beam on a new location is higher 
than after 30 seconds (air jet on!). This conclusion applies 
not only to the Si specimen but is generally valid for all 
materials investigated (metals as wellas carbides). 
A quite similar behaviour is usually found for the absorbed 
current; synchronously with the decrease in Carbon count rate 
a · decrease in absorbed current is observed. Apparently it 
takes some time, usually 30 seconds to 1 minute, even with 
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the air jet on and fully focused beam, to attain a stable and 
stationary situation. This should always be borne in mind in 
the analysis of Carbon. 

2. The time necessary to obtain a stable and minimum count rate 
is dependent on the acceleration voltage; the lower the 
voltage the longer the time that is required. 

3. The more the electron beam is defocused the longer it takes 
to attain an equilibrium (and minimum) count rate. The same 
conclusion applies when the beam is scanned over rectangular 
areas. 

* 

Some of these features are summarized in Table II.2. 

Table II.2. 

Carbon contamination experiments on <111> Si single 
crystal vith varying conditions in the electron beam. 
Reported is the time (in minutes) required to obtain a 
stable and minimum Carbon count rate. Beam current 300 
nA; Stearate crystal. 

BEAM MODE 

SPOT SCANNING 
Beam diameter Rectangle scanned 

(in ~-tm) (units of 1. 85 ~-tm) 

Foc.10 20 30 40 50 1x3 2x5 5x5 10x10 

Accel. Voltage 

4 kV 

without air jet * 1 2 3 3 4 4 

with air jet 1/4 1/3 2/3 3/2 3 4 1/3 2/3 3/2 2 

6 kV 

with air jet 1/3 1 

Without air jet the absorbed current decreased . during one 
minute from 228 nA to a minimum of 218 nA and then gradually 
increased over a 3 minute period to a stable level of 221 nA. 
At the same time the Carbon count rate dropped from an 
initial value of 125 cps to 95 cps and increased then to a 
constant level of 155 cps. 
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As a quite general conclusion from these and similar 
experiments on a lot of other elements it can be stated that 
the best anti-contamination procedure consists of the use of 
a highly localized power density (high kV, best possible 
focus) combined with the use of an air (or any other Oxygen 
containing gas) jet. 
As we have mentioned before, the Oxygen is apparently 
necessary in some kind of "combustion" process which can be 
very efficient, even to the extent of being capable of 
cleaning already heavily contaminated spots (see Fig. II.5). 
This process, however, only takes place at the exact point of 
impact of the electron beam and it has been observed on many 
occasions that even with the use of an air jet the wide 
surroundings of the spot can become heavily contaminated 
after long periods of time. This is visible in an optica! 
microscope by the development of a brownish to black diffuse 
halo surrounding the otherwise clear point of impact of the 
electron beam. Long dwell times on the specimen in order to 
select suitable locations for analysis must therefore be 
avoided. For the same reason it is definitely not advisable 
to perform a series of Carbon measurements on closely located 
spots or areas because the next measurement might be 
performed right in the halo produced by the previous one. 
Similar problems may arise when attempts are made to 
investigate thin surface layers in a cross section. In the 
time required to find a suitable location for analysis by 
using the secondary electron image the sweeping electron beam 
will have deposited a lot of carbonaceous material from the 
mounting re sin onto the crucial areas of the specimen. In 
such cases it is advisable to apply a support layer of e.g. 
electroless Nickel to proteet the thin surface layer. 

An important aspect of contamination is that it can differ 
from one location to another, even on the same specimen, for 
no apparent reason. Such differences can sometimes be seen in 
the optica! microscope : one spot can be bright and the next 
one can be brownish to black. Besides, contamination does not 
take place to the same extent on different elements. 
Elements such as B and Si usually show very low levels of 
contamination, but transition metals like Ti, V, Cr and Fe 
can show much more pronounced phenomena. Some of our 
observations seem to indicate that these differences are 
related to differences in heat conductivity. Well-conducting 
materials like Cu contaminate very easily; elements like B 
and Si, with a poor heat conductivity, hardly contaminate at 
all. Presumably, surface temperatures on the latter elements 
become much higher under electron bombardment which leads to 
a better burn-off. This is probably also the reason that the 
use of a high power density (good focus, high accelerating 
voltage) is so beneficia!. With the transition metals, on the 
other hand, perhaps also some kind of catalytic action of the 
metal may play a role in the process of cracking and 
subsequent deposition of carbonaceous material. 

A somewhat disappointing conclusion of our investigation 
is that in spite of all efforts it is never possible to 
suppress contamination completely. On our instrument we 
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Fig. II.6. Backgrounds recorded in the speetral region 
of the C-Ka peak on a number of pure element standards. 
Stearate crystal; 10 kV, 300 nA. Pulse 2. 0 V, lover 
level 1.0 V, window 2.0 V. Air jet on. The C-Ka peak is 
to be expected at 124 mm (44.7 Á). 
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usually find on carefully decarburized Armco iron an apparent 
residual Carbon level at 10 kV which corresponds to 0.20-0.25 
wt % carbon in solid solution under the best possible 
conditions and the use of an air jet. This minimum but 
persistent level can be different from element to element as 
Fig. I I. 6 illustrates. While the contamination effect on 
Boron is virtually absent at first glance and is very small 
on Silicon, it can be clearly noticed on all the other 
elements shown. It must be realized that these different 
contamination effects on different elements have to be 
seriously considered, certainly when low concentrations of 
Carbon have to be analyzed, in which case a correct 
maasurement of the background is crucial. This brings us 
automatically to the last vital item to be discussed here : 
the complexity of the backgrounds. 

As a closer inspeetion of Fig. II.6 reveals the 
backgrounds for C-Ka on most of the elements shown is by no 
means simple. As a matter of fact, the commonly used method 
for background determination, which consists of measuring the 
background at equal distances on both sides of the peak, 
followed by linear interpolation, can be quite dangerous : it 
may lead to negative peak count rates for low levels of 
Carbon in Si, with its curved background, and most certainly 
in B, with its peculiar kinked background. 

Basically, three different effects can be distinguished in 
Fig. II.6 : 

1) A continuous background which can be rather typical and 
unpredictable for each particular element. 

2) The presence of a residual Carbon contamination peak, the 
height of which can vary from element to element, but also 
with the vacuum conditions in the microprobe. 

3) The presence of remnants of interfering higher-order metal 
X-ray lines. It is our experience that such interterences can 
never be removed for 100 % by discriminatien in the pulse 
height analyzer, no matter how narrow the selected window is. 
Notorious elements in this respect are the metals Cr, Zr, Nb 
and Mo. Another aspect, which contributes to the peculiar 
height in the backgrounds on the right hand sides of the 
spectra shown in Fig. II. 6, may be the presence of the 2nd 

order 0-Ka peak (at 132 mm or 47.24 A), due to superficial 
Oxygen contamination, especially on the chemically sensitive 
elements Ti, V, Hf and Ta. 

From the items discussed so far it will be clear that the 
maasurement of the background for C-Ka is by no means a 
simple and straight-forward process. One particular procTdure 
to circumvent these problems has been proposed by Ruste . It 
consists of measurements at the position of the Carbon peak 
on perfectly polished (possibly etched) Carbon free samples 
of the constituent elements. The correct background value is 
then presumably found by composing the values for the 
constituent elements on the basis of their weight fractions 
in the specimen. The measurements on a Carbon free element 
with atomie number 6 can be avoided by interpolating between 
the values for Boron and Silicon, or by using a compound like 
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BN. The obvious disadvantage of this method is that it is 
rather time-consuming; besides, it is not quite certain that 
the residual Carbon contamination level on the compound in 
question can be found by composing the levels from the 
constituent elements. 

In our opinion the procedure for the determination of the 
background has to be adapted to the specific problem at hand. 
The commonly used procedure of linear interpolation will 
yield only smal! errors (at most a few % relative) in the 
present case of binary carbides with their high count rates 
and relatively high peak-to-background ratios. On the other 
hand, application of the same procedure to specimens (e.g. 
Fe) with Carbon contents less than 1 wt % would be 
disastrous. In such cases one simply has to know exactly what 
the residual contamination level (blank level) is, in order 
to subtract this amount from the measurements. Th is blank 
level (e.g. on Fe) can be determined experimentally by 
measurements on a carefully decarburized piece of high purity 
Fe. As mentioned before, in our instrument this level varies 
between o. 20 and 0. 25 wt % Carbon and once this level is 
accurately known i t is indeed possible to perform accurate 
analyses of Carbon in Fe down to less than 0.1 wt % , as we 
will show later on. 
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lil. EXPERIMENT AL PROCEDURES 

The requirements for accurate mieroprobe measurements for 
referencing purposes demand the availability of 100 % dense 
(at least over sufficiently large areas), homogeneous samples 
of binary carbides of known compositions. Since such 
specimens cannot be obtained commercially and the use of 
powder specimens is out of the question, it was decided to 
prepare them in our own laboratory. The only exception 
concerned a single crystal of a-SiC (high purity, fully 
transparant and colorless), which was kindly supplied to us 
by Mr. G. Verspui of Philips Research Laboratories in 
Eindhoven, The Netherlands. 

III.1. PREPARATJOK AND CHARACTERIZATION OF CARBIDES 

The majority of the carbides were prepared by repeated 
Argon-are melting of mixtures of elemental powders (purity 
better than 99.9 %) , pressed before into pellets. After 
mel ting the specimens were given a two week homogenizing 
treatment at 1200 °C in evacuated silica capsules, although 
these efforts must probably be considered futile in the light 
of the desFerately slow diffusion rate of Carbon in binary 
carbides40

-
4 at these temperatures. Carbides of Ta and W 

could not be prepared in this way, conform literature 
findings40

• In these cases layers of WC and TaC could be 
grown up to 20 #liD thickness on the metal substrates in an 
R.F. furnace using a graphite + purified hydrogen environment 
at temperatures of 2000 °C during 70 hours. In the same way 
massive specimens of W2C, with thicknesses of up to 150 #liD 
could easily be prepared. Any solved hydrogen was removed 
afterwards by a vacuum annealing treatment at 900 °C. 

Originally, quite some time and effort has been spent on 
finding the correct compositions of our binary carbide 
specimens. A fairly large number of chemica! analyses have 
been performed in a number of different laboratories with the 
result that in some cases (notably TiC) quite substantial 
discrepancies were observed between the resul ts of various 
laboratories. It seems to be obvious, therefore, that the 
chemica! analysis of carbide specimens by conventional 
combustion techniques (LECO Corp. equipment) is not a simple 
and straight-forward technique. one of the prominent problems 
in the combustion technique seems to be the total lack of 
suitable standards to calibrate the equipment with in the 
proper concentratien range. The maximum Carbon concentratien 
(in Iron) available seems to be ± 4 wt % and this may render 
the extrapolation towards concentrations of 16-18 wt % (in 
TiC and VC) rather speculative. Another problem in the 
analysis may stem from the comparison between a bulk analysis 
technique (like the combustion technique) and a 
microanalytical technique (like EPMA), the results of which 
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do not necessarily have to agree. The possibility for the 
(local) presence of free Carbon may be an additional problém 
in this respect. 
For a number of good reasens we originally adopted the 
results obtained by the chemica! group at Aachen University 
of Technology (F.R.G.) as the most probable compositions of 
our specimens. Thanks are due to Dr. P. Karduck for having 
these analyses performed. Table III.1. gives a complete 
survey of the compositions of our carbide specimens. 

TABLE 111.1 

Compositions of the binary Carbides used in the present 
investigation in veight % Carbon. 

B4C 20.19 ZrC 8.55 
a-SiC 29.95 1 NbC 8.55 

TiC 18.40 Mo2C 5.58 
vc 16.00 HfC 3 n.a. 

Cr23C6 5.78 1 TaC 6.00 2 

Cr7C3 9.10 wc 6.13 1 

Cr3C2 13.30 1 W2C 3.06 1 

1These carbides vere assumed to have a (near-) 
stoichiometrie composlction; in those cases vhere narrow 
homogeneity regions 0 are possible (Cr-carbides) 
microscopie evidence like presence of second phases was 
used to fix the final composition. 

2In this case the X-ray diffraction pattern~ together 
with the characteristic golden color typical for 
near-stoichiometric TaC40 was used to fix the 
composition. 

3Not analyzed because of gross inhomogeneities. 

The Oxygen and Nitrogen contents found in the specimens were 
typically less than 0.2-0.4 wt % • 

One of our reasens to adopt the results from Aachen 
University as the best was that they analyzed several (near) 
line compounds correctly. Another indication to put most 
faith in their results was found in the analyses of ZrC and 
NbC the compositions of which are both virtually at the 
sub-stoichiometrie edge of the homogeneity region40 (see 
Table III.l). In both cases microscopical evidence, like 
smal! Zr precipitates in the first case and Nb2C precipitates 
in the second, substantiated their conclusions. 

Perhaps the most significant observation, substantiating 
the correctness of the analyses in Table III .1 (at least 
within 2-3 % relative), is the fact that our mieroprobe 
procedures for the analysis of Carbon, using the values of 
the mac' s we propose, which have been based on and der i ved 
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from our original measurements, have since then been 
extensively used for the measurement of Carbon concentratien 
gradients in diffusion layers of the type Me2C and Mee (Me = 
Ti, V, Zr, Nb) at a variety of high temperatures. In 

• 41-43 v1rtually all cases excellent agreement was thereby 
obtained between our mieroprobe results and the established 

h d
. 40 p ase 1agrams . 

At this place we would like to issue a word of warning 
against the use of a bulk correction program in order to 
establish the Carbon content through an analysis "by 
difference", e.g., by using only the Ti-Ka line in TiC. It is 
usually not sufficiently realized that in such a procedure 
one is extremely heavily leaning on the correctness of the 
correction program that is accidentally available. Our 
calculations for the k-ratio of Ti-Ka in stoichiometrie TiC 
at 20 kV, using a wide variety of correction programs 
currently available, show that one can easily find 
differences of up to 2-3 % relative in the Ti-content. If 
this program error is added to the experimental error, which 
is presumably of the order of 1-2 %, then one ends up with a 
total error of 3-5 % in the metal content, with desastrous 
results for the absolute error in the Carbon content. It is 
also important to realize that in light-element compounds the 
light-element X-ray line is usually by far the most sensitive 
in detecting local variations in composition. As a result, it 
is much safer to feed the k-ratio of the light-element X-ray 
line into a good matrix correction program (together with a 
consistent mac) and to take the roetal "by difference". 

The cementite (Fe3C), which was used throughout this 
investigation as the Carbon standard, was prepared by 
arc-mel ting of an Fe ( 4 wt % Carbon) alloy, The resul ting 
butto~s were subsequently given a homogenizing treatment at 
1000 C during a week in evacuated sealed silica capsules. 
This procedure usually yielded sufficiently large (± 10 11m 
diameter) platelets of cementite. In many cases also 
cementite in the shape of needles (about 20 11m diameter) were 
used. These specimens were supplied to us by Mr. A.P. von 
Rosenstiel, Metaalinstituut T.N.O. Apeldoorn, The 
Netherlands. Microanalyses showed the Carbon contents of both 
types of cementite specimens to be identical. 

In the final stage of the investigation a number of 
measurements have been made with respect to glassy Carbon as 
a standard. This specimen was kindly supplied by Mr. P. v.d. 
straten (Philips' Research Laboratories, Eindhoven, The 
Netherlands). 

III.2. POLISHING AND CLEANING PROCEDURES 

After cutting of the carbide specimens wi th a diamond 
wheel they were embedded in Copper filled synthetic resin, 
grinded up to 600 Grit on Silicon carbide papers, followed by 
30 and 15 11m diamond disks. Polishing was carried out 
successively with 6 and 3 11m diamond paste on a nylon cloth, 
followed by 1 11m diamond paste on a soft cloth and finally 
with r-alumina (0.05~-Lm) on a soft cloth. 
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In order to avoid inevitable problems with polishing of 
materials exhibiting large differences in hardness, the 
metals, the cementite standard and the carbide specimens were 
prepared in separate mounts. After a satisfactory polish was 
obtained all specimens and standards were taken out from the 
mount again and assembled in a final mount. This arrangement 
guaranteed a perfectly plane and parallel mount which is a 
vita! requirement in view of the importance of the take-off 
angle for ultra-soft X-radiation. After a brief polishing 
treatment on 7-alumina final cleaning was carried out 
ultrasonically with alcohol followed by freon. 
Usually, the carbide specimens and the pure metal standards 
were arranged in groups around the central cementite 
standard. Thus, a typical mount would e.g. contain a central 
piece of cementite, a B4C specimen and a SiC-crystal, as well 
as pieces of pure Baron and Silicon. Likewise, all Chromium 
carbides were grouped in one mount (and also measured in the 
same run). In the same way, related carbides like TiC and VC; 
ZrC, NbC and Mo2C; and TaC, W2C and WC were mounted groupwise 
and measured accordingly. 

III.3. DETAILS OF THE MICROPROBE USED AND CHECK ON lTS OPERATING 
CONDIT I ONS 

All measurements were performed on a fully automated JEOL 
733 Superprobe, originally equipped with three crystal 
spectrometers (at the moment 4) and an energy-dispersive 
system (TRACOR Northern TN-2000). The automation system was 
also supplied by TRACOR Northern (TN-1310). The first 
spectrometer, specially dedicated to light(er) element 
analysis, was equipped with a conventional lead-stearate 
crystal, on which all Carbon analyses were originally 
performed, and a TAP crystal. The counter was of the gas-flow 
type; counter gas Argon-10 % methane. The two other 
spectrometers contained a PET and an LiF crystal each, while 
the counters were of the sealed-Xenon type. At the end of 
1985 an additional 4th spectrometer was purchased with 
specific ultra-light element applications in mind. This 
spectrometer was fitted with two crystals of the new 
generation of synthetic multilayers. The first one was a W/Si 
multilayer (our code name LDE, 200 pairs of layers, 2d 
spacing 59.8 Ä), eminently suited for the analysis of (C), N, 
0 and F. The second one was a MojB4C multilayer (2d spacing 
144.8 Ä), optimized for the analysis of Be and B. Bath 
crystals were supplied by Ovonic Synthetic Materials 
Corporation, Tray, Michigan, U.S.A. Especially the LDE 
crystal has been used quite extensively in the past five 
years in our labora~ory, not only with great success for the 
analysis of oxygen1 and certainly Ni trogen16

, but also for 
the analysis of Carbon in a number of cases. Although the 
count rates for C-Ka on the LDE crystal are definitely lower 
than on the conventional stearate crystal there are a number 
of Carbides, especially the lightest ones, where the LDE 
crystal can be used with advantage, as we will show later on. 
In the course of the past five years we gained quite some 

26 



experience with this crystal, also concerning many aspects of 
our original work on Carbon analysis. We are, therefore, now 
in a position to campare the performances of LDE and STE 
crystals for Carbon analysis on a}-.}- our carbide specimens, 
like we have done befare for Oxygen and Nitrogen16

• 

After the necessary conditions for an accurate and 
well-known take-off angle were fulfilled by careful mounting 
procedures the other experirnental circumstances had to be 
checked and these include the correctness of probe voltage, 
stability of beam current, proper functioning of the air jet 
etc. 

The correctness of the accelerating voltage was checked 
using the short-wavelength cut-off in the EDX spectrum on the 
screen of the C. R. T. of the mul tichannel-analyzer systern. 
Deviations frorn the nomina! voltage could not be detected and 
must, therefore, be assumed to be less than 20 eV, even for 
the lowest voltage (4 kV) used. 

The stability of the bearn current was found to be 
excellent; deviations of less than 1 % over periods of up to 
16 hours were quite usual. Moreover, as the instrument was 
equipped with an autornated bearn current monitor which 
rneasured the bearn current befare each rneasurernent and 
corrected the standard count rates accordingly, any 
uncertainty resulting frorn srnall variations in bearn current 
can safely be ruled out. Also switching frorn one accelerating 
voltage to another could be carried out very fast: the 
instrument was found to be perfectly stable again within a 
few minutes. 

The functioning of the air jet has been discussed in 
Chapter II. Tests with this device showed that a stable and 
minimum Carbon count rate was guaranteed even over periods 
exceeding 16 hours on the sarne spot. It has been stated 
befare that this only applies to the exact point of impact of 
the electron bearn on the specimen. The wide surroundings (up 
to several tens of microns) can still becorne contarninated as 
the presence of a clearly visible brown halo indicates. 
These experiments also prove, by the way, that the stability 
of the beam with respect to the position on the specimen is 
excellent over such long periods of time. If this would not 
have been the case any wandering of the bearn would have 
manifested itself in an abrupt increase in the Carbon count 
rate because of the bearn rnaving into the halo. This is 
further substantiated by microscopie investigation of the 
spot which showed a perfectly round and clear circle in the 
centre of a brown halo with gradually fading edges towards 
the outside. 

III.4. MEASUREMENTS OF AREA/PEAK FACTORS 

The AreajPeak Factors for Carbon-Ka radiation were 
measured by camparing the integral C-Ka emission profiles 
from Fe3C (standard) with those from the specimens. The 
spectrometer was therefore scanned stepwise (. 03-.06 rnrn for 
the STE crystal; corresponding to 0.0107-0.0214 A) over the 
speetral range of interest. For the later acquired LDE 
crystal a step size of 0.1 rnrn (0.0214 A) was found suitable. 
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With step sizes of 0.06 mm on STE and 0.1 mm on LDE virtually 
the same wavelength range can be scanned. 
At each successive point a large numher of counts were 
accumulated and stored in successive channels of the 
multichannel-analyzer. After completion the data were stored 
on floppy disk. In the beginning also APF's for the metal 
X-ray lines were measured in the same run. Thus, a typical 
measuring sequence, e.g. for B4C, would be: First a spectrum 
of Carbon in Fe3C, then Carbon in B4C, followed by a spectrum 
of Boron in B4C and finally one of Boron in pure Boron after 
which the same cycle was repeated several times on different 
locations of the specimens. Typically, counting times per 
step were 5-10 seconds and the time required for a full 
spectrum was 1.5 hours. All these measurements were carried 
out automatically over night and in weekends. 
The stored spectra were afterwards processed to obtain the 
net (Area) Integral and Peak intensities from standard and 
specimen by subtracting the linearly interpolated background 
over the relevant region of interest. In some cases, notably 
the Chromium carbides (see Fig. II.6), it was considered 
necessary to exercise more care in the background 
subtraction. Here a background profile recorded on pure 
Chromium under identical conditions was also recorded. This 
background spectrum was then multyplied by a factor between 0 
and 1 and stripped in a trial and error mode from the carbide 
spectrum in question, after which the usual procedure was 
continued. The disappearance of the intertering peaks from 
the processed spectrum is a measure of success for the 
procedure followed. After the acquisition of the LDE crystal 
several runs have been remeasured with both crystals 
simultaneously and special attention was thereby paid to the 
peculiar kinked (B4C) or curved (SiC) backgrounds in some of 
the carbides (See Fig. II.6). Similar stripping procedures as 
described before have hereby been used. 

