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SUMMARY 

Quantitative Electron Probe Microanalysis of Nitrogen has 
been performed on 18 nitrides at accelerating voltages 
between 4 and 30 kV, using both a conventional lead stearate 
crystal as well as a new synthetic multilayer crystal (W/Si, 
2d=59.8 Ä). A straight-forward cernparisen of the performances 
of these crystals has shown that the net peak count rates of 
the mul tilayer crystal are approx. 2. 8 times higher than 
these obtained on the lead stearate crystal. In addition, it 
was found that the mul tilayer crystal a lso produced 
significant improvements in the Peak to Background ratios, 
which is of extreme importance in difficult nitrides like 
ZrN, Nb2N and Mo2N. A most significant feature of the new 
crystal, however, is that it is apparently able to suppress 
higher-order reflections very effectively. As a result, 
backgrounds are produced which are free of intertering lines 
and speetral artifacts, which, in turn, makes it much easier 
to determine the background accurately. 

The present work has also resulted in a new procedure for 
the analysis of Nitrogen in the presence of Titanium. This 
new procedure is based on the assumption that the Area-Peak 
Factor (IntegraljPeak k-ratio) of the N-Ka peak in Ti-N 
compounds relative to a Nitrogen standard (Cr2N) has a fixed 
value and that, once this value is known, it can be used to 
separate the Ti-11 peak from the N-Ka peak. After the 
determination of this APF the new procedure was extensively 
tested on a number of compositions in the Ti-N system. It was 
found that using this procedure it is possible to do 
quantitative analysis of Nitrogen in Ti-N compounds with a 
relative accuracy of better than 5 % . For very low levels of 
Nitrogen (below 15 at %) the new method was found unsuitable; 
in these cases, however, the well-known multiple least 
squares digital fitting techniques appeared to do an 
excellent job. 

The intensity measurements for Nitrogen in the various 
ni trides as a function of accelerating voltage were a lso 
carried out with both crystals sirnul taneously. In order to 
correct for peak shape alterations in the N-Ka peak all 
Nitrogen spectra were first recorded in an integral fashion 
and compared to these of the Cr2N standard. It was found that 
the peak shape alterations for the N-ka peak were very much 
smaller than for B-Ka and C-Ka radiations The observed 
values for the Area-Peak Factor relative to CnN differed 
less than 5 % from unity. 

The present work has resulted in a final data base 
containing 144 integral k-ratios for N-Ka and 149 peak 
k-ratios for the X-ray lines of the roetal partners in the 
nitrides. our own Gaussian ~(pz) matrix correction procedure 
"PROZA" yielded excellent results for the Nitrogen data : An 
average value of kcalc/kmeas of 1. 0051 and a relative root 
mean square deviation of 3.99 % . 
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INTRODUCTION 

Contrary to our previous studies on quantitative EPMA of 
carbon1 and Boron2 which were completed in one year and less 
than a year, respectively, the present work on Nitrogen has 
taken considerably more time. As a matter of fact the micro 
probe measurements were carried out over a period of approx. 
two and a half years not even mentioning the one year 
period covering most of the year 1984, in which most of the 
nitrides were prepared in our own laboratory. 

The reasons for the appreciable delay in time are the 
following : 

-- The first and most obvious reason is the simple fact that 
Nitrogen is by far the most difficult ultra-light element to 
deal with in the microprobe. 
The count rates on a conventional Stearate crystal can be 
extremely low and Peak-to-Background ratios can well be much 
below 1. On top of that the background can be curved in a 
number of cases and at the same time it can contain lots of 
remnants of higher order roetal lines (e.g. in ZrN, Nb2N, 
Mo2N) which cannot be completely removed by discriminatien 
techniques. In the end we were, therefore, forced to do all 
the measurements in a completely integral fashion which took 
one night per accelerating voltage per nitride : in short 
approx. 2 weeks per nitride for a range of 4-30 kV (in 9 
steps). 

-- A major improvement in techniques as well as results was 
achieved by the use of a W/Si multilayer (Ovonics Synthetic 
Materials Corp. U.S.A) with a 2d spacing of 59.8 A (LDE 
crystal). Unfortunately, this crystal only became available 
in December '85 when the work was well underway. Nevertheless 
we decided to restart the work from scratch and compare the 
results of STE and LDE crystals in the same runs . . 

-- A next major problem was the contamination with Oxygen 
which was found to take place in certain sensitive nitrides 
like ZrN, HfN and TaN when an air jet was used in order to 
prevent a build-up of carbonaceous deposits. Initially, the 
air jet was used in all cases. Later on, however, it was 
discovered that a rapid process of in-situ oxidation can set 
in under electron bombardment on certain nitrides, leading to 
30 % or more losses in N-Ka intensity in the time (1.5 hour) 
required for the accurate integral recording of the N-Ka 
peak. This in turn forced us to repeat a number of 
measurements on these sensitive nitrides without an air jet. 