For some carbides (SiC, TiC and ZrC) the APF's have been 
measured between 4 and 20 kV (i.e. almost the full range 
covered in the present investigation), both for Carbon as 
well as for the metal X-ray lines. As the APF's turned out to 
be essentially independent of accelerating voltage, contrary 
to earlier expectations5

'
6

, the other measurements were 
concentrated at accelerating voltages between 4 and 12 kV 
where the peak-to-background ratio for Carbon in many 
carbides shows a maximum, with the emphasis on values around 
10 kV. 

The accuracy of each individual measurement can probably 
be estimated as better than 2 %, which is corroborated by the 
observation that the APF's for the metal lines, in spite of 
the relatively coarse step size for the sharp metal peaks, 
came out usually between .98 and 1.02. Since an effect of the 
chemica! bond is not to be anticipated here one would expect 
a value of 1.00, which was indeed obtained when the step size 
was reduced. Hence, for the measurement of the APF' s for 
Carbon-Ka with its much broader peak the step size used is 
probably more than adequate and this justifies the estimated 
accuracy of better than 2 % . An exception must probably be 
made for B4C; due to the excessive absorption of C-Kcx X-rays 
in B the observed peak count rates can be very low and this, 

28 



in turn, might lead to a somewhat larger uncertainty in the 
APF. 

Originally about 600 spectra were recorded on STE. These 
were later followed by an additional couple of hundred 
spectra recorded during the comparative runs on STE and LDE 
simultaneously. The final averaged APF's have an estimated 
accuracy of about 1 %, again wi th a possible exception for 
B4C. 

III.5. MEASUREMENTS OF PEAK K-RATIOS BETWEEN 4 AND 30 KV 

In order to improve the statistics and to evereome the 
problems connected with slight inhomogeneities, inevitably 
present in a number of the more difficult carbides (TiC, VC, 
ZrC, NbC), an extended series of accurate peak k-ratio 
measurements were carried out for C-Ka as well as the metal 
X-ray lines in the range between 4 and 30 kV. These peak 
k-ratios were, in the case of Carbon, afterwards multiplied 
by the appropriate APF to yield final Area k-ratios. In order 
to avoid excessive dead time corrections for the metal X-ray 
lines (see Chapter II) the measurements on the metals and 
Carbon were performed in separate runs, each under optimized 
conditions. 

The procedure used for the metals was as follows: 
In a preliminary survey 6-10 suitable areas for analysis were 
selected, the coordinates of which were stored in a points 
table in the computer. In the actual measurement the computer 
was instructed to move the specimen in 5 steps in a certain 
direction on each of the areas and to take point counts at 
each interval. In total, a number of 30-50 measurements were 
thus performed for each carbide at each of the 9 accelerating 
voltages. The beam current was usually adjusted such as to 
ensure a maximum count ra te of 2500 cps, in order to avoid 
dead time corrections. Where possible (Ta, W) both M- as well 
as L-lines have been measured. The air jet was not used for 
the metals. A total number of 145 accurate k-ratios were 
accumulated in this way. (Ta2C and Fe3C included, HfC 
excluded). To give some idea about the homogeneity of the 
specimens it can be stated that the differences between the 
maximum and minimum count rates observed very rarely exceeded 
3 % relative. The standard deviation was usually better than 
1 % . The background was measured in the usual way, i.e. on 
either side of the peak and interpolated. 

For the Carbon measurements a rather similar procedure was 
followed. In this case the air jet was, of course, used and 
the number of measurements was increased to 10 areas with 5 
measurements each. Besides, a waiting period of 30 seconds 
was programmed with the beam switched on (see Chapter II) for 
accelerating voltages higher than 6 kV and a 1 minute period 
below 6 kV, before the measurements were started. 
Measurements on B4C, Sic, TiC and VC (and FeJC as standard) 
were performed with the same (relatively wide) discriminator 
settings of 0.6 Volt for the threshold and 5.0 Volt for the 
window. The coarse and fine ga in controls and the counter 
high tension were adjusted to produce a pulse at 2. 0 V. In 
all cases the counter slit was fully opened. 
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The window was narrowed to 2.0 Volts and the threshold 
increased to 1. 0 Volt tor the Chromium carbides and the 
carbides of the 5th and 6 h period in the periadie system, in 
order to exclude unwanted interierences as much as possible 
(see II.1). The FeJC standard was then, of course, measured 
under identical conditions. Typical beam currents used were 
between 100 and 300 nA and the variations between extremes in 
count rates were usualy within 6 % Fig. III.1 shows a 
strip-ehart recording of a squencè of Carbon measurements on 
ZrC, NbC and Mo2C at 8 kV and 300 nA. The groups of 5 
measurements distributed over 10 different areas are clearly 
visible, as are the beam current measurements. Also visible 
are the in i tial (very slow) peak search procedures in the 
beginning of each cycle, which are necessary when rnaving from 
standard to specimen and vice versa. 

Fig. III.l. Strip-ehart recording, illustrating a 
number of peak k-ratio measurements of Carbon in ZrC_, 
NbC and Ho2C at 8 kV and 300 nA. 

\ 

Special attention was paid to a correct determination of 
the background (See II.1). This was measured at the position 
of the maximum of the Carbon peak on each of the constituent 
elements. That on Carbon was obtained by a process of 
interpolation between the background values measured on B and 
Si. Afterwards the background was composed on the basis of 
the weight fractions of the constituent elements and 
substracted from the gross intensities. 
The final k-ratios obtained with this procedure differed only 
slightly (max. about 3 %) from those obtained through 
straight-forward interpolation between the background 
readings at equal distances on either side of the peak. This 
is because the farmer procedure affects both the sample as 
well as the FeJC standard and much of the effect is probably 
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lost in taking the ratio. Fortunately, the Peak-to-Background 
ratios for most carbides are rather high and the actual 
procedure of background deterrnination is, therefore, not of 
vita! interest. Exceptions in this respect are probably 
carbides like B4C ahd SiC with their peculiarities in the 
backgrounds, certainly at higher accelerating voltages where, 
as the result of the extremely high absorption of C-Ka X-rays 
in Boron and Silicon (see Table II.1) the originally 
favourable peak-to-background ratios drop to lower and lower 
levels. Th is background problem may be one of the reasons 
that our original sets of measurements for C-Ka in B4C and 
SiC never gave satisfactory results; neither with any of the 
then existing matrix correction programs, nor with any of the 
more recent ones. The measured k-ratios at the lowest 
voltages in these Carbides were always significantly higher 
than the calculated ones, while beyond 20 kV increasingly too 
low values were measured. These effects were much more 
pronounced for B4C than for SiC and this could very wel! be 
related to the peculiarities in the backgrounds on the 
constituent metals. Therefore, we decided to repeat these 
measurements a number of times, but now with both STE as wel! 
as LDE crystals sirnul taneously and in some runs even in a 
completely integral fashion for each particular voltage. We 
even prepared a new and somewhat better B4C specimen (wi th 
the same composition as the original one) for this purpose. 
Al though - the resul ts are now clearly better at the highest 
voltages, as a result of an improved procedure for background 
deterrnination, in which the peculiar backgrounds of B and Si 
are stripped in a trial and error mode from the spectrum of 
the carbide specimen, the measurements at the lowest voltages 
are again significantly higher than the calculations predict; 
again the effect in B4C at 4 kV is much more pronounced than 
in Sic. We shall come back to this issue later on in the 
discussion of the results. 

For very low Carbon contents (less than e.g. 1 wt %), the 
forrner procedure for background deterrnination certainly 
deserves preferenee as we , have pointed out. As a matter of 
fa ct, i t is in our op in ion the only correct one in such 
circumstances. The procedure based on linear interpolation 
between both sides of the peak will undoubtedly resul t in 
dramatic errors (several 100 %) for Carbon concentrations 
much below 1 % , because residual contamination effects wil! 
be overlooked and these can be of the same order of magnitude 
as the Carbon concentration one is trying to analyze. 

Following the procedures described before a total number 
of 117 accurate peak k-ratios with respect to FeJC (each 
value being the average of 50 measurements) were accumulated, 
which served after multiplication with the appropriate APF's, 
as the data file on which existing and future matrix 
correction programs can be tested in conjunction with various 
sets of published mac's. 
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IV RESULTS 

IV.1. CARBON SPECTRA IN VARIOUS CARBIDES; PERFORMANCE OF W/SI 
MULTILAYER CRYSTAL COMPARED TO THAT OF CONVENTIONAL STEARATE 

As we have mentioned in the Preface already we have 
purchased 2 synthetic mul tilayer crystals in the course of 
the past seven years. One of them, the W/Si multilayer (our 
code name LDE), has be~n used extensively during our workon 
Nitrogen16 and Oxygen1 with great success. Although this 
particular crystal has not been optimized for the analysis of 
Carbon we observed that it can still be successfully used for 
this purpose, in spite of its lower count rates for C-Ka than 
the Stearate (STE) crystal. In the recent past we have been 
able to make a detailed comparison between the performances 
of both crystals for C-Ka, like we _have done before for N-ka 
and 0-Ka. The resul ts of this comparison are shown in Fig. 
IV .1. a-r for the complete range of Carbides used in the 
present investigation. All spectra were recorded at 10 kV and 
a beam current of 300 nA, using the air jet. The pulse height 
analyzer conditions were chosen such as to produce a pulse of 
2.0 V and the threshold and window applied were 1.0 and 2.0 
V, respect i vely. The step si zes for STE ( 0. 06 mm) and LDE 
( 0. 10 mm) were selected such that approximately the same 
wavelength region was scanned. All spectra contain 500 
channels and the counting time per channel was 5 sec. The 
2d-spacings of both crystals have been calibrated to produce 
the maximum in the C-Ka peaks emitted by Glassy Carbon at a 
wavelengthof 44.7 A. 

With the exception of Fig. IV.1.a. all figures are 
composed of 4 spectra, the top couple of which are always the 
C-Ka spectra from the Carbide in question (left side for STE; 
right side for LDE). The bottorn couple are the background 
spectra recorded from the pure metal component in the Carbide 
( left side again STE; right side LDE) . The latter spectra 
give a good survey over features like presence of interfering 
lines, peculiarities in the backgrounds, etc. 

A detailed inspeetion of the spectra reveals a number of 
interesting features : 
It is clear that the observed peak count rates for C-Ka are 
significantly lower on LDE than on STE. This may partly be 
caused by the much smaller solid angle covered by the LDE 
crystal with its much higher linear position (± 209 mm, 
compared to ± 124 mm for STE) at which the C-Ka peak is 
reflected. Furthermore, it must be mentioned that the LDE 
crystal has neither been designed nor optimized for the 
analysis of Carbon. 
The speetral resolution of the LDE :crystal is somewhat poorer 
than that of the STE crystal. This is visible in the 
broadened C-Ka peak, e.g. in Fig. IV.1.a. 

32 



(I) 
..... 
z 
::J 
0 
u 

(J) 
..... z 
::J 
0 
u 

WAVELENGTH (A) 

40 42 44 
80000 

46 48 50 

T. U. E. 
GL. CARB. STE 

60000 

40000 

20000 

0 ~----~~~~~~-L~~==~ 
110 120 130 140 

80000 

60000 

40000 

20000 

POS <MM) 

WAVELENGTH (A) 

40 42 44 46 48 

T.U. E. 
GL. CARB. 

190 200 210 220 

POS <MM) 

50 

LDE 

230 

Fig. IV. 1. a. Carbon spectra emitted by Glassy Carbon; 
Top : STE crystal; bottorn : LDE crystal. 10 kV; 300 nA; 
counting time 5 sec/channel. 
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A very conspicuous feature is that the suppression of 
higher-order reflections by the LDE crystal, which wa~ found 
to be so efficient for the wfvelength region of N-Ka 6

, and 
to a lesser extent for O-Ka1 

, is absent in the case of C-Ka. 
This can be seen in the spectra of the V- and cr-carbides and 
of Fe3C. So far, we have not been able to find an explanation 
for these peculiar differences in behaviour. 
An observation in favour of the LDE crystal is that it can 
sametimes produce much simpler background spectra. This is 
especially noticeable for the lighter Carbides like B4C and 
sic, where the STE crystal produces kinked or curved 
backgrounds. The LDE crystal can be and has been used by us 
for the analysis of Carbon in B4C and sic with obvious 
advantages, in spite of its lower count rates. Quite 
similarly, the backgrounds on Zr and Nb are much simpler with 
LDE than with STE. On Mo, on the other hand, there is a most 
interesting difference in the varlation of background with 
wavelength between STE and LDE. 

In Chapter II we have al ready extensi vely discussed the 
complexity of the backgrounds observed on most elements. We 
have seen that these backgrounds essentially consist of three 
contributions : 

1) Remnants of intertering (higher-order) metal X-ray lines. 
Typical examples in this respect are the V- and Cr-carbides. 

2) Residual Carbon contamination, which cannot be completely 
removed, not even with an air jet. This is visible in 
virtually all spectra in Fig IV.1. An additional problem can 
be caused by Oxygen contamination, which can lead to the 
presence of a faintly visible 2nd order 0-Ka peak (at ± 4 7 
Á). This is especially the case for chemically sensitive 
elements like Ti, Zr and Hf. Such elements will also become 
contaminated with Oxygen without the use of an air jet, as we 
have shown on a number of occasions16

'
23 . 

3) Variatiens in the continuous backgrounds, which can be very 
typical and sametimes unexpected. Again, Oxygen and 
Carbon contamination can add to these sametimes inexplicable 
peculiarities. 

By far the most important features in Fig. IV.1 are, of 
course, the Peak Shifts and, even much more important, the 
tremendous variations in Peak Shapes. 
A most interesting observation is that the Carbides of 
notoriously strong Carbide forming elements like Ti, V, Zr 
and Hf tend to produce relati vely narrow, unambiguous and 
highly symmetrical peaks while those elements like Si, Fe and 
Mo tend to develop braader asymmetrical peaks which contain 
shoulders. In general the carbides belonging to the first 
group have a cubic crystal structure while most in the second 
group have hexagonal to orthorhombic structures. 

Considering these spectra in detail it becomes almast 
self-explanatory why an intensity measurement carried out at 
the peak maximum has to fail. If, e.g., the spectra of TiC 
and WC are compared it is clear that in the first case most 
of the intensity is concentrated in a relatively narrow area 
around the maximum of the peak while in the second case the 
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intensity is distributed over a much wider speetral region. 
As a consequence, the intensity emitted by TiC would be 
highly over-rated, while that emitted by WC would be strongly 
under-rated when the intensity measurements would be carried 
out at the peak. 

These pronounced Peak Shape Alteratien effects automatic
ally lead us to the next sectien : 

IV.2. AREA/PEAK FACTORS FOR CARBON-Ka 

From the preceding sectien it has become clear in a 
qualitative way that large errors can be made if k-ratios for 
C-Ka are measured on the peak. The magnitude of these errors 
depends, of course, strongly on the choice of the particular 
Carbon standard. For the FeJC standard we selected the APF's 
on STE are given in Table IV.l, together with some other 
relevant information. The examples for TiC and ZrC show that 
errors up to 30 % are easily made. This would further be 
increased to even 50 % if glassy Carbon had been used as a 
standard. Th is is a resul t of the Carbon peak of glassy 
Carbon being even much broader than that of FeJC (See also 
Fig IV.l) This is reflected in the APF value for Carbon in 
FeJC relative to glassy Carbon, which has the value of 0.725 
(average of 45 measurements). 

A further conspicuous feature of Table IV.l is the extreme 
shift in the peak position between WC and W2C which actually . 
represents the widest shift observed so far. In this case the 
peak position makes the identification of the Carbide 
possible with almost absolute certainty. It must be noted, 
though, that we do not pretend here to give absolute 
wavelength values in A units; the wavelengtbs have simply 
been calculated from the observed (and reproducible) peak 
positions using a 2d-spacing for the Stearate crystal which 
produces a C-Ka peak emitted by Glassy Carbon at 44.700 A. 

In the course of the past few years we have been able to 
repeat a number of APF measurements with the new LDE crystal; 
mainly in a number of binary systems in which we P.1ve been 
interested because of Carbon diffusion behaviour4 - 3 (e.g. 
Ti-c, v-c, ZrC). A number of these results are represented in 
Table IV.2. In spite of the somewhat limited number of data 
it is obvious that the APF's on LDE are significantly closer 
to uni ty than on STE, which means that the LDE crystal is 
less sens i ti ve to peak shape al terations. Th is must be the 
result of the poorer speetral resolution of this particular 
crystal. As a matter of fact, this specific property, which 
is normally considered a disadvantage, might well turn out to 
be an advantage in ultra-light element analysis. An 
interesting detail is that there is defini tely a certain 
correlation when the values of Tables IV. 1 and IV. 2 are 
compared : the compounds which produce minimum values on STE 
(TiC, ZrC) also have minimum values on LDE. Their increase on 
LDE, however, is much larger (in a relative sense) than for 
compounds like B4C and SiC; the variatien on both crystals 
cannot be completely parallel, therefore. 
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Table IV.l 

Area/Peak Factors (APF's) for Carbon-Ka radlation in 
binary Carbides with respect to FeJC on the Stearate 
crystal. 

carbide APF Peak pos. Wavelength Crystal 
~mm~ ~A~ structure 

Glassy Carb. 1.379 124.82 44.700 Amorphous 
B4C 1.048 124.34 44.528 Rhombohed. 

a-SiC(0001) 0.861 124.28 44.507 Hexagonal 
TiC 0.723 124.16 44.464 Cubic 
V2C 0.775 124.40 44.550 Hexagonal 
vc 0.773 124.34 44.528 Cubic 

Cr2JC6 0.801 124.34 44.528 Cubic 
Cr7C3 0.803 124.28 44.507 Hexagonal 
Cr3C2 0.825 124.16 44.464 Ort.rhomb. 
FeJC 1.000 124.34 44.528 Ort.rhomb. 
zrc 0.715 123.98 44.399 Cubic 
NbC 0.787 124.34 44.528 Cubic 

Mo2C 0.822 124.58 44.614 Ort.rhomb. 
HfC

1 0.831 124.10 44.442 Cubic 
Ta2C ----- 124.46 44.571 Hexagonal 

TaC 0.968 124.52 44.593 Cubic 
W2C 1.021 124.76 44.679 Hexagonal 
wc 0.974 124.04 44.421 Hexagonal 

1 Although the APF has been measured, this Carbide has been 
excluded from further measurements because of gross 
inhomogeneities. 

Table IV.2 

Area/Peak Factors for Carbon-Ka radlation in a numb~r 
of binary Carbides with respect to FeJC on the W/Si 
(LDE) crystal. 

Carbide APF Peak pos. 
(mm) 

B4C 1.010 208.50 
SiC 0.933 208.30 
TiC 0.868 208.00 
V2C 0.873 208.30 
vc 0.873 208.30 
zrc 0.880 207.80 
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Fig. IV. 2 gi ves a graphical representation of the measured 
APF's on STE plotted vs. the atomie number of the metal 
partner. The obvious saw-tooth-like variation corresponds 
nicely with the beginning end ending of the periods in the 
periodic system. It would be tempting, therefore, to try to 
re late the wavelengths, but especially the peak shapes and 
APF's to the type of chem\cal bond involved, as has been 
tried before by Weisweiler . He has tried to relate the 
differences in electronegativity between the metal and the 
Carbon to the shape of the Carbon emission peak : the larger 
these differences, the larger the tendency to develop only 
one maximum without shoulders. In his view Carbides with a 
single maximum (TiC, VC, ZrC etc.) in their profiles have the 
highest bond energy (lowest enthalpy of formation) and 
melting points higher than the constituent metals. 
If, however, the wavelength is to be taken as a measure for 
the bonding strength then the results in Table IV.l are not 
fully consistent with such a view, as the results for e.g. WC 
and W2C sl.}8w. 

Storms in his book on binary Carbides has also tried to 
find a relationship between the stability of the Carbide and 
the melting point of the metal involved. In very stable 
Carbides the melting point of the Carbide is raised far above 
that of the metal (e.g.TiC, ZrC) whereas the reverse is true 
for less stable Carbides (WC, Mo2C). 
This is il1_ustrated in Table IV. 3 for a number of Carbides 
from the IV h-VIth period. 
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Table IV.3 

Stability of Carbides as judged from their melting 
points compared to those of the metals. 

Less stable, decrease of melting point. ----· 

Period 
IV Sc Ti V Cr Mn 

V y Zr Nb Mo Tc 
VI La Hf Ta w Re 

---·More stable, increase of mel ting point 

This is discussed in terms of a competition between the 
strength of the Metal-Metal bond and the Metal-Carbon bond 
which would be reflected in the melting point of the carbide 
as compared to that of the metal. 
As a whole the APF's in Fig. IV.2 seem to be consistent with 
such a view, which to a large extent explains the saw tooths. 

Clearly at this point in the discussion a number of 
important questions are still open : 

The first concerns the problem that many binary Carbides can 
have rather wide homogeneity regions. TiC, for example, can 
contain between 10 and 20 wt % Carbon. Does the APF have a 
constant value over this range or does it change ? 
The APF values for the extreme compositions in compounds like 
TiC and ZrC have been measured in two-phased alloys (e.g. 
Ti-TiC eutectic and TiC-graphite eutectic), which had been 
equilibrated at temperatures exceeding 2000 °C in evacuated 
and sealed Molybdenum vessels. The results indicate that the 
APF varies only slightly (of the order of 1-1.5 %) with 
composition. The narrowest peak is always found in the 
extreme metal-ri.ch composition. For most practical purposes, 
therefore, the APF can be assumed to be constant. Th is is 
further confirmed by the agreement between the APF's for V2C 
and VC and the very small differences between the cr-Carbides 
(see Table IV.1). 

The next question is : What happens to the APF in the case of 
a mixed carbide ? This is a very realistic question because 
many practical problems are, unfortunately, not restricted to 
binary Carbides. If the APF is discussed in terms of the 
typical metal-Carbon bond involved, as has been done before, 
then one might expect that the APF in a mixed carbide (A,B)-C 
could be composed on the basis of the atomie fractions of the 
metals as these can be considered to be directly related to 
the number of A-C vs. B-C bonds. 
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This hypothesis was first verified on two examples of 
W/Ti-Carbides. Powders of these specimens were kindly 
supplied to us by Mr. A.P. von Rosenstiel (T.N.O., Apeldoorn, 
The Netherlands). Fortunately, the constituent Carbides 
represent the largest possible difference in APF's (see Table 
IV .1) • 
After are melting these specimens were 
suitable for measurements. The compositions 
ratios ) were determined by electron probe 
our own laboratory. 

1. DO 
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microanalysis in 
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Fig. IV. 3. Area/Peak factors for Carbon-Ka radiation 
relative to FeJC for two ternary W/Ti-Carbides in 
relation to those of the constituent Carbides. 

As Fig. IV.3 indicates the calculated APF's are rather close 
to, but somewhat smaller than the measured ones: so one might 
conclude that this particular procedure is more or less 
correct. However, in flat contradietien with this conclusion 
are our observations in the ternary Ti-Si-C system. In the 
compound TisSiJC we measured APF's of 0.866 on STE and 0.930 
on LDE; both values are virtually identical with the APF of 
sic (see Table IV .1). For the moment our conclusion must, 
therefore, be that for each new case of a mixed Carbide it is 
safest to measure the APF a number of times, rather than 
guessing for its value. 

Another important question is whether the allotropie 
modification of e.g. a compound like sic, with its many 
different stacking variants, has an influence on the peak 
shape and APF of the C-Kcx peak. We have examined a number of 
different modifications of sic: cubic, hexagonal and mixed 
structures, but we have never been able to see distinctions 
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in peak shapes and APF's. Neither have we ever seen a 
relationship between crystallographic orientation and peak 
shape and peak position. Such effects can be very pronounced 
in the B-Ka peak elll~tted by non-cubic Borides as we have 
shown several times ' 19

• For some time we believed that 
there were slight differences in C-Ka count rates between the 
(0001) orientation in a-Sic (hexagonal) and any other 
orientation. Repeated investigations have shown, however, 
that if there are indeed differences, they must be smaller 
than the experimental error, which can be appreciable in a 
heavily absorbing system like SiC. 

The last and vital question is Are the measured APF's 
typical only for the specific mieroprobe with its specific 
crystal, spectrometer and Rowland ei rele, or are they of a 
more universal value ? 
At first sight one would be inclined to assume that the APF's 
only apply to the particular instrument and conditions they 
have been measured on. A very strong argument in favour of 
this assumption is our observation that the LDE and STE 
crystals produce markedly different APF's, even in the same 
spectrometer. Obviously, the speetral resolution of the 
crystal in combination with the spectrometer plays a crucial 
role. In agreement with this observation is the consideration 
that in a poor spectrometer the fine details in the emission 
profiles will become more and more obscured, with the result 
that the integral intens i ty is smeared out over a rather 
uniform and featureless peak centred around the maximum. In a 
very good spectrometer, on the other hand, details of the 
fine structure can be resolved and this can lead to the 
development of shoulders and extra components in the profile 
and hence, contribute to an increasing fraction of the 
integral peak intensity being produced outside the peak 
maximum. 
On the other hand, one has to bear in mind that all 
measurements are performed with respect to a particular 
standard and that in taking the ratio perhaps a lot of the 
influence of the spectrometer characteristics is cancelled. 
There is some evidence in favour of the second opinion. 
Reports from T.N.O. Apeldoorn, The Netherlands (Mr. A.P. von 
Rosenstiel) where similar measurements have been carried out 
on the same specimens, indicate that their APF's on STE are 
very close to our values, in spite of the use of completely 
different equipment (ARL microprobe). It is clear, however, 
that final conclusions in this respect can only be drawn 
after similar measurements have been carried out on a number 
of widely varying instruments. The problem is only that APF 
measurements are not too easy to be performed if the 
mieroprobe is not automated. In that case one has to resort 
to graphical integration of peaks recorded with conventional 
strip chart recorders. 
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!V.J. EMITTED INTENSITIES FOR C-Ka AS A FUNCTION OF ACCELERATING 
VOLTAGE 

In the present work the peak k-ratios for the metal as 
well as the Carbon X-ray lines have been measured over a very 
wide range of accelerating voltages : at 4, 6, 8, 10, 12, 15, 
20, 25 and 30 kV. This has been done with a twofold purpose 
in mind : 

The first was, as already indicated in the Introduction, to 
supply a firm and reliable data base on which the (at that 
time) available and later (possibly improved) correction 
programs could be tested. Fortunately, sinre the first 
publication of our report on Carbon analysis1 quite a few 
new matrix correction programs have been developed20

'
34

'
36

• 

These new programs and the results they produce on our Carbon 
data will be discussed in the next Chapter. 

Furthermore, it can be mentioned that the availability of 
our original data base for Carbo~ and its extension towards 
the e~ements Boron15

, Nitrogen1 and, in the meantime, 
Oxygen1 

, may to some extent have helped in the development 
of or improvements in these programs. 

The second objective was to test the existing sets of mass 
absorption coefficients (Table II.1) on their internal 
consistency. As we have pointed out before the rnac's play an 
equally important role as the matrix correction procedures in 
the analysis of ultra-light elements. Originally, in our 
first report, the test on internal consistency has been 
carried out by us on the basis of the so-c~}led "Thin Film 
Model", introduced by Duncumb and Melford1 

• According to 
these authors the necessary conditions for this model to 
apply are a high value of x(= (~/p).cosec ~), in which (~/p) 
is the mass absorption coefficient and 1/J is the take-off 
angle, and a high overvoltage ratio (Eo/Ec; Eo = accelerating 
voltage, Ec =critica! excitation voltage). 
These conditions are sometimes summarized in the requirement 
that x >> u (in which u is the Lenard coefficient, defined by 

4.5 x 10 5 

u = --------------
E~. 6 5 _ E~. 65 

Certainly, if ever the conditions for this model would be 
expected to apply, it would be in the present case of C-Ka 
radiation at accelerating voltages as high as 30 kV ! 
According to Duncumb and Helford the intensity of Carbon-Ka 
radiation under these circumstances can be thought to 
originate only from a very thin film very close to the 
surface of the specimen and the intensity can be written as : 
I : : ~(o).~(pz), in which ~(o) is the surface ionisation and 
~(pz) is the thickness of the thin film (in units of mass 
depth), which, in turn, can be considered to be inversely 
proportional to x. 
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The "Thin Film model" by Duncumb and Melford prediets that at 
very high overvoltages the k-ratio will slowly approach a 
fixed value, typical for the combination of specimen and 
standard. This so-called "limiting k-ratio" can <for our 
FeJC standard) be expressed by: 

k = IKeC 

IFe3C 
= 

tP<olKeC . (J.UplFeJC x 
KeC 

x 
Fe3C 

in whiqh I is the intensity of the Carbon-Ka radiation, Me is 
the metal in the Carbide specimen and X is the weight 
fraction of Carbon. 

The nice thing about this model (if it applies) is that it 
prediets a limiting k-ratio which is independent of the 
take-off angle and that it allows the ratios between the mass 
absorption coefficients in standard and specimens to be 
tested. 

Although we originally have used the "Thin Film" model and 
even derived some justification from it for proposing our own 
new set of rnac's for C-Kcx, we have in the meantime come to 
the conclusion that this model is a much too simple and 
global approximation to be used for the calculation of 
(ratios between) mac's. The variatien of k-ratio with 
accelerating voltage is completely dictated by the variatien 
of the absolute intensities emitted from specimen (numerator) 
and standard ( denominator in the k-ratio) and i t is very 
difficul t to see why the k-ratio should ever approach a 
constant value with increasing voltage. As a matter of fact, 
this is only possible if the variatien of absolute (or 
relative) emitted intensity in specimen and standard takes 
place in a completely parallel fashion, which is qot likely. 
Besides, we have given ample experimental evidence 4 which is 
in conflict with the "Thin Film" model, in so far as we have 
never observed the k-ratio to assume a constant value. It is 
true, though, that there is usually a range in accelerating 
voltage, in which the k-ratio seems to approach a constant 
value; either a maximum or a minimum value, depending on the 
rnac's in standard and specimen. Soon thereafter, however, the 
k-ratio decreases or increases again. The danger in the "Thin 
Film" model is that the "plateau" value can easily be 
misinterpreted as the "limiting k-ratio". 

Actually, a much better way of testing the consistency of 
mac's, in combination with the particular matrix correction 
program at hand, is to calculate the relative emitted 
intens i ties as a function of accelerating voltage and to 
cernpare them with measur;ed values. Such a procedure, which 
was first used by Kyser 4 for the determination of rnac's of 
L-lines of a number of transition metals, has been used quite 
extensively by Pouchou and Pichoir36

• The requirements for 
this approach are a very good matrix correction program and a 
set of extremely good measurements as a function of voltage, 
in which the absolute beam current must be accurately known. 
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This particular method is based on the fact that with 
increasing voltage more and more intensity will be generated 
in the specimen; i.e. the integral of </>(pz) will increase 
monotonously. At the same time the peak in the <P (pz) curve 
will shift towards larger and larger depths. As a result, the 
emitted intensity (i.e. the generated intensity corrected for 
absorption) will, after an initia! increase, go through a 
maximum after which it will show a monotonous decrease again. 
The position of the maximum in the relative intensity vs. 
acealerating voltage curve is very sensitive to the mac in 
the particular system. The application of this particular 
method imposes a number of severe requirements upon the 
particular correction program used; the most important ones 
are a very high degree in internal consistency in the program 
(proper <P (pz) curves) and a consistent expression for the 
X-ray ionization cross-section. The latter is of vital 
importance because the absolute emitted intensity can only be 
found by multiplication of the integral of the emitted 
intensity (between the pz-limits of zero and infinity) with 
the ionization cross-section for the appropriate acealerating 
voltage. This is necessary because each </>(pz)-curve does not 
represent an absolute number of ionizations but rather a 
relative number with respect to the number produced in the 
thin tracer film, free in space. 

There is yet another way to test sets of rnac's on their 
internal consistency in conjunction with a particular 
correction program and that is to optimize a set of 
measurements in terms of the k'/k (calculated over measured) 
ratio by varying the mac. The average k'/k ratio as well as 
the relative r.m.s. value in k'/k are then good measures of 
success for the specific program at hand. Ideally, the lowest 
r.m.s. value should be found for the mac value producing an 
average k'/k ratio closest to unity. Basically, this specific 
method has a lot in common with the method described before, 
because it is a test on the ratio of the variatien of emitted 
intensities with voltage between specimen and standard, 
rather than the variatien of emitted intensity in specimen or 
standard. The advantage of the second method is that it does 
not rely so much on the absolute beam current, which is not 
always easy to measure. The disadvantage is that the 
composition of the specimen must be accurately known, which 
is not so critica! in the first method. It must be clear, 
however, that both methods rely heavily upon the availability 
of sets of accurate and smooth measurements over a wide range 
in voltage. 

During the measurements of k-ratios one implicitely 
collects data on the absolute intensities emitted from both 
specimen and standard and it seems worthwile to discuss these 
data prior to a discussion of the performances of various 
correction programs. Figs. IV.4.a. shows the results obtained 
in the present work on two extreme systems : B4C, w i th the 
highest possible, and TiC, with the lowest possible 
absorption for C-Ka. The extreme shift in the maximum of the 
curves as a result of the magnitude of the rnac's is obvious. 
The resul ts for all our other Carbides are represented in 
Fig. IV.4.b-h. The numerical data on the measurements can be 
found in Appendix 1. 
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Fig. IV.4.a. Relative emitted C-Ka intensities from B4C 
(top) and TiC (bottom) as a function of accelerating 
voltage. For numerical details see Appendix 1. 
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Fig. IV.4.b. Relative emitted C-Ka intensities from SiC 
(top) and vc (bottom) as a function of accelerating 
voltage. For numerical details see Appendix 1. 
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Fig. IV.4.e. Relative emitted C-Ka intensities from ZrC 
(top) and NbC (bottom) as a function of accelerating 
voltage. For numerical details see Appendix 1. 
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Fig. IV.4.f. Relative emitted C-Ka intensities from Mo2C 
(top) and TaC (bottom) as a function of accelerating 
voltage. For numerical details see Appendix 1. 

66 



1. 2 
T. U. E. W2C 

>- 1. 0 r-
· H 

Ul 0.8 z 
w 
r- 0.6 z ..... 

0.4 
I 

_j 
w 0.2 n: 

0.0 
0 10 20 30 40 

A CC EL. VOLTAGE <kV) 

1. 2 
T. U. E. wc 

>- 1. 0 r-
H 

Ul 0.8 z 
w 
r- 0.6 z • 
H 

0.4 
I 

_j 
w 0.2 n: 

0.0 
0 10 20 30 40 

A CC EL. VOLTAGE <kV) 

Fig. IV.4.g. Relative emitted C-Ka intensities from W2C 
(top) and WC (bottom) , as a function of accelerating 
voltage. For numerical .details see Appendix 1. 
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Fig. IV.4.h. Relative ernitted C-Ka intensity from 
Glassy Carbon as a function of accelerating voltage. 
For numerical details see Appendix 1. 

It must be mentioned that with the exception of B4C and 
SiC all reported data in Fig. IV.4 and Appendix 1 are exactly 
the same as in our previous report. The measurements on the 
two former compounds have been repeated a number of times in 
a completely integral fashion in which better and much more 
sophisticated methods of background subtraction were applied 
in order to do justice to the peculiar backgrounds on Si and, 
especially, B. The resulting new sets of measurements are 
very similar to the old ones for the lowest voltages; beyond 
10 kV, however, the new results are significantly higher than 
the old ones. This probably proves how difficult it can be to 
perform good measurements in heavily absorbing systems at 
high accelerating voltages. 

In the next Chapter we shall discuss the performances of a 
number of current correction programs on our data in 
conjunction with various sets of mac's, including the new one 
we propose here. This particular set has been derived by 
using the second method, described earlier : the optimization 
of the k '/k rat i os for each set of measurements on each 
specific compound. 

68 



V. DATA REDUCTION AND COtv1PARISON OF CORRECTION PROGRAMS 

Now that a reliable set of data is available it is time to 
turn to the last step in the procedure and that is the 
conversion of measured k-ratios into concentration units. For 
this purpose quite a number of correction programs are 
currently available. After a brief introduetion into the 
general features of a correction program a number of the most 
frequently used programs will be discussed and their 
performances will be compared to our own latest program. 

V.l. INTRODUCTION 

In quantitative electron probe microanalysis a number of 
corrections have to be applied to the measured intensity 
ratios between specimen and standard in order to convert them 
into concentration units. In the commonly accepted and widely 
used "ZAF" approach these corrections are usually split up 
into three separate factors, Z, A and F, respectively. 

The Z-factor (covering the so-called "atomie number 
effect") deals with the differences in X-ray generation 
between specimen and standard and is, in fact, split up into 
two separate factors R and S which treat the effects of 
electron backscattering (R) and X-ray generation (stopping 
power S) in the target. Most of the existing "ZAF" computer 
programs available today are based on . the atomie number 
correction of Duncumb and Reed28 while a few employ the mor~ 
rigarous but also much more complex Philibert/Tixier4 

procedure. Since the differences between the two roodels are 
reported to be very small ( see e.g. Beaman and I sas i 46

) the 
former is usually preferred. 
In 1978 a n~w atomie number correction has been proposed by 
Love et al. 2 wi th the aim to overcome a number of alleged 
limitations in the Duncumb/Reed model mainly anticipated in 
the use of low electron energies and low or high overvoltage 
ratios. 

In calculating the A-factor an effort is made to calculate 
the differences in absorption of the generated X-rays between 
specimen and standard. The most extensively used method still 
seems to be the one based on the simplified Philibert30 model 
in which the surface ionisation ~ ( o) is assumed to be zero 
and the ~ (pz) curve from a certain depth in the specimen 
onwards is characterized by an exponential decay: exp(-~pz), 
in which ~ is the Lenard coefficient. 
It has been shown on many occasions that the validity of this 
model is very Jcimited and for strongly absorbing systems th~ 
full Philibert 0 model has to be preferred. Therefore, Ruste 
undertook an effort to reinstall the "full'' Philibert 
absorption correction scheme, using an expression for ~ (o) 
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developed by Reuter31
• The particular matrix correction 

program developed by Ruste is, however, only partly 
successful for ultra-ligh~ rt.rrent analysis as we have shown 
on a number of occasions 4

' ' • This must be attributed to 
the presence of the unrealistic exponential decay rate on 
which the ~(pz) curves are based. 

An extremely simple abso~tion correction model has been 
proposed by Bishop in 1974 . This model is based on the 
assumption that the ionisation is constant from the specimen 
surface up to a certain depth in the specimen after which it 
falls abruptly to zero. One of the crucial parameters in this 
"square" model is tp,e mean depth of X-ray production for 
which Love and Scott developed a sui table expression based 
on the resul ts of Monte-Carlo calculations. The resul ting 
absotption correction scheme was found to work surprisingly 
well , in spite of its astonish~ng simplicity. It was 
claimed by Sewell et al in 1985 4 that this particular 
absorption correction model was further improved by the 
introduetion of a better expression for the average depth of 
X-ray generation. In the same publication Sewell et al 
proposed yet another absorption correction model, this time 
based on quadrilateral ~ (pz) curves. Again the most vital 
parameter is the average depth of X-ray generation. 
Henceforth, the Love & Scott models will be referred to as 
LOS (version from 1978), LOS1 (improved square model from 
1985) and LOS11 (quadrilateral model from 1985). In 19883 

Love and Scott made some further improvements in their 
quadrilateral model as well as in their atomie number 
correction, mainly using our data bases for Carbon and Boron 
analyses. It was reported48 that with these imgrovements and 
the use of the sets of rnac's we . proposed14

' this latest 
version produced resul ts comparable to those from our own 
programs. So far, however, we have not incorporated the 
latest improvements in the series of programs we hàve 
available. 

The correction for characteristic fluorescence (F-factor), 
finallyt in most correction procedures is based on the model 
of Reed 9 and i t is generally fel t that the inaccuracies in 
the physical parameters used in it impose more limitations 
upon the procedure than the model itself. 
As far as we know the vast majority of current correction 
programs do not include a correction for continuurn 
fluorescence, although in recent years the interest in this 
specific item is definitely reviving. 

In the beginning of the eighties some completely new 
approaches to matrix correction were introduced. One of these 
was put forward by Packwood and Brown 37

'
50

• Their approach 
can be considered as a serieus effort to describe the ~(pz) 
curves as accurately as possible. To this end equations have 
been developed which are indeed capable of producing ~ (pz) 
curves in close agreement with actually measured ones. A most 
interesting feature of the so-called "surface-centred 
Gaussian" ~ (pz) approach, introduced by Packwood and Brown, 
is that no longer a separation is being made between the Z 
and A-factors : Once the shape of the (Gaussian) ~(pz) curve 
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is known, it is a quite straightforward matter to calculate 
(see Chapter II) the emitted intensity of X-radiation in 
standard and specimen. It is important to note that this 
procedure does not rely upon a separate calculation of the 
atomie number effect. 

The ot8er new approach has been introduced by Pouchou and 
Pichoir36

' • This most interesting procedure has somewhat 
"hybrid" aspects in the sense that it does use a separate 
(and new) atomie number correction. However, this is only 
being used in order to calculate the integral of ~(pz) (i.e. 
the area under the generated ~(pz) curve), using the primary 
generated intensity and the x-ray ionization cross-section. 
The (four) shape parameters, governing the shape of the ~(pz) 
curve, are forced to cooperate in such a way as to ensure 
that the resulting ~(pz) curve has the correct value of this 
integral. 
In the development of their model Pouchou and Pichoir made 
extensive use of measurements of the relative emitted 
intens i ty as a function of accelerating voltage in a wide 
variety of elements and compounds as wel! as of thin film 
measurements. The latter measurements, when carried out on 
combinations of neighbouring elements (e.g. Al films on a Si 
substrate) and with varying film thicknesses, are extremely 
sensitive to a proper distribution of the ~ (pz) curve with 
depth, because any error in peak position, peak height and 
shape wil! show up in an inconsistency between the 
intensities emitted by film and substrate elements. 
The model developed ~y Pouchou and Pichoir ("PAP") , which 
shows good agreement 6 between predictions and experiments 
must, therefore, be regarded as a very consistent one. 