-- A lot of time and effort has been spent on deriving a 
procedure for measuring Nitrogen in Ti-containing specimens. 
Due to the extreme overlap of the N-Ka and the Ti-n peaks it 
is impossible to distinguish the separate contributions under 
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the combined (N-Ka + Ti-u) -peaks. This old problem has, in 
our opinion, never been solved satisfactorily. In the present 
work a new procedure is proposed and extensively tested. 

-- A new problem, hardly encöuhtered so far in the work on 
Carbon and Baron, turned up in the case of Nitrogen A 
number of Nitrides (hex. BN, AlN and SiJN4) are electrically 
insulating materials and as such they present additional 
problems, hardly discussed so far in the literature on 
quantitative electron probe microanalysis. Various (time 
consuming) techniques have been tried in order to deal with 
these cases, usually without too much success. 

-- By far the most difficult and time-consuming problem has 
been to find the compositions of thê available nitrides once 
the measurements were successfully complèted. In a fairly 
large proportion of cases, especiaily the more "difficul t" 
nitrides like TiN, ZrN, HfN and TaN, the avaiiable chemica! 
analyses were not consistent with the (relatively scarce) 
literature on phase diagrams. Thë sum of the reported 
Ni tragen and Oxygen contents usually exceeded the maximum 
limit of the homogeneity region by 5 (TiN) up to as much as 
20% relative (HfN). This seems to point to severe systematic 
errors in the chemica! analyses. 

As a resul t of the ihi tial uncertainties on the 
compositions a very time-cohsuming iterative procedure was 
necessary in the final evaluation staqe in order to arrive at 
the concept of the "most pröbàble composition". These 
compositions are the ones giving the highest possible degree 
in consistency taking into cohsideration all available 
information on phase diagrams, results of the mètal analyses, 
results of the nitrogen analyses, consistency of mass 
absorption coefficients, known biases of existihg correction 
programs in metals analyses in carbides or borides from 
previous experiences etc. etc. 

All the reasans mentioned so far have led to the re sult 
that the present work has taken 2-3 times more time than our 
previous studies on Carbon and Baron analysis. 
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11 PRACTICAL PROSLEMS IN THE ANAL YSIS OF ULTRA-LIGHT ELEMENTS 

The practical problerns to be encountered in this particular 
type of work have been discussed extensively in a series of 
previous publications1

-
4 and will only briefly be recalled 

here. 

1. Low yield of X-rays 

For N-Ka radiation the situation is particularly bad because 
this wavelength falls just into the Carbon-K absorption edge 
and Carbon is abundantly present in the detection systern : 
- in the conventional lead-stearate crystal. 
- on top of that in the counter window (polypropylene) . As a 
result of these excessive absorption effects the count rates 
for Nitrogen can be one order of magnitude less than in 
cornparable carbides or borides. 
Fortunately, the new generation of synthetic rnultilayer crys­
tals can bring an irnprovernent of a factor of 3 here. 

2. Dead time problerns for the roetal lines in case these have to 
be measured at the same time as the light element, which will 
usually be the case in day-to-day practice. 
On top of that, one has to be aware of possible pulse shifts 
in the N-Ka pulse. such problems may be the direct result of 
the use of extremely high beam currents ( frequently in the 
order of 300 nA) necessary to arrive at acceptable count 
levels and the sametimes high differences in count rates 
between (elemental) standards and the specimen. In the 
present case of Nitrogen where an elemental standard is out 
of the question, these dangers2 are not immediately evident. 

3. Interterenee of higher-order roetal lines with the light 
element line can be quite a nuisance and as a matter of fact 
it presented one of the biggest problems in the present work 
as long as the Stearate crystal (STE) was used. Especially 
the elements Zr, Nb and Mo are usually bothersome in this 
respect. 
Fig. II.l (lower half) shows a typical example of the 
background on pure Zr. The presence of remnants of 
higher-order Zr-lines on a slightly curved background is 
clearly visible. It is important to note that such 
interterences cannot be completely removed by the application 
of narrow discriminator settings. Due to the broad pul se 
distributions in the counter a part of the tail of the pulses 
will always penetrate into the window of the discriminator, 
no matter how narrow the window is. 
Apart from this complicated background (typical for nitrides 
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of Zr, Nb and Mo), which is very difficult to quantify we 
have the addi tional problem of an extremely low peak c~unt 
rate (see top half of Fig. II.l) 
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Fig. IE.l Nitrogen-Kcx peak (top) in ZrN and corresponding 
background on pure Zr (bottom) at 10 kV and 300 nA 

Stearate crystal 

Keeping in mind that Fig. II .1 represents the relatively 
favourable situation at 10 kV, one can imagine that it is 
difficult indeed to do accurate quantitative analyses of 
Nitrogen at higher voltages. 
Here too, the new mul tilayer crystals were found to be a 
major impravement: Not only did they provide an increase in 
N-Kcx count rates of approx. a factor of 3; they also appeared 
to suppress higher-order reflections very effectively. To 
give an example: The conventional STE crystal yields an 
intensity ratio of Fe-Lex (2nd order)/N-Kcx in Fe4N of approx. 
6 in favour of the Fe-Lex (2) peak; whereas the LDE crystal 
(mul tilayer) produces a ratio of 4 in favour of the N-Kcx 
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peak. Third order reflections can usually safely be neglected 
all together. 