Almest immediately after the introduetion of the Gaussian 
~ (pz) approach by Packwood and Brown37 we have adopted this 
model as the basis for our own correction programs. In the 
course of the years we have been able to improve the 
equations on which i t is based, wnich has re sul ted in a 
number of successive versions 13

-
1 

'
18

'
21

'
22with better and 

better results. Extensive use was hereby made of the 
successive data bases for the ultra-light elements which 
gradually became available. However, we have always laid 
emphasis also on a good performance of our programs for 
medium-tc-high Z elements because we are not interested in a 
program with good performance for ultra-light element 
analyses only. Ul timately, the same "universa!" procedure 
should be suitable as the basis for a "Thin Film" program, 
the performance of which is the most stringent test on any 
correction program. Although our programs produced very good 
results for both ultra-light as wel! as medium-tc-high Z 
elements the performance at rather low overvoltages (U < 1.5) 
was never quite satisfactory. This is not surprising because 
there are hardly any measured ~(pz) curves at overvoltages 
below 2; consequently, it is impossible to fit the necessary 
equations to any measurements under these circumstances and 
the existing equations are at best blind extrapolations 
towards low overvoltages. After the publica~ion of the 
details of the Pouchou and Pichoir model 1 we have, 
therefore, decided to incorporate the major issue of this 
model into our own correction program : The requirement that 
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the integral of 4> (pz) is equ_al to the primary generated 
intensity divided by the ionization cross-section. In our 
latest correction program ( 11 PROZA 11 ) we have adopted the 
atomie number correction of the PAP model for this purpose. 
In the meantime we have established that this modification in 
our program adds indeed considerably to the performance at 
low overvoltages. On the other hand, the adaptation and 
optimization of the Gaussian shape parameters has proved much 
more difficult as we will show further on. 

V.2. BRIEFDESCRIPTION OF EXTERNAL PROGRAMS 

The so-called 11 established" ZAF-procedure ("ZAF") we use 
in the present work ~s based on the atomie numbe~ correction 
of Duncumb and Read2 

, the simplified Philibert3 absorption 
correction and Reed491 s correction for characteristic 
fluorescence. 
The specific ZAF program we are referring to is essentially 
the one purchased from TRACOR Northern and is suitable to 
work on-line in an automation system coupled to our JEOL 
Superprobe 733. It is written in Flextran which is an 
interpreter language and is consequently very easily accessed 
by the user. The expression for the ionisation potential used 
in the cal~~lation of the stopping power is that of Berger 
and Sel tzer . 
Since we initially had a special interest to use the other 
programs also on-line they were all written in Flextran 
within the basic framewerk given by the ZAF-program. Only in 
the case of the RUSTE program could a copy of the original 
listing (in Fortran) be used as a reference; in the other 
cases such listings were not (made) available. 

The first Love & Scott program (LOS) was entirely made 
according to the equations published, which means Love and 
Scott 1 s atomie number correction32 and Bishop 1 s 33 absorption 
correction model wi th Love and Scott 1 s 47 expression for thè 
mean depth of X-ray production. The second and third 
LovejScott programs were made according to the equations 
publisbed by Sewell et al34

• All the LovejScott versions were 
tested on the original data bases publisbed by the makers and 
their performance was tested to match the original claims 
made. 
The characteristic fluorescence correction in all pr?~rams 
was kept identical to that of the ZAF program cReed ) ; a 
correction for continuum ftuorescence was not includ~d. 

In the Ruste program -J the Philibe~t-Tixier4 atomie 
number correction is employed, with Ruste 1 s expression for 
the ionyation potential, and the so-called "full 11 

Philibert absorption correction. A number of parameters in 
this correction program have been made dependent on atomie 
number and energy by Ruste, contrary to the original 
equations in the Philibert model. 

The PAP program was made according to the equations 
publisbed in 198751

, in which a printing error occurs in the 
expression for the primary generated intens i ty (Uo and Vo 
interchanged). A few words are perhaps necessary to elucidate 
this model. 
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The rp (pz) curves in the PAP program are modeled by two 
parabolic branches; a convex branch starting at the value of 
the surface ionization rp(o) and displaying the maximum of the 
rp (pz) curve at a mass depth Rm and a concave one ending at 
the mass depth Rx, which is supposed to represent the "end" 
of the ,P(pz) curve. The two parabolic branches are connected 
at mass depth Re in such a way that a continuous curve with a 
continuous first derivative is obtained. The whole system of 
parameters rp(o), Rm, Re and Rx is forced to cooperate in such 
a way that the correct value of the integral of rp (pz) is 
obtained. Unfortunately, this is mathematically not always 
possible wi th two parabol as and at overvoltages below 2 i t 
may prove impossible to find a solution (intermediate 
parameter A in the equations becomes negative) • Under these 
conditions one is, therefore, toreed to resort to auxilliary 
routines. We did not include these special routines in our 
version of the PAP model so far; however, we found it 
possible to extend the werking range of the program towards 
lower overvoltages by setting A equal to zero from the moment 
on that its value becomes negative. With this modification we 
found the program to tunetion well down to overvoltages 
significantly below 1.5 before it fails. 

Our latest correction program ("PROZA") will now be 
discussed in rather more detail because it is relatively new. 

V.3. DESCRIPTION OF OUR GAUSSIAN PROZA PROGRAM 

The Gaussian rp (pz) approach of Packwood and Brown37 is 
based on the observation that most measured rp(pz) curves can 
be fitted with an equation of the type : 

,P(pz) = r . [1 - r - rp(o). exp - (f3pz)] . exp - (<i. (pz) 2
) 

r 

In this equation the ionisation rp as a tunetion of mass-depth 
pz is basically given by the Gaussian expression 

2 2 r . exp - ( o: • ( p z ) ) 

in which r can be regarded as a sealing factor or starting 
point for the basic surface-centred Gaussian and o: represents 
the decay rate in the Gaussian. 
The basic surface-centred Gaussian tunetion is modified in 
the near-surface regions by a transient tunetion 

( r - ,P ( o ) ) • exp - ( 13 p z ) 

This transient tunetion has been introduced in order to deal 
with the rate at which the originally collimated electron 
beam becomes randomized (see Chapter II). 
The functional behaviour of all parameters involved is best 
demonstrated with the help of Fig. v. 1. 
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Fig. V.l. Example of a ~(pz) curve showing the 
functional behaviour of the four Gaussian parameters a, 
{3, "' and ~(o ). Solid curve represents the generated 
intensity while the lover broken curve corresponds to 
the actually emitted intensity. 

Straight-forward integration of the generated ~(pz) curve 
between pz=O and infinity gives the generated intensity 
within the specimen. Multiplication of each point 1n the 
generated ~(pz) curve with the absorption factor exp- (xpz), 
in which x stands for ~lP . cosec ~ (~ is take-off angle), 
gives the emitted intensity as a tunetion of mass depth 
(lower broken curve in Fig. V.l). This emitted intensity can 
also be integrated between the pz limits of zero and infinity 
in order to yield the total amount of emitted intensity from 
either standard or specimen. Now, the k-ratio is linearly 
proportional to the ratio in the calculated integrals of the 
emitted intensities from specimen and standard and the 
proportionality constant is simply the concentration of the 
element in question in the specimen. 

The performance of the Gaussian ~(pz) approach for matrix 
correction is, of course, largely dependent upon the 
successful parameterization of the parameters a, {3, "' and 
~(o) on which the model is based. In the course of the vears 

h mb . ff . 1~-15 11! 21 22 we ave produced a nu er of d1 erent vers1ons ' ' ' 
of our correction program, based on parameterizations 
obtained from the latest experimental data available at each 
time. After the completion of our data files for the 
ultra-light elements Boron, Carbon, Nitrogen and (in the 
meantime) Oxygen and the final establishment of an acceptable 
data file of 877 measurements on medium-to-high Z elements22 
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we made a new parameterization which produces optimum results 
for all cases at hand. The new program, which has been called 
"PROZA", must be considered as more or less "final", 
although, of course, there will always be room for further 
improvements. However, i t is our expectation that future 
improvements will be of a minor nature. The same PROZA 
program has been used in the meantime for the development of 
a Thin Film Analysis program ("TFA", 1 layer) and a 
Multilayer Analysis program ("MIA", up to 5 layers). We shall 
now give the details of our PROZA program. 

In this new progra~ a drastic change has been made 
compared to our prev1ous versions in which the ~(pz) 
parameterizations were based on independent equations for the 
Gauss~an parameters a, (3, '1 and ~(o) in the Packwood-Brown 
model . 

The value of the parameter f3 is now no longer calculated 
using an independent equation but through a procedur~ based 
on the atomie number correction of Pouchou and Pichoir 1

. 

This atomie number correction provides the value of the 
integral of ~(pz) (i.e. the generated intensity in the 
specimen) which will be called F. 
Using the F-value and new expresslons for a and '1 the value 
of f3 is mathematically adapted in such a way as to ensure 
that the integral equals F and to ensure at the same time 
that the peak of the ~ (pz) curve has both the "correct" 
position as well as the "correct" height. 
Th is means that the parameters a, f3, '1 and ~ ( o) are now 
forced to cooperate in a consistent way in order to provide a 
specified value for the total generated intensity in the 
specimen. 
The main reason why this procedure has been adopted is that 
now a better and more consistent performance of the 
correction program must be expected at low overvoltage 
ratios; an area which has always caused problems in previous 
versions. 

PROCEDURE 

STEP #1 Calculation of Primary (Generated) 
and in~egral of ~(pz) (= F) according 
Pichoir 1

• 

Intens i ty ( P. I. ) 
to Pouchou and 

The Primary Intensity (P.I.) can be expressed as the product 
of R • 1/S, in which R stands for the backscatter factor and 
S is the so-called "stopping power" of the matrix: 

Ec 

1/S -J Q1 (E)/(dE/dps) .dE ( 1) 

Eo 

Eo and Ec are accelerating voltage and cri tical exci tation 
voltage of the X-ray line in question. The parameter Q1(E) is 
the ionisation cross-section at voltage E of the same X-ray 
line and dE/dps is the energy loss rate for the electrons 
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along a small increment dps in path length (p is density, s 
is linear length). 
The electron energy loss rate itself can be expressed by: 

dE/dps = ( -1/J) • (E C1 • Zl/Al) . ( 1/f (V)) (2) 

C1, Z1 and A1 are concentration, atomie number and atomie 
weight of the matrix element in question and V is defined by 
E/J, in which;J stands for the mean ionization potential. The 
latter, in turn, is defined by: 

lnJ = (E Cl • Z1jA1. ln Jl)/M 

27 J1 is calculated accordingto Zeller : 

J1 = Z1 • [10.04 + 8.25 • exp(-Zl/11.22)] (J1 in eV) 

M = E Cl . Zl/Al 

In equation (2) the usual Bethe expression has been replaced 
by a semi-empirical expression in terms of f (V) , main}l' in 
order to ensure a more reliable performance below 15 kV . 
The parameter f(V) is the sum of three terms 

3 

f(V) = E Dk . V Pk , with: 
k=l 

D1 = 6 • 6 * 10-6 

-5 -2 D2 = 1.12 * 10 . (1.35 - 0.45 • J ) 
DJ = 2.2 * 10-6

/ J 

The ionisation cross-sectien Q1 (U) 
proportional to: 

ln(U)/(Ec2 • lf') 

in which u = E/Ec and: 

m = 0.86 + 0.12 . exp[-(ZA/5) 2 ] for 
m = 0.82 for 
m = 0.78 for 

P1 = 0.78 
P2 = 0.1 
PJ = -(0.5 - 0.25 

of the i-shell 

K-shell excitations 
L-shell excitations 
M-shell excitations 

ZA is the atomie number of the excited atom. 

J) 

is 

The use of these particular expressions for the ion~gation 
cross-sections, which seem to be in better agreement with 
experimental data, makes it possible to calculate the 
integral in equation ( 1) analytically. After introducing a 
new parameter Tk (=1 + Pk - m) it can be shown that the 
Primary Intensity P.I. can be written as: 

3 

P.I. = R. (Uo/Vo/M) ·L Ok • (Vo/Uo)Pk. (Tk 
k=1 
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The backscatter factor R can be calculated according to: 

R = 1 -l}.W.[1- G(Uo)] 

in which the mean · electron backscatter coefficient l} and the 
average reduced energy W of the backscattered electrans can 
be written as: 

1} = 1.75 * 1o-3
• ZP+ o.37 . [1-exp(-o.o15 . Z"Pt. 3

> J 

Zp = CE Cl • Zt0
'

5
)

2 

W= E/Eo = 0.595 + 71/3.7 + 11 

G(Uo) is de Coulon-Zeller expression27
: 

4.55 

a+t G(Uo) = [Uo-1-(1-1/Uo )/(1+a))]/(2+a)/J(Uo) 

with : J(Uo) = 1+Uo . (ln Uo-1) and a = (2 W- 1)/ (1 - W) 

Once the Primary Intensity is known,the integral of ~(pz) (= 
F) can be calculated by dividing the Primary Intensity by the 
ionisation cross-section: 

F = P.I.j Qt(Eo) 

STEP #2 Parameterization of Gaussian ~(pz) curves. 

The object of this step is to find the a, (3, 'l and ~(o) 
parameters which will provide the correct integral of ~(pz) 
(:: F) • 

h t . f ~c > · th t d b h d p· h · ~ - T e equa 1on or ~ o 1s a use y Pouc ou an 1c o1r : 

~ ( 0) = 1 + 3 . 3 . ( 1 - 1/Uo 'l ) • T/ 

with : 'l = 2 - 2.3 . 7J 

- Our latest equation for a is: 

a= 
2.1614.10 5

• z1.
163 

(Uo-1) . 5 
• Eot. 25 

. A 

1.2 

in which Z, A, and J are atomie number, atomie weight and 
ionisation potential of the matrix element. Eo, Ec and Uo are 
accelerating voltage, critical excitation voltage and 
overvoltage for the X-ray line in question. For a compound 
target a matrix of a1, J values (a for element i-radiation in 
interaction with element j of the matrix) is calculated and 
the at-value in the compound target is composed as follows : 
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( 1/al) comp. 
ZJ 

• AJ • 1/at,J 

- The equation for ~ is: 

for Uo ~ 6: 

( 
-o. 1424549 ) 

~ = 3. 98352 • Uo -o. 0516861 
• 1. 276233-Uo-1. 25558

" z 

for Uo > 6: 

-o . 1614454 

~ = 2.814333 • Uo0
"
262702.z 

In order to accommodate the change in ionisation 
cross-section with atomie number for ultra-light element 
radiations, proposed by Pouchou and Pichoir, it is necessary 
in these cases to multiply ~ further by the equation: 

-2 
Ec / (-4.1878.10 + 1.05975 • Ec) 

This is only necessary if Ec < 0.7 keV. 
For a compound target the weight-fraction averaged atomie 
number is substituted for z. 

- The calculation of ~ proceeds in the following way: 
We have shown before21 that the total intensity generated in 
a specimen (= F) can be expressed by: 

F = [~- (~-p (o)) • R(/3/2a)] • v'rr 
2a 

in which R(/3/2a) is the fifth degree polynomial used in the 
approximation of the erfc (/3/2a) tunetion (see later on). In 
fact, the latter equation is the formal solution of the 
Gaussian integral of ~(pz) between 0 and infinity in closed 
form. After rearranging it follows that: 

R(/3/2a) = [~ - 2a F/v'rr]/ [~ - ~ (o)] 

Contrary to our previous versions this time F is known first 
and the problem is now to find the value of 13 using the known 
values of a, ~ and ~ (o) through the latter equation. This 
means that the tunetion R(/3/2a) has to be used backward: i.e. 
the tunetion value is known and the argument (/3/2a) has to be 
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determined. 
The simplest way to solve this problem was to cut the 
function into 9 different regions and to fit these regions 
with much simpler geometrie functions. If for a moment we 
substitute x for R(~/2a) we obtained as the best fits: 

.9 :s x < 1 ~/2a = .9628832 - .9642440.x 

.8 < x < .9 ~/2a = 1.122405 - 1.141942 .x 

.7 < x :s · .8 ~j2a = 13.43810 . exp(-5.180503.x) 
.57 < x :s .7 ~/2a = 5.909606.exp(-4.015891.x) 

.306 < x :s .57 ~/2a = 4.852357.exp(-3.680818.x) 

.102 < x :s .306 ~/2a = (1-.5379956.x)/(1.685638.x) 

.056 < x :s .102 ~/2a = (1-1.043744.x)/(1.604820.x) 
.03165 < x :s .056 ~/2a = (1-2.749786.x)/(1.447465.x) 

0 < x :s .03165 ~j2a = (1-4.894396.x)/(1.341313.x) 

As a result of the fitting procedure the value of R(~j2a) 
thus obtained will never be exactly the same as the one 
calculated before, especially near the transition points of 
one function to another. In an extra loop in the program the 
approximated value of R(~/2a) is compared to the forma! one 
and ~ is adjusted in an iterative procedure in order to 
produce a specified relative precision (at the moment 0.1 %) 
in the approximated value of R(~/2a) as compared to the 
forma! one. 

13 21 Once a, ~, r and ~(o) are known the usual procedure ' can 
again be followed. The essential feature of this procedure is 
that the time-consumirtg process of numerical integration of 
Gaussian functions can be avoided by writing 

z = 
[r-(r-~(o)) . R(~/2a) ]st a 

sp x--

in which Z represents the ratio between the integrals of the 
generated intensities in standard and specimen. Likewise, the 
ratio between the emitted intensities can be written as : 

[r R(X/2a) - (r-~(o)) 
Z.A = 

[r R(X/2a) - (r-~(o)) 

R( (~+x)/2a)] 
st 

R( (~+x)/2a)] 
sp 

x 
a 

sp 

a 
st 

is a fifth-degree polynomial used in the 
of the error function which comes in when the 

solved in closed form through a Laplace 

in which R 
approximation 
integrals are 
transformation. 
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The polynomial R is described by : 

R = a t + a t 2 + a t 3 + a t 4 + a t 5 

1 2 3 4 5 

with t = 1/(1+px) and p = 0.3275911 

a = 0.254829592 
1 

a = 1. 421413741 
3 

a = 1. 061405429 
5 

~= -0.284496736 

a = -1.453152027 
4 

The input value for x is either ~/2a, or x/2a or (~+x)/2a, 
respectively. 
Please note that Z and A are defined here by the relation: 

C = k.Z.A.F 
(C is weight fraction, k is intensity ratio) in accordance 
with the original ZAF program of TRACOR. 

A special precaution had to be taken at extremely low 
overvoltages. In such cases it is virtually impossible to 
ensure a correct parameterization of ~(pz) curves due to the 
extreme delicacy involved in the balance of parameters which 
are still expected to produce the specified F-value. Thus it 
can happen occasionally that R(~/2a) values are calculated 
which are negative or larger than one. 
It is obvious though, that R(~/2a) can only have values 
between o and 1, which means that ~ is between infinity and 
zero. When R(~/2a) is outside these limits then the normal 
parameterization route cannot be used and an auxiliary 
procedure has to be followed. 
In these (rare) cases the calculated value of a is dropped 
and for a start it is assumed that the ~ (pz) curve starts 
halfway the value of ~(o) and 1· Using the known value for F 
a new (and usually higher) value for a is calculated through: 

a = [ ~ ( o) + 1 ] • v'rr 
4 F 

The value of R(~/2a) is thereby set at exactly 0.5. Although 
the ~ (pz) curves in such cases may not be 100 % realistic, 
the answers returned by the program are still very good 
because the atomie number correction is still consistent and 
the effects of (slight) shifts in the peak of the ~ (pz) 
curves have a negligible influence on the magnitude of the 
absorption correction under these circumstances. 
The advantage of the new program is that it can now be used 
down to the lowest possible overvoltages (if one insists on 
working under these difficult conditions). 
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V.4. RESULTS OF THE PROZA PROGRAM ON PREVIOUS DATA 

V.4.1. Medium-to-heavy element analyses 

The composi tion of this data base and the origin of the 
measurrpents contained in it have been discussed in detail 
before • The original 627 analyses have been supplemented 
with the analyses of metal lines in carbides14 and borides15 

totaling now 877 entries. This particular data base is the 
result of a time-consuming process of careful selection and 
check on internal consistency of all the entries involved. 
Only highly consistent series of measurements have been 
admitted These can either be measurements on a fixed 
(binary) composition but taken over a wide range in 
accelerating voltages or measurements at a fixed voltage but 
taken over a wide range in compositions inside the binary 
system. All isolated measurements were deleted from our file. 
The accelerating voltages in our file range from as low as 4 
kV up to as high as 48.5 kV while the atomie numbers involved 
vary between 5 (B) and 92 (U). 

The usual procedure to test a correction program on such a 
data file is to calculate for each entry the k-ratio (k') for 
the given composition and to compare it to the measured 
k-ratio. A convenient way to present the results is to 
display them in a histogram showing the number of analyses 
versus the ratio k'/k. The narrowness of the obtained 
distribution, in terms of the relative root-mean-square value 
(r.m.s. in %) and the average k'/k value are then used as a 
measure of success for the program in question. 
Of course, wi th the presence in our data file of cases of 
extreme absorption, e.g. Al-Ka measurements in Mg-9.1 wt % Al 
alloys up to 40 kV and a take-off angle as low as 20 deg., it 
is imperative to have the best possible parameterizations for 
the calculation of the mac's. According to our experience so 
far the recent parameterization by Heinrich52 gives the best 
results for our data base. Therefore, we have used (and still 
use) this particular parameter i zation in our calculations. 
Wi th our current PROZA version an average k '/k ratio of 
0.9955 and a relative r.m.s. value of 2.44 % was obtained on 
this data file. It must be emphasized that although these 
results are excellent the remaining r.m.s. error is not 
produced by the program alone but still contains the sum of 
three errors : 
1) The uncertainties in the nomina! compositions. 
2) The remaining errors in the intensity measurements, which 

will be appreciable in the cases of heavy absorption. 
3) Possible errors and biases in the correction program 

itself in combination with remaining uncertainties in the 
rnac's used. 

Considering the fact that the experimental error is likely to 
be of the order of 1-2 % relative and probably much larger 
even in the cases of heavy absorption andjor low take-off 
angles, it is unlikely that significant further improvements 
in the program can be expected from future measurements. 

81 



250 
T. U. E. 

877 ANALYSES 
R.M.S.-2.44 ~ 

200 r- PROZA 
I-. 

(J) - AV.-.9955 w 
(J) -
>-
_.J 

150 -< z 
< 
lL 
0 -
a:: 100 -
w 
m 
l:: -
::J 
z 

50 f-

I-. 

r-

0 I I r.JT. L I 

0.8 0.9 1. 0 1. 1 1. 2 

K<oalo)/K(maae) 

Fig. V.~. Histogram shoving the results of the PROZA 
correction program on a data file of 877 analyses on 
medium-to-high Z elements. 

Fig. V. 2 shows the histogram we obtained wi th our PROZA 
program on the data base of 877 analyses. 

Before discussing the results obtained in the present work 
we will first review the results achieved with PROZA on our 
previous data bases on Boron, Nitrogen and Oxygen analyses. 
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V.4.2. Boron, Nitrogen and Oxygen analyses 

The resu.tts obtained with PROZA on our Boron15
, Nitrogen16 

and oxygen1 analyses are given in Table V .1. Please note 
that in the case of Boron the figures mentioned refer to the 
ratio between the calculated (c') and the nomina! con
centration (c), whereas for the elements Nitrogen and oxygen 
the conventional ratio k'/k has been used. 

Table V.l 

Results obtained vith PROZA on our Boron, Nitrogen and 
oxygen data files. 

Element Number of Accel. Voltage k'/k r.m.s. 
measurements (kV) (c'jc) (%) 

B 180 4-15 ( 30) 0.977 6-7 
N 144 4-30 1. 005 3.99 
0 344 4-40 0.999 2.48 

It is further important to note that significantly better 
results for Boron would have been achieved when the results 
for the three Ni-borides would have been eliminated from the 
histogram. These cases exhibi t a 15 % too low emission of 
B-Ka radiation, which must be concluded from the fact that 
the averages in c'jc for all three sets of measurements come 
out at 0.84-0.87, in spite of the fact that the r.m.s. values 
range between 2 and 3.7 % , which means that the mac for B-Ka 
in Ni is satisfactory. 

The results shown so far on both medium-to-heavy as well 
as on ultra-light elements demonstrata an excellent 
performance of our current PROZA version. Especially its 
behaviour at low overvoltage ratios has greatly been 
improved. 

V.5. RESULTS FROM THE PRESENT WORK 

We shall now first discuss the results obtained with a 
number of current correction programs ( including PROZA) on 
our analyses of the metal X-ray lines in our Carbide 
specimens. The performance of a particular correction program 
on this rather specific file gives an idea how well this 
program can be used for an analysis of Carbon "by 
difference". This is a practice, by the way, which we would 
not recommend at all because we know from our own experiences 
with a variety of programs that without exception all 
programs have their own (small) biases in specific 
combinations of metals and Carbon. Although these biases are 
small and acceptable (of the order of 1-2 % relative) as far 
as the (usually high) metal content is concerned, they will 
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blow up to 10 times this relative error with respect to the 
usually low Carbon content. It is our firm conviction that it 
is much better to measure the Carbon and to take the metal 
"by difference" if one insists on measuring anything "by 
difference" at all. 

V.5.1. Analysis of the metal X-ray lines in the Carbides 

The numerical details of all the measurements are given in 
Appendix 1. All possible X-ray lines that could be excited 
between 4 and 30 kV have been measured. Appendix 2 gives the 
graphical displays. The (smoothed) k-ratios were finally 
entered into our data base (Appendix 3). Fig. V.3 shows the 
histogram obtained with PROZA on this data set of 145 
entries. 
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Fig. V.3. Histogram obtained vith our PROZA program on 
a data file of 145 analyses of the X-ray lines of the 
metals in our Carbide specimens betveen 4 and 30 kV. 

The results obtained in a comparison of all seven available 
programs are represented in Table V. 2. It is interesting to 
note that the figures mentioned here are all slightly better 
in terms of r.m.s values than those quoted in our original 
report. This must most ~fobably be attributed to a slight 
impravement in the mac's we presently Use. The individual 
resul ts for each set of measurements for the PROZA program 
are given in Table V.5. 
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Table V.2 

Results obtained with seven correction programs on 145 
metal analyses in binary Carbides between 4 and 30 kV. 

Program Average k'/k RMS (%) 
' 

PROZA 0.995 1.899 
PAP 0.997 1.870 
LOS 0.992 1.918 

LOS1 0.995 1.905 
LOS11 0.995 1.804 

ZAF 0.997 1.274 
RUSTE 0.991 1.417 

As i t turns out the ZAF program seems to be the most 
satisfactory for this rather particular type of file, 
particular in the sense that in the vast majority of cases 
only a very smal! atomie number correction is necessary. With 
the exception of Baron at higher accelerating voltages hardly 
any demand is being made upon the absorption correction. The 
resulting r.m.s. value produced by the ZAF program is almast 
matched by the RUSTE program. Nevertheless it is clear that 
the application of Ruste's expression for the ionisation 
potential, in combination perhaps with its different 
absorption correction scheme, leads to a slight deterioration 
in the resul ts. All the other programs appear to lead to 
comparable results. The largest biases in k'/k are produced 
by the RUSTE and LOS programs. The smal! differences in 
performances between the three LOS versions with their 
identical atomie number corrections must entirely be 
attributed to the differences in absorption correction 
schemes. 

A word of warning is probably necessary against 
generalizing the conclusion that the ZAF program is the best 
for doing ultra-light element analysis "by difference". From 
our own experiences with similar data bases in Borides, 
Nitrides and Oxides we know that e.g. the ZAF program can ~e 
the very worst ' in performance (especially in the Borides1 

) 

and that the PAP and PROZA programs are definitely superior 
to all other programs. These observations may serve as a 
warning that it is very hard to make firm statements on the 
performance of correction programs, especially if the test 
file is of a rather specific nature. Moreover, it is usually 
very difficult to analyze where specific discrepancies stem 
from because there are so many different possibilities 
choice of expression for ionization potential (especially for 
ultra-light elements), procedure of weighting of quantities 
in a compound (in which the weight fraction of the 
ultra-light element plays a major role), etc. etc. Since 
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virtually all programs appear to have a more or less perfect 
balance in their internal equations and procedures i t is 
usually not possible to establish easily which specific (sub) 
procedure for a specific part of the correction is actually 
the best. 

V.5.2. Analyses of Carbon in the Carbides 

It is rather more difficult to assess the performance of 
the programs for the analysis of Carbon, mainly because of 
two reasons: 
In the first place the Carbon measurements have been carried 
out with respect to a complex standard (Fe3C) and this may 
obscure to a certain extent any malfunctioning of a 
particular program because the calculations are in this case 
performed through the primary calculation of a correction 
factor (k-ratio of Fe3C with respect to an imaginary Carbon 
standard). The measured k-ratio of a Carbide Mee (Me=metal), 
relative to Fe3C, is then multiplied with this factor after 
which the program converts the imaginary k-ratio (MeC/C) into 
concentration units. One could argue that in such a procedure 
one does not have to rely so heavily on the proper 
functioning of the program because the total amount of 
correction is only a fraction of what would be required with 
respect to · an elemental · Carbon standard. Thus, it is 
perfectly conceivable that both in the Carbide Mee as well in 
the standard Fe3C appreciable errors might be made; yet, the 
final result could turn out to be acceptable because these 
errors can very well be cancelled in taking the ratio. To a 
certain extent these remarks also apply to an elemental 
Carbon standard, of course. 

A further complicating factor is the uncertainty in the mass 
absorption coefficients which contributes just as much to the 
f inal uncertainty in the re sul ts as the performance of the 
program as we will show later on. The effect is noticeable in 
two ways: First in a way that it renders the absorption in a 
Carbide Mee uncertain; second in a way that the absorption 
coefficient of C-Ka in Iron plays a major role since this 
comes in through the calculation of the correction factor for 
Fe3C and is, therefore, implicitely contained in all final 
k-ratios (MeC/C). 

It was, therefore, considered vital to measure the 
Integral k-ratio of C-Ka in Fe3C relative to a Glassy Carbon 
standard, in order to check the performance of the programs 
in this crucial first step. The results are shown in Fig. V.4 
for the PROZA program. The calculated k-ratios of the PROZA 
(and PAP) programs agree perfectly with the measurements up 
to 12-15 kV. For these calculations our own m. a. c. 's have 
been used; inspeetion of Table II.1 shows, however, that the 
differences between the sets of Ruste1

, Henke25 and our own 
set can safely be neglected. 
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Fig. V.4. Heasured Integral k-ratio for Carbon in Fe3C 
relative to Glassy Carbon (solid circles), as compared 
to the results calculated by our PROZA program (curve). 

Beyond 15 kV increasingly too low values are calculated, not 
only by the PROZA program but by the vast majority of all 
other programs as well. A somewhat surprising exception is 
the LOS program which follows the measured values rather 
well. A remarkable observation is that the performances of 
the successive LovejScott versions show a steady and 
significant decrease in this respect. 

Nevertheless, as Fig. V.4. shows, the measured k-ratios 
agree perfectly wi th the values calculated by PROZA up to 
about 15 kV; i.e. in the range one would normally measure 
Carbon in. The same can be said about the PAP program. The 
next best performer is the RUSTE program, giving somewhat too 
low (about 5 %) values, followed by the LOS1, LOS anq LOS11 
program in this voltage range. The ZAF program, finally, was 
the least satisfactory: up to 8 kV 6 % too low values, 
between 8 and 15 kV 8-10 % too high values, good results at 
20 kV and suddenly 18 % too low again at higher voltages. 

In the high voltage range the LOS11 program was definitely 
the worst. The LOS program performs best here, followed by 
the RUSTE, PROZA and PAP, LOS1, ZAF and, finally LOS11 
programs. It must be mentioned, however, that this is not the 
range one would usually measure Carbon in. 
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After this very important first step final sets of 
calculations were carried out with all seven available 
programs for the complete file of Carbon measurements, usin~ 
the five sets of m.a.c. 's of Table II.l. : those by Ruste 

• 24 25 
(1979), H~nke and Ebl.su (1974), Henke et al (1982), 
Weisweiler (1975) and our own set, resulting from the 
present work. The results of these exercises are summarized 
in Tables V.3 and V.4. Without going into details a number of 
important conclusions can be drawn from these Tables : 
It is evident that none of the existing programs is able to 
produce acceptable results when they are forced to use one of 
the available sets of rnac's from literature. In our opinion 
results can only be called acceptable when an r.m.s. value of 
less than 5 % is obtained (for this particular file 
containing ultra-light element analyses) and a k' /k value 
close to uni ty. Combinations of programs + mac' s producing 
r.m.s. figures exceeding 10 % can be called utterly 
worthless. In this respect none of the combinations is 
satisfactory, which is very surprising because the absorption 
correction schemes in the newer programs (PROZA, PAP, LOS11) 
would be expected to perform very much better than the other 
programs, most of which are based on the simplified Philibert 
model which is known to fail in cases of high absorption. It 
lies at hand, therefore, to try and find the cause of the 
poor results in the quality of the sets of mac's, rather than 
in the performance of the newer programs. 
The use of Weisweiler's rnac's leads to the very worst results 
for all correction programs tested; both in terms of r.m.s. 
as in k'/k. This is not surprising because these figures have 
been back-calculated from measurements at only one 
accelerating voltage using the simplified Philibert model. 
Henke and Ebisu's numbers give significant improvements 
already although their values are on the high side as the low 
k'/k values indicate. Ruste's rnac's produce significant 
improvements in k' /k for all programs although the 
improvements in r.m.s. are not always clear. 
It is evident that the use of Henke et al' s newest set of 
m.a.c. 's gives a noticeable further improvement in r.m.s. 
values. However, this time the averages in k'/k are much too 
high, indicating too low mac's. 
The use of the set of rnac's proposed in the present work 
leads to almost spectacular results for the PROZA and PAP 
programs and to further significant improvements for 
virtually all other programs. This conclusion applies to both 
r. m. s. val u es as well as averages in k '/k, which are now 
close to unity for all programs. 

This is about all that can be concluded from a global 
inspeetion of Tables V.3 and V.4, without going into too much 
detail. When the resul ts for each program are examined in 
more detail, i.e. for each specific set of measurements on a 
particular compound, it becomes clear that usually the 
distribution in k'/k is rather narrow; however, the average 
k'/k value for each set shows a very large scatter. This is 
the reason that when all results are mixed into a single 
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Table V.3 

Relative root-mean-square values (%)in k,/k produced 
by seven matrix correction programs on 117 Carbon 
analyses betveen 4 and 30 kV using different sets of 
mass absorption coefficients. 

m.a.c. 's We6 He24 Ru 1 He2s Pres. 

Program 

PROZA 29.15 13.47 13.36 11.89 3.86 
PAP 28.75 13.90 14.63 13.31 4.43 
LOS 27.31 13.18 14.40 13.75 7.77 

LOS1 30.50 16.51 14.64 13.15 10.55 
LOS11 33.75 17.12 14.10 10.57 7.38 
RUSTE 35.51 15.61 14.78 14.88 10.14 

ZAF 35.31 20.53 19.29 18.66 15.13 

Table V.4 

Average k,/k values produced by seven matrix correction 
programs on 117 Carbon analyses betveen 4 and 30 kV 
using different sets of mass absorption coefficients. 

m.a.c. 's We
6 He24 Ru 1 He2s Pres. 

Program 

PROZA 1.133 0.930 0.979 1.088 0.999 
PAP 1.120 0.910 0.961 1.073 0.981 
LOS 1.148 0.948 0.996 1.099 1.016 

LOS1 1.188 0.984 1.030 1.136 1.053 
LOS11 1.185 0.959 1.007 1.123 1.032 
RUSTE 1.170 0.955 1.004 1.116 1.027 

ZAF 1.128 0.914 0.965 1.078 0.987 
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histogram the overall r.m.s. value is dramatically poor, ·as 
well as the average k'/k figure. This observation can only be 
taken as an indication that something is wrong with the 
consistency of the mac' s. The consistency in the set we 
propose in the present work must be much better because i ts 
use produces significant improvements for all programs tested 
at the same time, regardless their nature or quality. 

A lot of justification in proposing our new set of rnac's 
can be found in Fig. IV.5.a-g, where the k-ratios calculated 
by the PROZA program using three different rnac's are 
represented as a tunetion of accelerating voltage and 
compared to the measurements for each Carbide specimen. In 
the majority of cases the results are almost independent of 
accelerating voltage, showing more or less horizontal lines 
which merely shift up and down wi th the use of different 
m.a.c.'s. This is most noticeable in the cases of TiC, vc, 
ZrC, NbC, TaC and WC. Another strong argument in favour of 
our new set of m.a.c.'s can be found in the following 
reasoning : 
It has been established that up to 15 kV the PROZA program 
works perfectly for Fe3C with res~~ct to Carbon (see Fig. 
V.4), either with Ruste's or Henke 's set. Now, if this is 
the case, one would expect the program to work equally well 
for Cr23C6, because all equations used are explicitely based 
on smooth functions of atomie number andjor weight, and the 
elements Cr and Fe are almost neighbours in the periodic 
system. As i t turns out the re sul ts for Cr23C6 are indeed 
very good for either set of m.a.c.'s (see Fig. V.5.c.). This 
being the case, one would, in turn, expect very good results 
for Cr7C3 and Cr3C2, which is indeed the case when Ruste's 
m.a.c.'s are used (Fig. V.5. c and d). Moving one step back 
in the periodic system brings us to V, in which case suddenly 
10-12% too high k'/k values are obtained (see Fig. V.5.b.). 
In our opinion this does not make sense; obviously the m.a.c. 
for C-Ka radlation in V is much too low. For TiC even larger 
deviations are found. This is all the more surprising since 
the systems Ti-c and v-c require the least correction of all 
binary Carbides investigated : an absorption factor of only 
about 2 at 4 kV, which one would expect even the ZAF program 
to be able to cope with. 

Similar reasoning can be applied to the sequence ZrC, NbC 
and Mo2C which show remarkable fluctuations in the re sul ts 
according to the rnac's used (see Fig. V.5.d-e.). The results 
for NbC are very good with Ruste's m.a.c.'s while zrc comes 
out much too low and Mo2C too high. The use of our mac' s 
leads to good results for all three compounds; results which 
are almost independent of accelerating voltage. It is very 
important to realize that any observed discrepancies in a 
sequence of compounds of neighbouring elements in the 
periodic system, like the sequence Zr, Nb, Mo, can never be 
attributed to malfunctioning of a correction program or parts 
thereof. Neither is it possible to bend the equations used in 
any program in such a way that acceptable re sul ts can be 
obtained with inconsistent mac's. 
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Fig. V. 5. a. Comparison between the experimental 
integral k-ratios for C-Ko: relative to Fe3C (circles) 
and the predictions of our PROZA program (solid curve). 
Top : B4C; bottam : a-SiC. Stearate crystal. 
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Fig. V. 5. b. Comparison betveen the experimental 
integral k-ratios for C-Ka. relative to Fe3C (circles) 
and the predictions of our PROZA program (solid curve). 
Top : TiC ; bottom : vc. Stearate crystal. 
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Fig. V. 5. c. Comparison betveen the experimental 
integral k-ratios for C-Kcx relative to Fe3C and the 
predictions of our PROZA program (solid curve). Top : 
Cr23C6 ; bottorn : Cr7C3. Stearate crystal. 
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Fig. V. 5. d. comparison between the experimental 
integral k-ratios for C-Ko: relative to Fe3C and the 
predictions of our PROZA program (solid curve). Top : 
Cr3C2 ; bottorn : zrc. Stearate crystal. 
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Fig. V. 5. e. Comparison betveen the experimental 
integral k-ratios for C-Ka relative to FeJC and the 
predictions of our PROZA program (solid curve). Top : 
NbC; bottom : Ho2C. Stearate crystal. 
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Fig. V. 5. f. Comparison betveen the experimental 
integral k-ratios for C-Ka relative to Fe3C and the 
predictions of our PROZA program (solid curve). Top : 
TaC; bottorn : WC. Stearate crystal. 
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Fig. V. 5. g. Comparison between the experimental 
integral k-ratios for C-Kcx relative to Fe3C and the 
predictions of our PROZA program (solid curve) for W2C. 
Stearate crystal. 

As it turns out the scatter in the reported rnac's (see Table 
II .1) is especially large for the elements Zr, Nb and Mo. 
This is not surprising because the wavelenghts for 
ultra-light element radiations are usually very close to the 
M-absorption edge in these elements. This means that the 
values of the rnac's have to be determined in a strongly 
curved part of the mac-vs-wavelength plot where i t is very 
dangerous to inter- or extrapolate. It is very interesting to 
point out that the new values we suggest here for these 

24 elements are usually between Henke's (1974 ) and Henke et 
al's (198225

) values. Quite frequently they appear to be 
closer to Henke's older values. We had quite simil~r 
experiences with the other ultra-light elements Boron1 

, 

Nitrogen16 and oxygen17
• We shall come back to this issue 

later on. 
Although it is most certainly not our intention to claim 

absolute correctness in the mac values we propose it is our 
firm opinion that the fact that our new set produces 
significant improvements for virtually all programs at the 
same time, regardless of the specific model used, must mean 
that at least the internal consistency in our set is much 
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better than in the existing sets. It will be noted that the 
mac's we propose here show slight differences with the values 
we published before. With the exception of B and Si, where 
new and better measurements were introduced, leading to 
substantial differences in the mac's, the magnitude of the 
differences is of the order of a few % . This is typically 
the variation one might expect between two (significantly) 
different versions of our program. 
Fig. V.6 shows the final histogram obtained with PROZA in 
combination with our own set of mac's. The individual results 
for each set of measurements are represented in Table V.5. 
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Table V.5 

Numerical results obtained vith PROZA in the individual 
sets of intensity measurements of the X-ray lines of 
the metals and Carbon in the Carbide specimens of the 
present investigation betveen 4 and 30 kV. 

Me tal Analysis Carbon Analysis 

Compound Line Av. k'/k R.M.S. % Av. k'/k R.M.S. 

B4C B-Ka 1. 0033 1. 4907 0.9733 5.0990 
SiC Si-Ka 0.9756 0.6849 0.9633 4.0277 
TiC Ti-Ka 0.9700 0.7071 1.0189 2.9606 
vc V-Ka 0.9800 1.1547 1. 0189 3.5416 

Cr2JC6 Cr-Ka 1.0000 0.0000 1. 0044 1. 4990 
Cr7C3 Cr-Ka 0.9929 0.4516 1. 0011 1. 5235 
CrJC2 Cr-Ka 0.9900 0.0000 1.0000 1.6997 
FeJC Fe-Ka 0.9900 0.0000 ------ ------

ZrC Zr-LlX 0.9722 0.9162 0.9900 2.7487 
NbC Nb-La 0.9811 0.3143 0.9911 3.1779 

Mo2C Mo-LlX 0.9944 0.4969 1. 0122 2.7397 
Ta2C Ta-Ma 1. 0022 0.7857 ------ ------

" Ta-La 1. 0060 0.4899 ------ ------
TaC Ta-Ma 1. 0100 1. 0541 1. 0111 4.9765 

" Ta-La 1.0060 0.4899 ------ ------
W2C W-Ma 1. 0211 2.7666 1. 0022 4.9616 

11 W-LlX 1. 0120 1.1662 ------ ------
WC W-Ma 1. 0056 2.1660 0.9944 3.9189 

" W-LlX 1. 0080 1.9391 ------ ------

OVERALL RESULTS 

METALS ANALYSES (145 entries) 
k'/k = 0.9946 R.M.S. = 1.899 % 

CARBON ANALYSES (117 entries) 
k'/k = 0.9985 R.M.S. = 3.857 % 
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It is evident from Fig. V. 5 that the resul ts for B4C and 
SiC are the least satisfactory of all, in spite of the fact 
that new and presumably better measurements were performed 
for these two compounds. While the results beyend 15 kV are 
now much better there are persistent discrepancies at low 
voltages : The measurements are always significantly higher 
than the calculations; an effect which we also noticed in our 
original report. So far we have not been able to find a 
plausible explanation for the observed discrepancies in these 
two (extremely absorbing) systems. 