4. Contamination problems which play a major role in the 
analysis of Carbon1 can also be a problem in the analysis of 
Nitrogen. Because the N-Ka X-rays are excessively absorbed in 
Carbon it is vita! to prevent a Carbon build-up on the 
specimen during electron bombardment. This is especially 
important in view of the long times (± 1.5 hrs) required on 
one location for the accurate integral recording of the N-Ka 
peak. It is, therefore, advisable in most cases to use an 
anti-contamination device like an air-jet1

• However, it 
turned out in the course of the present investigation that 
certain nitrides, most notably those of Zr, Hf,and Ta, can be 
oxidized at an incredibly high rate under electron 
bombardment while using an air-jet. It seems advisable, 
therefore, always to run a check on the Carbon, Nitrogen and 
oxygen signals as a function of measuring time in order to 
arrive at the best strategy for a particular measurement. 
On top of that it is imperative to work under the cleanest 
possible circumstances. One must keep in mind that the X-ray 
emission volumes in heavily absorbing nitrides like ZrN, 
Nb2N, Mo2N etc. are extremely shallow and can thus be 
strongly influenced by the presence of contamination or 
oxidation layers. 

5. The choice of g standard was quite a problem in the present 
work. 
In our op in ion a possible Ni trogen standard should meet a 
number of requirements: 
- It should exhibit a reasonable count rate for Nitrogen. 

It should not produce interfering roetal lines in the 
speetral region of interest, in view of the problems 
mentioned under 3. 
It should be sufficiently electrically conductive. This in 
order to prevent charging phenomena and corresponding 
alterations in the interaction of electrens with the 
target; alterations which have never been taken into 
account by existing matrix correction programs. 
Preparatien of the standard should be possible in 
reasonable quantities along not too difficult procedures, 
in order to have sufficient material available for a number 
of independent chemica! analysis. 

Considering all these requirements only one binary system 
appeared to be appropriate and this was the Cr~N system. The 
best candidate would have been the compound CrN, which is 
apparently a line-compound. Unfortunately, this could only be 
prepared in microscopically smal! quantities. Therefore, the 
ultimate choice was Cr2N, which can be prepared in the shape 
of massive plates (1 mm thick). This particular standard 
exhibits a clean Nitrogen spectrum as well as a clean 
background (see Fig. II.2). 
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Fig. II.2 N-K~ spectrum (top) of the Cr2N-standard used 
in the present investigation and corresponding background 

(bottom) on pure Cr. Stearate crystal,lO kV-300 nA 

6. An accurate knowledge of the mass absorption coefficients is 
of extreme importance. On a · number of occasions we have 
argued1

-
4 that a 1 % uncertainty in the mac's will in general 

produce a 1 % uncertainty in the corrected concentrations. 
Now, it is hardly likely that rnac's for ultra-light element 
radiations will ever be available with such precision; this 
is not even likely for short-wavelength radiations ! It will, 
therefore, frequently be necessary to propose new (and 
possibly) improved values for the mac's, using a series of 
good measurements on light-element compounds. 
Provided that such measurements are carried out very 
carefully and over a wide range in accelerating voltages, 
these data can be ~sed in a number of recent correction 
programs (PROZA6

, PAP ' 8
) in order to produce more consistent 

mac's. Due to the very much improved absorption correction 
schemes in these programs, contrary to the conventional "ZAF" 
approaches based on e.g. the simpli.!ied Philibert model, it 
has indeed proved possible to obtain sets of rnac's which give 
superior performances for all these programs at the same 
time. 
such new sets have been the product of our previous work on 
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Carbon and Boron and it must be anticipated that the 
available rnac's 9

'
10 for Nitrogen-Ka x-rays will have to be 

changed in a number of cases too. Previous experiences showed 
that this is usually the case for elements like Zr, Nb and 
Mo, where light-element radiations are very close to the Ms 
absorption edges. As a matter of fact the present work has 
indeed resulted in new mac values for exactly these elements. 
Table II.1 gives a survey of available rnac's for Nitrogen-Ka 
in the elements investigated in the present work, together 
with the new values resulting from the present investigation. 
It must be mentioned that the two sets published by Henke et 
al are the only independent sets published until now. As far 
as we know nobody has ever done any systematic mieroprobe 
work on Nitrogen so no data on rnac's have ever been put 
forward which were based on actual mieroprobe measurements. 