A final remark can be made concerning the performance of 
e.g. the PAP program in relation to the mac' s used. It is 
very likely that the excellent r.m.s. figure of 4.43 % quoted 
for this program using our rnac's can be further improved when 
some of the rnac's are slightly adapted (lowered, actually, in 
the order of 1-2 %) • This would at the same time probably 
slightly improve the r.m.s. figure as well as the average 
k' /k value. It seems to us that as long as the rnac's can 
nei ther be measured nor calculated wi th an accuracy better 
than 1-2 %, there is nothing wrong in selecting the best 
value to suit a particular progam. It is evident from Table 
V. 3 that the values extracted by using the best program3~ (PROZA, PAP and, presumably the very latest LovejScott 
program) will eventually be very close; much closer in any 
case than the values produced by independent sources. These 
remarks do not apply to the other programs with an 
inadequate absorption correction model it is usually not 
possible to fit a set of measurements over a wide range in 
accelerating voltages using only one specific value of the 
mac, due to a lack of consistency in these models. 

We have mentioned befere that i t is very difficul t to 
obtain reliable mac values for C-Ka in elements like Zr, Nb 
and Mo. This is illustrated in Fig. V.7 for the elements Zr 
and Nb. The presence of a streng curvature near the 
M-absorption edges in the mac-vs-wavelength plots makes i t 
immediately obvious why there is such a large scatter in the 
reported values. 

A complete graphical survey of the mac for C-Ka as a 
function of the atomie number of the absorber is given in 
Fig. v.a. 

Summarizing Chapter V we can say that i t is apparently 
possible to measure Carbon quantitatively with a relative 
accuracy of better than 3.8 % over the range between 4 and 30 
kV. If this range would be restricted to between 8 and 12 kV, 
a range which we personally prefer for a number of reasens 
(less sensitivity to surface conditions, possibility to 
excite metal X-ray lines sufficiently), this figure would 
undoubtedly be much better still. 
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VI SOME APPLICATIONS 

After the extensive discussion of the procedures that 
should be followed in the measurements of ultra-light element 
intensities and the results that can be achieved when proper 
care is exercised in both measurements as well as matrix 
correction it seems a good opportunity to discuss a number of 
interesting results that have been produced in our laboratory 
during the past seven years. 
As was mentioned in the introduetion our laboratory has been 
and still is interested in the investigation of ditfusion 
phenomena, taking place during high-temperature solid state 
reactions. With the development of the micro-analytica! 
techniques necessary for the accurate determination of 
ultra-light elements we have also opened the way to the 
investigation of ditfusion of these elements. As a result, it 
has been possible for us to study successfully the ditfusion 
of Carbon in a number of binary Carbide systems, such as 
Ti-c, v-c, zr-c, Nb-C and Ta-c at elevated temperatures. 
Since these and similar systems are becoming more and more 
important for practical applications, e.g. in wear-resistant 
coatings on cutting tools, ditfusion harriers for 
high-temperature applications and corrosion-resistant 
coatings in genera!, it will be clear that the analysis of 
ultra-light elements is not confined to subjects of academie 
interest only. 

Another important aspect of ultra-light element analysis 
is the possibility to analyze low levels of e.g. Carbon in 
steel, a subject which is of great importance for the steel 
industry. We gained some experience with this specific item 
too in the past seven years and this will now be discussed 
first. 

VI.1. AHALYSIS OF LOW LEVELS OF CARBON IN IRON 

In Chapter II we have already extensively discussed what 
the effects of Carbon contamination are on the analysis of 
Carbon. We have also shown that Carbon contamination can 
never be completely suppressed, no matter what precautions 
are taken : With the use of an air-jet and the best possible 
specimen preparation procedures we always find on a piece of 
carefully decarburized Iron a residual Carbon count rate at 
10 kV which is equivalent to 0.20-0.25 wt % Carbon in solid 
salution. It is obvious that such a residual level (blank 
level) can safely be ignored if one is trying to analyze 20 
wt % of Carbon in e.g. stoichiometrie TiC. However, if the 
Carbon content to be analyzed is of the order of 0. 5 wt % 
then the blank level is of the same order of magnitude and 
errors of 100 % or more are very well possible. Under these 
conditions it is of vita! importance to know exactly what the 
blank level is and the safest procedure to establish this 
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level is to measure the residual Carbon count rate on a 
completely Carbon-free specimen identical in nature with the 
specimen to be analyzed. For the analysis of low levels of 
Carbon in steels it lies at hand to measure the blank level 
on a decarburized piece of the same steel or pure Iron. We 
selected a piece of Armco Iron for this purpose and 
decarburation was carried out by heating the specimen in wet 
Hydrogen during 24 h at 1000 °C. The blank level we 
determined on this specimen at 10 kV using the air-jet was 
equivalent with 0. 23 wt % Carbon in the bulk. The Carbon 
standard used was FeJC and peak shape alterations are 
negligible under these circumstances. Knowing this blank 
level we analyzed a series of Iron specimens with increasing 
( and known) Carbon contents. These specimens were kindly 
supplied to us by Dr. P. Karduck, University of Technology, 
Aachen, F.R.G. As Fig. VI.1 shows an excellent linear 
correlation was obtained between measured and nomina! Carbon 
contents and the intercept at the vertical axis corresponds 
exactly with the independently determined value of the blank 
level of 0.23 wt % carbon. 

1.5 
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0.5 

Measured Carbon 
content (wt %) 
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./· .,....... 
0/ /. 

L+--Biank value 
0.23 wt% Carbon 

o~~--~--~--~--~~--~---L--~--~--~~--~--~~ 
0 0.5 1.0 1.5 

Nominal Carbon content (wt %) 

Fig. VI.l. Correlation betveen the measured and 
nominal Carbon content in a number of Fe(C) 
calibration alloys. Intercept of the vertical axis 
corresponds to the blank level of 0. 23 vt % Carbon. 
Open and solid circles represent alloys from different 
sources. 10 kV; 300 nA; Stearate crystal; Air-jet used. 
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These results prove that it is definitely possible to measure 
Carbon levels in steel down to presumably 0.05 wt % 
provided, of course, that the value of the blank level is 
accurately known at each time and the specimen preparation is 
carried out extremely carefully. The very best thing to do is 
to take along the blank and the unknown specimens in the same 
routine of specimen preparation each time an analysis has to 
be performed. In this way one can make sure that the current 
blank level is accurately known under identical circumstances 
for blank and unknown specimens. Th is is necessary because 
the contamination rate in a particular mieroprobe may vary 
from day to day, according to the quality of the vacuum, 
which is, in turn, strongly dependent on the quality of the 
specimens examined prior to the current investigation as we 
have shown in Chapter II. 

Following quite similar procedures we have examined the 
decarburization phenomena which take place when a piece of 
Titanium is joined to a piecê of steel 1864 with original 
bulk composition : 0.297 wt % c, 0.997 wt ~ Cr, balance Fe. 
After heating this diffusion couple at 850 c during 24 hrs, 
followed by a heat treatment at 1000 °c, both in a vacuum 
furnace, the draining action of the Ti was found to have led 
to the formation of a thin TiC envelope surrounding the steel 
and a noticeable lower bulk Carbon content in the steel (see 
Fig. VI.2). 
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Ti I . I~ l:teel 1864 
--TIC ap .......... _ 24 h 850 • C 

Carbon 
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Fig. VI.2. Decarburization phenomena in a Ti/Steel 1~64 
diffusion couple after annealing for 24 hrs at 850 c, 
followed by 141 hrs at 1000 °C and subsequent 
quenching. Original bulk Carbon content : 0.297 wt %. 
Note the increased Carbon count rate due to the 
presence of the gap produced during quenching. 10 kV; 
300 nA; Stearate crystal. 
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Three quarters of the TiC envelope have been produced by the 
evaporation of Ti onto the steel specimen. It is interesting 
to note the large influence of the gap, produced during 
quenching, on the apparent Carbon count rate observed in the 
vicinity of the gap. This must probably be attributed to the 
ernanation of hydrocarbons from the gap, giving rise to a 
locally higher residual Carbon content. To a lesser extent 
similar phenomena can be observed in the other extreme end of 
the steel specimen. Most probably, the increased Carbon count 
rate is in this case caused by the small gap between specimen 
and mounting resin, which can never be completely avoided. 
This underlines again the dangers when analyses are being 
made close to the specimenjmounting resin interface. 

By and large, the draining action . of the Titanium is 
. clearly visible in a lowered bulk Carbon content. Besides, 
the correctness of the measurements is corroborated by mass 
balance calculations which show unambiguously that the 
decrease in the bulk Carbon content in the steel is perfectly 
balanced by the thickness and composition of the TiC layer. 

VI.2 STUDY OF CARBON DIFFUSION IN BINARY CARBIDE SYSTEMS 

In the framework of the research program of our laboratory 
on the interaction between metals and ceramics (e.g., between 
Ti and SiC) it is important to know the ditfusion 
coefficients in the various reaction products in order to be 
able to predict the morphology and thickness of the reaction 
zone. For this reason we are interested in the diffusivity of 
Carbon in binary MeC-compounds (Me= Ti, V, Zr, Nb, Ta). 

A most convenient way to study ditfusion phenomena in a 
specific compound is to grow the compound in question in the 
form of a ditfusion layer in a so-called "diffusion couple", 
consisting of the constituent elements (e.g., Ti and C in the 
case of TiC) which are joined together and subsequently 
heated at elevated temperatures. During annealing the 
compound in question will grow at the interface between the 
two couple halves, while local equilibrium will be maintained 
at the interfaces MejMeC and MeC/C, respectively. After 
annealing and cross-sectioning the ditfusion zone can be 
examined and the concentration profiles for Me and c 
determined. Since local equilibrium is maintained at the 
interfaces during ditfusion the Mee layer will display the 
full width of its homogeneity range at the ditfusion 
annealing temperature. It is, therefore, possible to 
determine an isothermal cross-section through the Me-e phase 
diagram for each specific ditfusion annealing temperature. It 
follows that with a number of these cross-sections it is 
either possible to check or improve existing phase diagrams. 

On the other hand, the mieroprobe results can also be 
compared to reliable phase diagrams from literature and such 
a comparison can show unambiguously whether the correction 
procedures and rnac's used lead indeed to the expected 
results. In the following pages we shall briefly discuss a 
number of such ditfusion investigations, starting with the 
Ti-C system (Fig. VI.3 and 4). 
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In this and the following cases discussed frequent use has 
been made of two-phased alloys (Me-MeC and MeC-C) with gross 
compositions on both sides of the Mee homogeneity range, 
rather than from the pure elements as starting materials. One 
of the reasons for doing this is the usually much better 
mechanica! strength of especially the Carbon-rich couple 
half, compared to elemental Carbon. Another, even more 
important reason is that the primary Mee precipitates in 
these alloys will also assume the boundary concentrations of 
the Mee compound during equilibration at the diffusion 
annealing temperature. This gives an excellent opportunity to 
check and compare these values to those obtained in the 
limits of the reaction layer under investigation. 

As Figures VI.3 and 4 show excellent agreement is obtained 
between our mieroprobe data and the established Ti-C phase 
diagram. This proves that the combination of correction 
program and the mac's used leads indeed to the correct widths 
and positions of the homogeneity regions for TiC as a 
function of temperature. Any discrepancy would have shown up 
in a shift of the homogeneity region or a change in its 
width. 
This also proves, by the way, that the composition of our 
original TiC specimen (see Table III.1) must have been fairly 
accurate because this composition has been a vital parameter 
in the process leading to the new mac value we propose. 

These i~vestigations have led to a number of 
publications 1

-
43 on the subject of Carbon diffusion in TiC. 

Similar investigations were carried out for the zr-c 
system. In this case, so~~ disagreement exists between a 
number of phase diagrams54

' in literature on the width of 
the homogeneity region of zrc. While the Carbon-rich limit 
seems to be fairly well established at a value of 49.5 at % 
c, virtually independent of temperature, the Zr-rich limit \S 
subjec~ to some doubts. The f!gures quoted range from 36.5 4 

to 40 5 at % C at 1000 c. Using diffusion couples, 
consisting again usually of two-phased alloys, we have 
investigated the temperature range between 1100 and 1750 °C. 
The results are represented in Fig. VI.5 and 6. our 
measurements of the composition range of ZrC as a function of 
temperature show a much be~ter agreement with the old phase 
diagram published by Shunk 5 (Fig. VI. 6) than with the much 
more recent version published by Massalski54

• 

It is interesting to point out the large similarities in 
Carbon concentration profiles in Figs. VI.3 and VI.5 : Both 
profiles exhibit a large zone in which the concentration 
varies in a linear way with distance with a very small slope. 
The gradient becomes very steep only when the stoichiometrie 
composition is approached. These observations indicate a very 
strong varÎa~ion of Carbon diffusion coefficient with 
composition4 

'
4 

, which can be correlated to the defect 
structure of Mee. The diffusion coefficient varies about two 
orders of magnitude in TiC; the lowest value applies to the 
near-stoichiometric composition where the lowest 
concentration of lattice vacancies prevails. These phenomena 
also explain why it is so difficult to obtain homogeneaus 

108 



z 
0 
al 
0:: 
< u 

u 
H 

l: 
0 

60 

50 ~ 

1-

40 ~ 

1- 30 -
< 

20 
0 

Zr- <3 WT % C)/Zr-<2121 WT % C) 

24 H 1750 c 
T. U. E. 

c9c9 

~Qljr/' 
~~ 

~~ 

I I 

100 200 300 

DI STANCE <J-Jt'-1) 

Fig. VI.5. carbon concentration profile in a diffusion 
couple Zr (3.05 vt% C)/Zr (20.36 vt% C) heated for 24 
hrs at 1750 °C in an evacuated and sealed Holybdenum 
vessel in an RF furnace. 10 kV; 300 nA; Stearate 
crystal. Homogeneity limits 38.3 and 49.20 at % Carbon. 

fJ - Zr • ZrC 

W[IGHT P[A Cf.WT Cb.AION 

• • 10 " 20 

• 
~~ 
~~ 

30 40 10 80 

1000 r-----+----+--+-- -t---;:--------1--+-----+----l 
~-----·----;--- j: I 

11 ' 

i I I 
~oor-----+--~--+---+.-~r--~----1--+---+----l 

I 11 I a-zï zrc ~ tl 
0o~-~~o~-~zo~-,~0--4~o-~~7o-~e7o-~7~o--+lo~-~.o~~~oo 
Zr ATOlli l t P[lll CENT CARBON C 

Fig. VI~6. Agreement betveen the established phase 
diagram for the Zr-C system and the results 
determined vith mieroprobe analyses (dots) in diffusion 
couples at a number of temperatures. 

109 



specimens of stoichiometrie Mee through melting and annealing 
procedures : with the Carbon sub-lattice almest completely 
being filled there are hardly any vacancies left to enable a 
diffusion process to take place at an acceptable speed. 

Another system that has been investigated quite thoroughly 
during the past years in our laboratory is the v-c syst~m. 
The temperature range studied in this case was 1350-1550 c. 
The phase diagram of the v-c system is of considerable 
complexity (see Fig. VI.8), showinga variety of stable ~nd 
metastable phases, especially at temperatures below 1000 c. 
However, we were able to show through our diffusioR 
experiments that the phase diagram publisbed by Massalski 
is essentially correct in the temperature range investigated. 
Fig. VI.7 shows an example of a Carbon concentratien profile 
measured in a V/C diffusion couple, annealed for 100 hrs at 
1350 °C. The limits of the homogeneity regions of all 
equilibrium phases are clearly visible in this profile. 

The last binary Carbide system that will be discussed here 
is the Nb-C system. The diffusion experiments in this system 
were carried out in the temperature range between 1700 and 0 . 
1900 c. An example of a measured Carbon concentratien 
profile (Nb/C couple, annealed for 20 hrs at 1900 °C in an 
evacuated and sealed Molybdenum vessel) is given in Fig. 
VI.9. The measured limits of the homogeneity ranges for the 
Nb2C and NbC phases agree excellently with the most recent 
phase diagram5 as Fig. VI.10 shows. 

Summarizing this Chapter on some practical applications we 
can state that the procedures developed for the analysis of 
Carbon certainly have opened the way to the investigation of 
the diffusion behaviour of Carbon in a number of important 
binary Metal-Carbon systems and to the investigation of phase 
relationships in these systems. On the other hand, the 
correctness of the resul ts obtained can also be taken as 
proof that the combination of measuring procedures and matrix 
correction procedures, in which the· absolute values of the 
rnac's play a vital role, must be a highly consistent 
combination indeed. 
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VIl CONCLUSIONS 

A number of general conclusions can be drawn from the 
present werk 

1) Accurate intensity measurements are apparently possible for 
an ultra-light element like Carbon over a wide range in 
accelerating voltages. The use of a modern synthetic 
multilayer crystal (code name LDE; W/Si, 2d=59.8 Ä) can be of 
advantage in a few incidental cases, notably the lighter 
Carbides like B4C and sic, where it produces a simpler 
background than the conventional Stearate crystal; in such 
cases the disadvantage of a lower count rate for C-Ka is more 
than compensated by a less complex background. 
A direct camparisen between the performances of LDE and STE 
crystals has shown that the streng suppression of 
higher-order reflections by the LDE crystal which was sa 
prominent in the wavelength region of N-Ka, and to a lesser 
extent of 0-Ka, is completely absent in the C-Ka range. 

2) The shapes of the C-Ka peak emitted by various Carbide 
specimens show very large variations, especially on the STE 
crystal with its better speetral resolution. The APF-values 
(AreajPeak Factors) on STE, relative to an FeJC standard, 
were found to vary between 0. 71 ( ZrC) and 1. 05 ( B4C) . For 
accurate quantitative analysis these effects have to be taken 
into account. As a matter of fact, these peak shape 
alterations which are the biggest problem in the analysis of 
Carbon, are a much bigger problem than the well-known peak 
shifts which can be easily accounted for during the 
measurements. 

3) our latest Gaussian rp(pz) correction program "PROZA", which 
is based on new para~eterizations for the Gaussian a, ~, ~ 
and rp(o) parameters, produces excellent results on the newly 
collected data base of 117 C-Ka measurements between 4 and 30 
kV An average k'/k value of 0.999 and a relative 
root-mean-square error of 3.86 % . However, the results are 
equally satisfactory on previous ultra-light element data (B, 
N and 0) as well as on medium-ta-high Z element data. The 
conclusion seems, therefore, justified that this latest 
program is a genuine step forward towards the ultimate goal 
of a "universa!" correction program. At all times, however, 
it is imperative to use a set of the most consistent mass 
absarptien coefficients. Such a set has been provided in the 
present werk. Tests with seven different matrix correction 
programs have demonstrated that the new set of mac' s we 
propose for C-Ka produce the best results for all programs at 
the same time. 

The overall conclusion of the present werk must be that 
accurate quantitative analysis of Carbon is definitely 
possible, provided that the measurements are performed very 
carefully, a goed correction program is used and, nat in the 
last place, a consistent set of mass absarptien coefficients 
is used. 
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Date: B-Ka 
C-Ka 

Appendix 1 .•• a 

Carbide : B4C 

2-3 and 22 Nov 1983 
23-24 Nov 1983; June 1987 

AreajPeak Factor C-Ka on STE 
B-Ka on STE 

1.048 
1.014 

Compo: 20.19 wt % C 
79.81 wt % B 

kV Beam Net. Peak intensities Peak k-ratios current 
(nA ) (cps/nA) 

B-Ka C-Ka B-Ka C-Ka 

B-Ka C-Ka B B4C FeJC B4C 

4 200 100 17.61 13.45 3.73 4.69 0.7636 1. 2593 

6 150 200 25.20 19.26 4.46 4.20 0.7644 0.9424 

8 100 200 30.76 22.36 4.39 3.34 0.7271 0.7604 

10 100 250 27.27 19.78 4.05 2.84 0.7253 0.7017 

12 100 250 26.67 18.43 3.72 2.55 0.6910 0.6867 

15 64 300 26.17 17.75 3.08 2.05 0.6784 0.6649 

20 98 300 21.38 14.16 2.37 1.63 0.6624 0.6867 

25 100 300 17.26 11.31 1.85 1.32 0.6554 0.7156 

30 100 300 14.03 9.27 1.54 1.19 0.6610 0.7736 

Backgrounds: B-Ka: ± 20 mm on either side of the peak and interpolated 
C-Ka: Measured at pos. of Carbon peak on constituent 

elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: counter HT 
B-Ka: 1700 Volt 
C-Ka: 1700 Volt 

Lower level 
0.6 Volt 
0.6 Volt 

Window 
open 
5.0 V 

Ga in 
64*7.0 
64*5.0 

Remarks No coatings applied, no conductivity problems. 

Pul se 
2.0 V 
2.0 V 

Spec 
AS STE 
AS STE 

New Carbon measurements in June 1987 on new specimen with 
STE and LDE crystals simultaneously in integral fashion. 
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Date: Si-Ka 
C-Ka 

19 Oct 1983 

Appendix 1 ••• b 

Carbide : SiC 

23-24 Nov 1983; June 1987 

AreajPeak Factor C-Ka on STE : 0.861 

Compo: 29.95 wt % C 
70.05 wt % Si 

kV Beam Net. Peak intensities Peak k-rat i os current 
(nA ) (cps/nA) 

Si-Ka C-Ka Si-Ka C-Ka 

Si-Ka C-Ka Si SiC FeJC SiC 

4 30 100 137.99 93.38 3.73 11.13 0.6767 2.9842 

6 10 200 388.03 265.76 4.46 11.27 0.6849 2.5268 

8 3 200 697.89 485.24 4.39 9.56 0.6953 2.1778 

10 3 250 1042.60 712.41 4.05 7.93 0.6833 1. 9583 

12 3 250 1416.62 955.94 3.72 6.64 0.6748 1.7863 

15 1 300 1955.01 1324.71 3.08 5.32 0.6776 1. 7269 

20 1 300 2883.57 1942.95 2.37 4.22 0.6738 1. 7823 

25 1 300 3539.76 2364.56 1.85 3.47 0.6680 1.8739 

30 1 300 4209.85 2792.39 1.54 2.97 0.6633 1.9280 

Backgrounds: Si-Ka: ± 5 mm on either side of the peak and interpolated 
C-Ka: Measured at pos. of Carbon peak on constituent 

elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: counter HT 
si-Ka: 1600 Volt 

C-Ka: 1700 Volt 

Lower level 
0.6 Volt 
0.6 Volt 

Window 
open 
5.0 V 

Ga in 
32*4.4 
64*5.0 

Remarks No coatings applied, no conductivity problems. 

Pul se 
2.0 V 
2.0 V 

Spec 
AS TA 
AS ST 

New Carbon measurements in June 1987 with STE and LDE crystal 
simultaneously in integral fashion. 
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Date: Ti-Ka 
C-Ka 

Appendix 1 ••• c 

Carbide : TiC 

24-26 Oct 1983 
25-29 Nov 1983 

AreajPeak Factor C-Ka on STE : 0.723 

Compo: 18.40 wt % c 
81.60 wt % Ti 

kV Beam Net. Peak intensities Peak k-ratios current 
(nA ) (cpsjnA) 

Ti-Ka C-Ka Ti-Ka C-Ka 
Ti-Ka C-Ka Ti TiC Fe3C TiC 

4 --- 300 ------- ------- 3.74 14.43 ------ 3.8627 

6 100 250 22.09 16.98 4.45 19.60 0.7783 4.3993 

8 30 250 133.54 105.76 4.36 21.51 0.7920 4.9305 

10 15 250 294.06 235.60 4.07 21.47 0.8012 5.2727 

12 10 200 360.61 283.69 3.61 20.33 0.7867 5.6309 

15 10 230 643.92 512.88 3.03 17.83 0.7965 5.8780 

20 3 250 1181.07 937.53 2.31 14.06 0.7938 6.0919 

25 3 300 1775.69 1417.00 1.85 11.46 0.7980 6.1990 

30 2 300 2333.40 1886.32 1.57 9.57 0.8084 6.1131 

Backgrounds: Ti-Ka: ± 5 mm on either side of the peak and interpolated 
C-Ka: Measured at pos. of Carbon peak on constituent 

elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: counter HT 
Ti-Ka: 1600 Volt 

C-Ka: 1700 Volt 

Lower level 
0.6 Volt 
0.6 Volt 

Window 
open 
5.0 V 

Ga in 
64*6.5 
64*5.0 

Remarks No coatings applied, no conductivity problems. 
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Date: 

Appendix 1. •. d 

Carbide : VC 

V-Ka : 24-26 Oct 1983 
C-Ka : 25-29 Nov 1983 

AreajPeak Factor C-Ka on STE : 0.773 

Compo: 16.00 wt % C 
84.00 wt % V 

kV Beam Net. Peak intensities Peak k-rat i os current 
(nA ) (cps/nA) 

V-Ka C-Ka V-Ka C-Ka 

V-Ka C-Ka V vc Fe3C vc 

4 --- 300 ------- ------- 3.74 11.79 ------ 3.1547 

6 100 250 10.66 8.42 4.45 15.35 0.7901 3.4447 

8 30 250 135.74 110.53 4.36 16.51 0.8143 3.7867 

10 15 250 341.81 274.06 4.07 16.51 0.8018 4.0560 

12 10 200 518.64 420.20 3.61 15.37 0.8102 4.2567 

15 10 230 952.85 779.15 3.03 13.26 0.8177 4.3718 

20 3 250 1833.27 1511.68 2.31 10.80 0.8246 4.6763 

25 3 300 2803.10 2308.07 1.85 8.54 0.8234 4.6182 

30 2 300 3740.91 3124.41 1.57 7.11 0.8352 4.5470 

Backgrounds: V-Ka: ± 5 mm on either side of the peak and interpolated 
C-Ka: Measured at pos. of Carbon peak on constituent 

elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: counter HT 
V-Ka: 1600 Volt 
C-Ka: 1700 Volt 

Lower level 
0.6 Volt 
0.6 Volt 

Window 
open 
5.0 V 

Ga in 
64*6.5 
64*5.0 

Remarks No coatings applied, no conductivity problems. 
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Appendix 1 .•• e 

Carbide: Cr23C6 

Date: Cr-Ka : 11-15 Nov 1983 
C-Ka : 29 Nov-1 Dec 1983 

AreajPeak Factor C-Ka on STE : 0.801 

Compo: 5.78 wt % c 
94.22 wt % Cr 

kV Beam Net. Peak intensities Peak k-ratios current 
(nA ) (cps/nA) 

cr-Ka C-Ka Cr-Ka C-Ka 

cr-Ka c-Ka Cr Cr23C6 Fe3C Cr23C6 

4 -- 200 --- --- 3.10 3.56 ------ 1.1495 

6 -- 300 --- --- 3.85 4.62 ------ 1.1969 

8 30 300 106.65 98.94 3.77 4.78 0.9276 1. 2657 

10 17.5 300 311.02 287.88 3.57 4.66 0.9256 1.3054 

12 10 300 527.72 487.93 3.23 4.34 0.9246 1.3417 

15 5 300 1008.03 941.68 2.72 3.73 0.9343 1. 3711 

20 2 300 2318.85 2156.30 0.90 2.53 0.9299 1.3293 

25 1.5 300 3126.30 2900.88 1.44 2.01 0.9279 1.3939 

30 1 300 4330.98 4019.58 1.20 1.63 0.9280 1. 3533 

Backgrounds: cr-Ka: ± 5 mm on either side of the peak and interpolated 
C-Ka: Measured at pos. of Carbon peak on constituent 

elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: counter HT 
Cr-Ka: 1600 Volt 

C-Ka: 1700 Volt 

Lower level 
0.6 Volt 
1. o Volt 

Window 
open 
2.0 V 

Ga in 
64*6.0 
64*5.0 

Remarks No coatings applied, no conductivity problems. 
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Date: cr-Kcx 
C-Kcx 

Appendix 1 ••• f 

Carbide : Cr7CJ 

20 Oct 1983 
29 Nov-1 Dec 1983 

Are~jPeak Factor C-Kcx on STE : 0.803 

Compo: 9.10 wt % C 
90.90 wt % Cr 

kV Beam Net. Peak intensities Peak k-ratios current 
(nA ) (cpsjnA) 

cr-Kcx C-Kcx cr-Kcx C-Kcx 

cr-Kcx C-Kcx Cr Cr7CJ FeJC Cr7CJ 

4 -- 200 ------ ------- 3.10 5.57 ----- 1. 8012 

6 -- 300 ------ ------- 3.85 7.29 ----- 1. 8926 

8 30 300 96.32 84.61 3.77 7.55 0.8793 2.0008 

10 30 300 282.35 249.40 3.57 7.32 0.8833 2.0524 

12 10 300 541.58 480.33 3.23 6.82 0.8869 2.1104 

15 5 300 1042.89 921.18 2.72 5.87 0.8833 2.1620 

20 1 300 2095.17 1863.49 1.90 4.07 0.8930 2.1376 

25 1 300 3235.42 2912.63 1.44 3.22 0.9013 2.2337 

30 1 300 4416.84 4097.98 1.20 2.63 0.8936 2.1820 

Backgrounds: Cr-Kcx: ± 5 mm on either side of the peak and interpolated 
C-Kcx: Measured at pos. of Carbon peak on constituent 

elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: counter HT 
cr-Kcx: 1600 Volt 
,C-Kcx: 1700 Volt 

Lower level 
0.6 Volt 
1. 0 Volt 

Window 
open 
2.0 V 

Ga in 
64*4.5 
64*5.0 

Remarks No coatings applied, no conductivity problems. 
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Appendix 1 ••• g 

Carbide : CnC2 

Date: Cr-Ka : 11-15 Nov 1983 
C-Ka : 29 Nov-1 Dec 1983 

AreajPeak Factor C-Ka on STE : 0.825 

compo: 13.30 wt % c 
86.70 wt % Cr 

kV Beam Net. Peak intensities Peak k-ratios current 
(nA ) {cps/nA) 

cr-Ka C-Ka cr-Ka C-Ka 

cr-Ka C-Ka Cr Cr3C2 FeJC CrJC2 

4 -- 200 ------- ------- 3.10 7.82 ------ 2.5265 

6 -- 300 ------- ------- 3.85 10.35 ------ 2.6859 

8 30 300 106.65 88.35 3.77 10.82 0.8284 2.8662 

10 17.5 300 311.02 259.61 3.57 10.50 0.8347 2.9442 

12 10 300 527.72 431.94 3.23 9.83 0.8185 3.0414 

15 5 300 1008.03 844.63 2.72 8.57 0.8379 3.1546 

20 2 300 2318.85 1958.34 1.90 5.98 0.8441 3.1444 

25 1.5 300 3126.30 2639.45 L41 4.70 0.8470 3.2559 

30 1 300 4320.98 3656.65 1.20 3.84 0.8443 3.1912 

Backgrounds: cr-Ka: ± 5 mm on either side of the peak and interpolated 
C-Ka: Measured at pos. of Carbon peak on constituent 

elements and composed on basis of weight fraction 
{see Chapter II) 

PHA settings: counter HT 
cr-Ka: 1600 Volt 

C-Ka: 1700 Volt 

Lower level 
0.6 Volt 
1. o Volt 

Window 
open 
2.0 V 

Ga in 
64*6.0 
64*5.0 

Remarks No coatings applied, no conductivity problems. 
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Date: Fe-Ka 26 Oct 1983 

Appendix 1 ••• h 

carbide : Fe3C 

Compo: 6.67 wt % C 
93.33 wt % Fe 

AreajPeak Factor C-Ka on STE 1.000 (by definition) 

kV Beam Net. Peak intensities Peak k-rat i os current 
(nA ) (cps/nA) 

Fe-Ka Fe-Ka 

Fe-Ka Fe Fe3C 

4 --- ------ ------ ------
6 --- ------ ------ ------
8 300 6.32 5.54 0.8925 

10 100 38.29 35.23 0.9200 

12 50 93.41 86.70 0.9282 

15 30 205.07 189.69 0.9250 

20 15 441.50 406.08 0.9179 

25 15 712.41 669.24 0.9394 

30 10 1008.42 937.23 0.9294 

Backgrounds: Fe-Ka: ± 5 mm on either side of the peak and interpolated 

PHA settings: counter HT 
Fe-Ka: 1600 Volt 

Lower level 
0.6 Volt 

Window 
open 

Ga in 
32*7.0 

Rernarks No coatings applied, no conductivity problems. 
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Appendix 1 ... i 

Carbide : ZrC 

Date: Zr-La : 26 Sep-5 Oct 1983 
c-Ka : 16-20 Dec 1983 

AreajPeak Factor C-Ka on STE : 0.715 

kV Beam Net. Peak intensities current (cps/nA) (nA ) 

Zr-La C-Ka 

Zr-La C-Ka Zr zrc Fe3C 

4 100 200 6.44 5.78 2.75 

6 100 300 19.18 17.31 3.37 

8 100 300 34.91 31.51 3.36 

10 100 300 49.75 45.20 3.13 

12 --- 300 ----- ----- 2.82 

15 100 300 91.35 82.90 2.25 

20 30 300 124.67 114.12 1.69 

25 50 300 160.01 145.79 1.39 

30 50 300 170.72 154.33 1.16 

Compo: 8.55 wt % C 
91.45 wt % Zr 

Peak k-rat i os 

Zr-La · C-Ka 

ZrC 

4.29 0.8971 1.5608 

4.19 0.9024 1.2421 

3.78 0.9027 1.1236 

3.33 0.9087 1. 0643 

2.88 ------ 1.0195 

2.14 0.9075 0.9533 

1. 73 0.9154 1. 0248 

1.46 0.9111 1. 0474 

1.30 0.9040 1.1221 

Backgrounds: zr~La: ± 5 mm on either side of the peak and interpolated 
C-Ka: Measured at pos. of Carbon peak on constituent 

elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: counter HT 
Zr-La: 1600 Volt 

C-Ka: 1700 Volt 

Lower level 
0.6 Volt 
1. 0 Volt 

Window 
open 
2.0 V 

Ga in 
128*7.4 

64*5.0 

Remarks No coatings applied, no conductivity problems. 
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Date: Nb-La 
C-Ka 

Appendix 1 ••. j 

Carbide : NbC 

31 oct-1 Nov 1983 
16-20 Dec 1983 

AreajPeak Factor C-Kcx on STE : 0.787 

Compo: 8.55 wt % c 
91.45 wt % Nb 

kV Beam Net. Peak intensities Peak k-ratios current 
(_nA ) (cpsjnA) 

Nb-La C-Ka Nb-La C-Ka 

Nb-La C-Ka Nb NbC FeJC NbC 

4 150 200 6.98 6.17 2.75 3.92 0.8840 1.4283 

6 200 300 23.37 20.42 3.37 . 3. 73 0.8738 1.1064 

8 150 300 43.49 38.70 3.36 3.51 0.8899 1. 0440 

10 100 300 62.00 55.63 3.13 3.07 0.8973 0.9830 

12 --- 300 --- --- 2.82 2. 64 ------ 0.9380 

15 30 300 110.33 99.44 2.25 2.13 0.9013 0.9466 

20 20 300 151.33 137.29 1.69 1. 67 0.9072 0.9858 

25 20 300 182.83 167.00 1.39 1.50 0.9134 1. 0819 

30 20 300 203.23 186.95 1.16 1.19 0.9199 1. 0249 

Backgrounds: Nb-La: ± 5 mm on either side of the peak and interpolated 
c-Ka: Measured at pos. of Carbon peak on constituent 

elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: 
Nb-La: 
from 15 kV on 

C-Ka: 

counter HT 
1600 Volt 
1600 volt 
1700 Volt 

Lower level 
0.6 Volt 

1.25 Volt 
1.0 Volt 

Window 
open 
1.5V 
2.0 V 

Ga in 
128*8.0 
128*7.4 

64*5.0 

Remarks No coatings applied, no conductivity problems. 
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Appendix 1. •• k 

Carbide : MozC 

Date: Mo-I.a 
C-Ka 

20 Oct 1983 
16-20 Dec 1983 

AreajPeak Factor C-Ka on STE : 0.822 

kV Beam Net. Peak intensities current 
(nA ) (cps/nA) 

Mo-I.a C-Ka 

Mo-I.a C-Ka Mo Mo2C Fe3C 

4 150 200 7.45 6.69 2.75 

6 150 300 26.13 23.95 3.37 

8 30 300 48.92 44.88 3.36 

10 30 300 71.58 66.20 3.13 

12 10 300 94.77 87.64 2.82 

15 5 300 128.23 119.77 2.25 

20 5 300 179.72 168.33 1.69 

25 5 300 215.91 202.38 1.39 

30 5 300 241.77 228.67 1.16 

Compo: 5.58 wt % c 
94.42 wt % Mo 

Peak k-rat i os 

Mo-I.a C-Ka 

Mo2C 

2.51 0.8981 0.9156 

2.74 0.9166 0.8124 

2.55 0.9175 0.7575 

2.29 0.9249 0.7335 

2.03 0.9248 0.7178 

1. 64 0.9340 0.7262 

1.25 0.9366 0.7420 

1.07 0.9415 0.7694 

0.91 0.9458 0.7885 

Backgrounds: Mo-I.a: ± 5 mm on either side of the peak and interpolated 
C-Ka: Measured at pos. of Carbon peak on constituent 

elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: counter HT 
Mo-La: 1600 Volt 

C-Ka: 1700 Volt 

Lower level 
0.5 Volt 
1. o Volt 

Window 
open V 
2.0 V 

Ga in 
128*5.0 

64*5.0 

Remarks No coatings applied, no conductivity problems. 

128 

Pul se 
2.0 V 
2.0 V 

SPEC 
CS PET 
AS STE 



Date: Ta-Ma, La 

kV Beam 
current 

(nA ) 

Ta-M<X 

4 300 

6 300 

8 200 

10 100 

12 100 

15 50 

20 20 

25 10 

30 50 

Ta-La 
- --

12 100 

15 50 

20 20 

25 10 

30 5 

Appendix 1 •.. 1 

Carbide : Ta2C 

4-9 Nov 1983 

Net. Peak intensities 
(cps/nA) 

Ta-Ma 

Ta Ta2C 

5.96 5.59 

14.41 13.49 

23.33 21.92 

30.77 28.91 

38.42 36.54 

48.78 46.56 

59.71 57.25 

65.14 63.62 

70.96 68.56 

Ta-La 

Ta Ta2C 

21.30 19.97 

88.32 78.72 

246.17 231.62 

421.06 397.44 

600.39 578.42 

Compo: 3.00 wt % C 
97.00 wt % Ta 

Peak k-rat i os 

Ta-Ma 

0.9383 

0.9360 

0.9395 

0.9452 

0.9511 

0.9544 

0.9588 

0.9766 

0.9662 

Ta-La 

0.9376 

0.9440 

0.9409 

0.9439 

0.9634 

Backgrounds: Ta-Ma: ± 5 mm on either side of the peak and interpolated 
Ta-La: ± 5 mm on either side of the peak and interpolated 

C-Ka: Measured at pos. of Carbon peak on constituent 
elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: counter HT 
Ta-Ma: 1600 Volt 
Ta-La: 1600 Volt 

Lower level 
0.5 Volt 
0.5 Volt 

Window 
3.0 V 
open 

Ga in 
64*6.0 
32*5.8 

Remarks No coatings applied, no conductivity problems. 
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Appendix 1. •• m 

carbide : Tac 

Date: Ta-Ma, La : 4-9 Nov 1983 
C-Ka : 20-22 Dec 1983 

AreajPeak Factor C-Ka on STE : 0.968 

kV Beam Net. Peak intensities current 
(nA ) (cps/nA) 

Ta-Ma C-Ka 

Ta-Ma C-Ka Ta TaC FeJC 

4 300 200 6 . 03 5.35 2.74 

6 300 300 14.41 12.70 3.38 

8 200 300 23.33 20.56 3.38 

10 100 300 30.77 27.15 3.18 

12 100 300 38.42 34.32 2.76 

15 67 300 48.44 43.49 2.43 

20 20 300 59.71 54.62 1.86 

25 10 300 65.14 59.65 1.47 

30 50 300 70.96 65.24 1.17 

Ta-La 

Ta-La Ta TaC 
-- -

12 100 21.30 18.56 

15 67 87.59 78.59 

20 20 246.17 222.61 

25 10 421.06 377.48 

30 5 600.39 550.08 

Compo: 6.00 wt % C 
94.00 wt % Ta 

Peak k-ratios 

Ta-Ma C-Ka 

TaC 

3.08 0.8865 1.1264 

3.33 0.8873 0.9846 

3.19 0.8812 0.9430 

2.90 0.8824 0.9131 

2.54 0.8933 0.9182 

2.26 0.8979 0.9328 

1. 79 0.9148 0.9592 

1.48 0.9157 1. 0048 

1.30 0.9194 1.1049 

Ta-La 

0.8715 

0.8973 

0.9043 

0.8965 

0.9162 

Backgrounds: Ta-Ma: ± 5 mm on either side of the peak and interpolated 
Ta-La: ± 5 mm on either side of the peak and interpolated 

C-Ka: Measured at pos. of Carbon peak on constituent 
elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: 
Ta-Ma: 
Ta-La: 

C-Ka: 

counter HT 
1600 Volt 
1600 Volt 
1700 Volt 

Lower level 
0.5 Volt 
0.5 Volt 
1. 0 Volt 

Window 
3.0 V . 
open 
2.0 V 

Ga in 
64*6.0 
32*5.8 
64*5.0 

Remarks No coatings applied, no conductivity problems. 
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Appendix 1. •• n 

Carbide : W2C 

Date: W-Ma, La : 27-31 Oct 1983 
C-Ka : 20-22 Dec 1983 

AreajPeak Factor C-Ka on STE : 1.021 

Compo: 3.06 wt % c 
96.94 wt % w 

kV Beam Net. Peak intensities Peak k-ratios current 
(nA ) (cps/nA) 

W-Ma C-Ka W-Ma C-Ka 

W-Ma C-Ka w W2C FeJC W2C 

4 300 200 6.32 5.55 2.74 1.42 0.8786 0.5205 

6 100 300 15.16 13.67 3.38 1.53 0.9017 0.4529 

8 300 300 24.49 22.58 3.38 1.43 0.9219 0.4236 

10 100 300 32.92 30.70 3.18 1.32 0.9326 0.4144 

12 50 300 36.89 35.28 2.76 1.17 0.9564 0.4247 

15 30 300 51.57 48.33 2.43 1. 03 0.9372 0.4258 

20 15 300 64.33 61.15 1.86 0.81 0.9505 0.4335 

25 15 300 70.38 68.18 1.47 0.66 0.9687 0.4443 

30 10 300 72.39 70.61 1.17 0.57 0.9754 0.4842 

W-La W-La 

W-La w W2C 
-- --

12 50 16.91 15.38 0.9094 

15 30 82.52 76.80 0.9307 

20 15 245.22 229.84 0.9411 

25 15 429.14 408.46 0.9518 

30 10 614.33 587.55 0.9564 

Backgrounds: W-Ma: ± 5 mm on either side of the peak and interpolated 
W-La: ± 5 mm on either side of the peak and interpolated 
C-Ka: Measured at pos. of Carbon peak on constituent 

elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: counter HT Lower level Window Ga in Pul se Spec 
W-Ma: 1600 Volt 0.6 Volt open 128*7.8 2.0 V CS PE 
W-La: 1600 Volt 0.6 Volt open 32*5.0 2.0 V BS LI 
C-Ka: 1700 Volt 1. 0 Volt 2.0 V 64*5.0 2.0 V AS ST 

Remarks No coatings applied, no conductivity problems. 
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Appendix 1. •• o 

Carbide : WC 

Date: W-Ma, La : 27-31 Oct 1983 
C-Ka : 20-22 Dec 1983 

AreajPeak Factor C-Ka on STE : 0.974 

kV Beam Net. Peak intensities current 
(nA ) (cpsjnA) 

W-Ma c-Ka 

W-Ma C-Ka w wc Fe3C 

4 300 200 6.32 5.39 2.74 

6 100 300 15.16 13.19 3.38 

8 300 300 24.49 21.62 3.38 

10 100 300 32.92 29.07 3.18 

12 50 300 36.89 33.90 2.76 

15 30 300 51.57 46.66 2.43 

20 15 300 64.33 59.04 1.86 

25 15 300 70.38 66.36 1.47 

30 10 300 72.39 68.06 1.17 

W-La 

W-La w wc 
-- -

12 50 16.91 14.45 

15 30 82.52 72.48 

20 15 244.22 219.48 

25 15 429.14 390.26 

30 10 614.33 563.59 

Compo: 6.13 wt % C 
93.87 wt % W 

Peak k-ratios 

W-Ma C-Ka 

wc 

3.01 0.8524 1.0982 

3.22 0.8700 0.9510 

3.02 0.8829 0.8928 

2.75 0.8831 0.8671 

2.47 0.9178 0.8951 

2.18 0.9048 0.8990 

1.81 0.9178 0.9163 

1.36 0.9429 0.9253 

1.17 0.9402 0.9966 

W-La 

0.8544 

0.8783 

0.8987 

0.9094 

0.9174 

Backgrounds: W-Ma: ± 5 mm on either side of the peak and interpolated 
W-La: ± 5 mm on either side of the peak and interpolated 
C-Ka: Measured at pos. of Carbon peak on constituent 

elements and composed on basis of weight fraction 
(see Chapter II) 

PHA settings: counter HT Lower level Window Ga in Pul se Spec 
W-Ma: 1600 Volt 0.6 Volt open 128*7.8 2.0 V CS PET 
W-La: 1600 Volt 0.6 Volt open 32*5.0 2.0 V BS LIF 
C-Ka: 1700 Volt 1. 0 Volt 2.0 V 64*5.0 2.0 V AS STE 

Remarks No coatings applied, no conductivity problems. 
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Appendix 2 ... a 

··· - . ~ - -· 

1. 00 

T. U. E. 84C--8-Ko 
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ACCEL. VOLTAGE (kV) 

Comparison between the experimental k-ratios (relative 
to elemental standards) of the X-ray lines of the metal 
components (circles) and the predictions of our PROZA 
program ( solid curves). Top : B4C ( integral k-rat i os 
B-Ka); bottorn : SiC. 
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Appendix 2 .•. b 

1. 00 
T. U. E. TiC--Ti-Ko 

0 
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1. 00 

T. U. E. VC--V-Ko 
0 0.90 
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I 

0 0 
> 0 0 0 0 0 

0.80 
a ~ 
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1- 0.70 
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I 0.60 ~ 

0.50 
0 10 20 30 

ACCEL. VOLTAGE <kV> 

Comparison between the experimental k-ratios (relative 
to e1ementa1 standards) of the x-ray lines of the meta1 
components (circles) and the predictions of our PROZA 
program ( solid curves). Top : TiC; bottorn : VC. 
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Appendix 2 ..• c 

1. 20 
T.U. E. Cr23C6--Cr-Kc::::~ 

0 
1. 10 ~ 
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u 1. 00 
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< 
a::: 
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1. 20 
T.U. E. Cr7C3--Cr-Kc::::~ 

0 
1. 10 ~ 

I 
l 
u 1. 00 
0 
H 

1- 0.90 0 0 0 0 0 0 e 
< -
a::: 
I 0.80 
~ 

0.70 
0 10 20 30 

ACCEL. VOLTAGE <kV) 

Comparison between the experimental k-ratios (relative 
to elemental standards) of the X-ray lines of the metal 
components (circles) and the predictions of our PROZA 
program (solid curves). Top : Cr2JC6; bottorn : Cr7CJ. 
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Appendix 2 ..• d 

1. 10 

T. U. E. Cr-3C2--Cr--Ka 
0 

1. 00 ~ 
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1. 10 

T. U. E. Fe3C--Fe-Ka 
0 

1. 00 ~ 
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I 0 0 Q 

0 2 
lL. e 
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a 
H 

t- 0.80 
< 
0:: 
I 0.70 
~ 

0.60 
0 10 20 30 

A CC EL. VOLTAGE (kV) 

Comparison betveen the experimental k-ratios (relative 
to elemental standards) of the X-ray lines of the metal 
components (circles) and the predictions of our PROZA 
program (solid curves). Top : Cr3C2; bottorn : Fe3C. 
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1. 10 

T. U. E. Zr-C--Zr--La 
0 

1. 00 _J 
I 
l 

0 N 0.90 0 0 0 0 0 0 0 

a ---H 
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< rr 
I 0.70 ;::( 
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ACCEL. VOLTAGE <kV) 

1. 10 
NbC--Nb-La 

0 
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< 
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I 0.70 ;::( 

0.60 
0 10 20 30 

A CC EL. VOLTAGE <kV) 

Comparison between the experimental k-ratios (relative 
to elemental standards) of the x-ray lines of the metal 
components (circles) and the predictions of our PROZA 
program (solid curves). Top : ZrC; bottorn : NbC. 
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1. 20 

T. U. E. Mo2C--Mo-Lo 
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Comparison between the experimental k-ratios (relative 
to elemental standards) of the X-ray lines of the metal 
components (circles) and the predictions of our PROZA 
program (solid curves). Top : Ho2C; bottorn : Ta2C. 
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Appendix 2 ..• g 

1. 20 
0 T. U. E. ToC--Mc, Lc 
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1. 20 
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ACCEL. VOLTAGE <kV) 

comparison between the experimental k-ratios (relative 
to elemental standards) of the X-ray lines of the metal 
components (circles and squares) and the predictions of 
our PROZA program (solid curves). Top : TaC; bottom : 
wc. 
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Appendix 2 •.• h 

1. 20 r----------------.. 
T. U. E. W2C--W-Mo,Lo 

1. 10 

1. DO W..;.Ma e ___ _ 
I 

0.90 
0 W-La 

0.80 

ACCEL. VOLTAGE <kV) 

Comparison between the experimental k-ratios (relative 
to elemental standards) of the X-ray lines of the metal 
components (circles and squares) and the predictions of 
our PROZA program (solid curves) for W2C. 
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2 
3 
4 
5 
6 
7 
8 
9 

18 
11 
12 
13 
14 
15 
16 
17 
18 
19 
28 
21 
22 
23 
24 
25 

Appendix 3 

Numerical details of the final data base containing the 
unsmoothed Integral k-ratios for C-Ka relative to FeJC 
and the smoothed peak k-ratios for the metal X-ray 
lines relative to elemental standards. 

LEGEND : 1 8
t column ... Number of entry. 

5 6 
5 6 
5 6 
5 6 
5 6 
5 6 
5 6 
5 6 
5 6 

14 6 
14 6 
14 6 
14 6 
14 6 
14 6 
14 6 
14 6 
14 6 
22 b 

22 6 
22 6 
22 6 
22 6 
22 6 
22 6 

200 column ... Atomic number of metal component 
3rd column ... Atomic number of Carbon 
4th column ... Hass absorption coefficient of 

metal X-ray line in metal. 
sth column ... Hass absorption coefficient of 

metal X-ray line in Carbon. 
6th column ... Critical excitation threshold of 

metal X-ray line. 
7th column ... Weight fraction of metal. 
Bth column ... Smoothed k-ratio of metal X-ray 

line. 
9th column ... Non-smoothed integral k-ratio of 

C-Ka relative to FeJC. 
10th column ... Accelerating voltage (kV). 
11th column ... X-ray take-off angle (deg). 
12th column ... Type of metal X-ray line (K=O; 

L=l; H=2). 

3358 6351J IJ.l881J IJ.7981 IJ. 7755 l. 3197 4 41J 
3351J 6351J IJ.l881J IJ.7981 IJ.7511J IJ.9876 6 41J 
3351) 6351J IJ.l881J IJ.7981 •• 7298 8.7969 8 41 
3351J 6351J IJ.l881J 1.7981 1.7llll IJ.7354 liJ 41J 
3351 6351 IJ.l881 IJ.7981 1.6961 IJ.7197 12 41J 
3351! 6351 IJ.l881J IJ.7981 11.6795 la.69b8 15 41 
3351J 6351J IJ.l881 &.7981 IJ.6631J IJ.7197 21J 41J 
3351 6351J IJ.l8811 IJ.7981 &.6565 a. 75&& 25 411 
3358 6351J IJ.l8BIJ 8.7981 &.6551J &.8187 38 411 
347 445 1.8418 IJ.7&15 &.6818 2.5694 4 41J 
347 445 l. 84BIJ IJ.71JIJ5 IJ.6798 2.1756 6 411 
347 445 1.84111J IJ.71JIJ5 IJ.6791J 1.8751 8 41J 
347 445 1.8488 8.7185 8.6787 1. 6861 18 48 
347 445 1.84111) IJ.71J85 8.6788 1.5388 12 48 
347 445 l.841JB 8.71JB5 8.6762 l. 4869 15 48 
347 445 1. 8488 B.71JIJ5 IJ.6738 1. 5346 28 48 
347 445 1.8488 B.71r11J5 8.6682 1.6134 25 48 
347 445 1.8488 1.7885 8.6638 1.661JI 31 48 

1 25 l.IJIU IJ.8168 lUBBIJ 2.7928 4 48 
188 25 4.9651J 8.8168 8.7831 3.1798 6 48 
188 25 4.9658 8.8161J 8.7861 3.5638 a 41J 
liJS 25 4.9658 ll.8161J 8.7888 3.8ll1 11 48 
188 25 4.9651J 8.8168 IJ. 7918 4.1J701J 12 41J 
11J8 25 4.9651J 1.8161! IJ.793B 4.2411ó 15 48 
188 25 4.9651J IJ.8161J IJ. 7981J 4.4832 21J 41J 
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Appendix 3 (Continued) 

26 22 6 1118 25 4.9651 11.81611 11.81112 4.4816 25 411 11 
27 22 6 1118 25 4.96511 11.81611 1!.81!33 4.4185 31! 41! ll 
28 23 6 1 19 1.11111111 1!.841111 1!.1!111111 2.4398 4 411 11 
29 23 6 95 19 5.4641! 1!.8411 1.7952 2.6641 6 411 11 
311 23 6 95 19 5.46411 11.841!1! 11.81!13 2.9286 8 411 11 
31 23 6 95 19 5.46411 11.841111 11.81165 3.1369 111 411 I 
32 23 6 95 19 5.46411 1!.84111 11.8111 3.2921 12 411 11 
33 23 6 95 19 5.4641! ll.841lil 1!.8162 3.3812 15 41 0 
34 23 6 95 19 5.46411 11.84811 1.8221! 3.6167 21 48 B 
35 23 6 95 19 5.4640 1!.84111! 8.8265 3.5717 25 48 " 36 23 6 95 19 5.4641! 1!.8411 11.8295 3.5166 31! 41! 11 
37 24 6 87 15 Lillillil 8. 9422 ll.llllllil 1.9284 4 48 I 

38 24 6 87 15 1.1lllllll ll. 9422 8.118BB 11.9584 6 411 8 
39 24 6 87 15 5.9898 8.9422 11.9252 1.11134 8 411 IJ 
411 24 6 87 15 5.9891J 1.9422 8.9257 1.8452 lil 41 11 
41 24 6 87 15 5.9891J IJ.9422 11.9259 1.11743 12 41! 8 
42 24 6 87 15 5.9891 11.9422 IJ.9261 1.11978 15 48 
43 24 6 87 15 5.9891 IJ. 9422 8.9265 I. IJ644 211 41J 
44 24 6 87 15 5.9898 1.9422 1.9271 1.1161 25 41 
45 24 6 87 15 5.9891J IJ.9422 1.9278 I.IJ836 31J 411' 
46 24 6 87 15 1.81JIJ0 11.9891 l.il8iliJ 1.4455 4 41J 
47 24 6 87 15 1.118111! ll.91J911 ll.IIIJilll I. 5188 6 40 
48 24 6 87 15 5.98911 11.91191J 11.8790 1.61156 8 41J 
49 24 6 87 15 5.9891J 11.91911 11.8819 I. 6471 111 411 
511 24 6 87 15 5.98911 IJ.911911 11.8842 1.6936 12 41J 
51 24 6 87 15 5. 9891J IJ.911911 11.8875 I. 7351 15 411 
52 24 6 87 15 5.98911 IJ.91911 11.8918 I. 7154 21 41J 
53 24 6 87 15 5.98911 11.9il91J 1.8951! 1. 7925 25 41! 
54 24 6 87 15 5.9891! 11.911911 11.8972 I. 7511 3B 411 
55 24 6 87 15 1.8888 IJ.86711 8.11818 2.8831 4 41J 
56 24 6 87 15 1.8811 8.8671 11.1118 2.2145 6 48 
57 24 6 87 15 5.9898 8.86711 8.8311 2.3632 8 41J IJ 
58 24 6 87 15 5.9898 11.8671 11.8332 2.4275 11 41 
59 24 6 87 15 5.9898 1!.86711 1.8358 2.5876 12 48 
611 24 6 87 15 5.9891 IJ.86711 1.8385 2.6111 15 48 
61 24 6 87 15 5.9891 ll.86711 8.8422 2.5926 28 48 
62 24 6 87 15 5.9891 ll.86711 1.8455 2.6845 25 41l 
63 24 6 87 15 5.9898 8.8678 IJ.8478 2.6311 38 48 
64 26 6 71 9 7.1111 1.9333 11.9172 8.8881J 8 48 
65 26 6 71 9 7.1118 8.9333 11.9194 8.81811 18 4B 
66 26 6 71 9 7.11111 8.9333 11.9215 11.1111118 12 41 
67 26 6 71 9 7.11111 8.9333 11.9239 IJ. IJllil 15 48 
68 26 6 71 9 7.1118 1.9333 8.9271 8.1181111 21 41 
69 26 6 71 9 7.11111 11.9333 1.92911 il.IIIIIB 25 411 
711 26 6 71 9 7.111B 11.9333 11.93114 ll.iliiiiB 31 41 
71 48 6 757 277 2.2238 8.9145 1.8981 1.1164 4 41 
72 41 6 757 277 2.2230 11.9145 ll.91JI1 IJ.8885 6 41 
73 41 6 757 277 2.2238 11.9145 1.9133 8.8137 8 411 
74 41 6 757 277 2.2238 8.9145 B.9155 11.7613 18 41 
75 41! 6 757 277 2.2231 8.9145 1.9871! ll.7292 12 41 
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Appendix 3 (Continued) 

76 411 6 757 277 2.223~ 11.9145 11.9188 1!.6819 15 41! 
77 41! 6 757 277 2.22311 11.9145 1.91!95 1.7331! 21! 41! 
7B 41 6 757 277 2.2231! 1!.9145 iJ.9UI! iJ.7492 25 41 
79 41! 6 757 277 2.2231 1.9145 ll. 9111 1.81126 31 41 
BI 41 6 71B 233 2.3711 1.9145 1.8751 1.1236 4 41 
81 41 6 71B 233 2.3711 1.9145 1.8B22 I.B71l4 6 41 
B2 41 6 718 233 2.3711 1.9145 I.BBBI I.B213 B 41 
B3 41 6 718 233 2.3711 1.9145 I.B931 I. 7733 11 . 41 
84 41 6 71B 233 2.3711 1.9145 I.B971 1.7379 12 41 
85 41 6 71B 233 2.3711 1.9145 1.9122 I. 7447 15 41 
B6 41 6 71B 233 2.3711 1.9145 1.91BB 1.7755 21 41 
B7 41 6 71B 233 2.3711 1.9145 1.9135 1.8511 25 41 
BB 41 6 71B 233 2.3711 1.9145 1.9175 1.8163 31 41 
B9 42 6 673 196 2.5231 1.9442 1.9161 1.7523 4 41 
98 42 6 673 196 2.5231 1.9442 1.912B 1.6675 6 411 

91 42 6 673 196 2.5231 11.9442 1.9182 1.6224 B 41 
92 42 6 673 196 2.5231 1.9442 1.9225 1.6126 11 41 
93 42 6 673 196 2.5231 8.9442 1.9264 1.5B97 12 41 
94 42 6 673 196 2.5231 1.9442 1.9312 1.5966 15 41 

95 42 6 673 196 2.5231 1.9442 1.9373 1.6196 21 41 
96 42 6 673 196 2.5231 iJ.9442 1.941B 1.6321 25 41 I 

97 42 6 673 196 2.5231 8.9442 1.945B 1.647B 31 41 1 
9B 73 6 1256 469 1. 7431 0.9711 1.9342 1.11011 4 41 2 
99 73 6 1256 469 1. 7431 1.9711 1.9391 1.111!1 6 41 2 

111 73 6 1256 469 1. 7431 1.9711 1.942B 1.1111 B 41 2 
181 73 6 1256 469 1. 7431 1.9711 1.9462 1.1181 11 48 2 
112 73 6 1256 469 1. 7438 1.9788 1.9491 8.8118 12 41 2 
183 73 6 1256 469 1. 7431 1.9711 1.9541 1.1111 15 48 2 
114 73 6 1256 469 1. 7431 1.9711 1.9612 1.1111 21 41 'l 

L 

115 73 6 1256 469 1. 7431 1.9711 1.9668 I.IBII 25 41 2 
116 73 6 1256 469 1. 7431 1.9711 1.9782 8.1111 31 41 2 
187 73 6 161 4 9.B771 1.9711 1.9348 1.1118 12 41 1 
!BB 73 6 161 4 9.B771 8.9711 1.9486 1.1111 15 41 1 
189 73 6 161 4 9.B771 1.9781 1.9453 8.1181 21 48 
111 73 6 161 4 9.B771 1.9718 1.9513 1.1181 25 41 
111 73 6 161 4 9.B771 1.9711 1.9543 1.1181 31 41 1 
112 73 6 1256 469 1. 7431 1.9411 I.B765 1.1B99 4 41 2 
113 73 6 1256 469 1. 7431 1.9411 I.BB15 8.9527 6 48 2 
114 73 6 1256 469 1. 7431 1.9411 I.B862 1.9124 B 41 2 
115 73 6 1256 469 I. 7431 1.9481 I.B915 1.8835 11 48 2 
116 73 6 1256 469 1. 7431 1.9411 I.B943 1.8BB5 12 41 2 
117 73 6 1256 469 1.7431 1.9418 1.9111 1.9826 15 41 2 
11B 73 6 1256 469 1. 7431 1.9411 1.9188 1.9281 21 41 2 
119 73 6 1256 469 1. 7431 iJ.941iJ iJ.9162 1.9722 25 41! 2 
12il 73 6 1256 469 I. 743iJ 1.941111 8.9221 I. iJ691 31 4iJ 2 
121 73 6 161 4 9.B771 1.9488 iJ.B821 1.1818 12 48 
122 73 6 161 4 9.B771 1.9411 1.8886 l.llliJ 15 41 
123 73 6 161 4 9.877iJ 1.9481 I.B9BI 1.1181 28 4iJ 
124 73 6 161 4 9.B771 1.9411 1.9161 lU III 25 41 
125 73 6 161 4 9.B771 1.94iJ8 1).9138 8.1188 31 41 
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126 74 6 1215 428 1.8141 1.9694 1.8865 8.5315 4 48 2 
127 74 6 1215 428 I. 8148 8.9694 8.9868 8.4625 6 48 2 
128 74 6 1215 428 I. 8148 8.9694 8.9178 8.4325 8 48 2 
129 74 6 1215 4218 1.8148 8.9694 1.9272 1.4231 18 48 2 
m 74 6 1215 421 1.8148 8.9694 1.9358 8.4337 12 48 2 
131 74 6 1215 428 1.8148 8.9694 1.9443 8.4348 15 48 2 
132 74 6 1215 428 1.8141 8.9694 8.9568 8.4426 28 48 2 
133 74 6 1215 428 I. 8148 8.9694 1.9668 8.4537 25 48 2 
134 74 6 1215 428 1.8148 8.9694 1.9756 8.4944 38 41 2 
135 74 6 154 4 18.2888 8.9694 8.9153 1.1888 12 48 I 

136 74 6 154 4 18.2888 8.9694 1.9298 8.8888 15 48 I 

137 74 6 154 4 18.2888 8.9694 8.9432 8.1181 28 48 I 

138 74 6 154 4 18.2888 1.9694 1.9522 8.8888 25 48 I 

139 74 6 154 4 18.2888 8.9694 1.9588 8.8188 38 48 1 
148 74 6 1215 428 1.8148 8.9387 1.8561 1.8693 4 48 2 
141 74 6 1215 428 1.8148 8.9387 1.8712 8.9268 6 48 2 
142 74 6 1215 428 1.8148 8.9387 1.8823 8.8693 a 48 2 
143 74 6 1215 428 I. 8148 8.9387 1.8918 1.8443 18 49 2 
144 74 6 1215 421 1.8141 8.9387 8.8987 1.8716 12 49 2 
145 74 6 1215 428 1.8148 8.9387 8.9881 8.8754 15 48 2 
146 74 6 1215 428 1.8148 1.9387 1.9212 8.8922 28 48 2 
147 74 6 1215 428 1.8148 8.9387 1.9328 1.9118 25 48 2 
148 74 6 1215 428 1.8148 9.9387 8.9428 8.9784 31 48 2 
149 74 6 154 4 19.2818 8.9387 9.8558 8.8881 12 48 
158 74 6 154 4 18.2818 1.9387 1.8782 8.1188 15 48 
151 74 6 154 4 18.2199 8.9387 1.8975 1.8188 21 48 
152 74 6 154 4 11.2181 8.9387 8.9193 8.1111 25 411 
153 74 b 154 4 18.2888 8.9387 8.9178 8.8881 38 41 
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