Absorber 
B 
N 

Al 
Si 
Ti 

V 
Cr 
Fe 
Zr 
Nb 
Mo 
Hf 
Ta 

TABLE II.1 

Hass absorption coefficients for N-Ka X-rays 
according to various sourees 

Henke ( 1974 9 ) 
10 Henke ( 1982 ) Present work 

15810 15800 15800 
1637 1810 1810 

13830 13800 13100 
17690 16500 17170 

4364 4360 4360 
4790 4790 4790 
5630 5630 5630 
7121 7190 7190 

25030 20400 24000 
27190 21400 25000 
23220 20200 25000 
12910 12900 14050 
13420 13400 15000 

Apart from the changes for Zr, Nb and Mo it was also found 
necessary to propose much higher values for Hf and Ta. 

7. A rather fundamental problem can be systematic differences in 
X-ray emission from one light element compound to another. 
The Ni-borides 2 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) value: 
The relative root-mean-square value in the ratio between the 
calculated (k') and the measured k-ratio (k) shows a minimum 
value with Henke's10 mac for B-Ka radiation in Ni. This 
indicates a good performance of the absorption correction 
with the particular mac as a function 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 
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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 possible that such effects also play a role in carbides 
like TiC and VC where rather large adjustments in the rnac's 
were necessary1

• 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 have been overlooked at that time. 

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 acealerating 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. 

8. The choice of a matrix correction program. 
A number of years ago this still appeared to be quite a 
problem indeed, because it is extremely difficult (if not 
impossible) to assess the performance of a correction program 
on 1 ight-element work as long as there are so many doubts 
about the correctness and consistency of the publisbed 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 intensity ratios into concentrations 
was and still is a very complicated process. 

First the amount of generated intens i ty 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 expression. While the most commonly used 
expressions 11

-
14 will y ield comparable re sul ts for 

elements with atomie numbers higher than Sodium, the 
various expressions will produce markedly different 
results for the ultra-light elements B through o. 
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 investigations15 have shown 
that the backscatter coefficient ~ is not independent of 
acealerating voltage as is frequently assumed in the 
atomie number correction models which are currently in 
use. 

The second step concerns the calculation of the emi tted 
intensity by means of applying a correction for absorption 
within the specimen. Now, it must be clear from the begin­
ning that such a correction can only be properly applied 
if a detailed knowledge is available about the X-ray pro-
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duetion 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. 11.3 shows a typical example of 
such a curve. It is important to point out that such a 
curve does not give 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 representing 
~(pz)-curves has the obvious advantage of making the 
curves independent of the particular type of machine they 
were measured on. 
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N 
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3 ~--------------------------------------~ 
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' ' ' ' \ EMITTEO 

' \ MAC•1121121121121 
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121 L---~----I~~-~--~~---L----~--~==~~--~ 
121 2121121 4121121 8121121 8121121 

Fig. II.3 Typical example of a ~(pz)-curve. 
Al-Ka-radiation in Al at 15 kV. Solid curve gives the 
generated intensity, while the dashed curves represent 
the emitted intensity for a hypothetical mass absorption 
coefficient of 100 (top) and 10000, respectively. 

As Fig. II.3 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 rea­
ched 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 
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x-ray production process. In the (near) surface layers the 
situation is different; bere the electrens are not so effi­
cient yet because of two reasons: 

1) The electrens 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 suc­
cessive layers. In deeper layers the electrens 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-section" has its maximum values at 
overvoltages of 2-3. The initial high overvoltage in the 
near-surface layers will therefore produce relatively few 
ionisations. 

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

Now, the concentratien 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 IJ./P • cosec 1/1 in which IJ./P is the 
mass absorption coefficient and 1/J the x-ray take-off angle. 
F stands for the secondary fluorescence correction factor. 
Due to the straight-forward linear proportionality of the 
concentratien to all three factors Z, A, and F, in which F 
can be neglected for our present purposes, it 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 
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importance to have the correct shape of the tP (pz) curve. 
Especially the surface ionisation (tP<oJ) and the very first 
part of the tP(pz) curve (see Fig. II.3) play a crucial role 
in cases of heavy absorption and it is at least remarkable 
that this is exactly the portion of the tP(PZ) curve that has 
always been neglected in the simplified Philibert 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 Baron 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 
nomina! concentrations in a large number of cases ! 

We have pointed out before2 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 terros of the tP (pz) approach The same erni tted 
intensity can be produced by a tP(pz) curve having a 
relatively smal! integral of tP(pz) but a peak very close to 
the surface as by a tP(pz) curve with a larger integral but 
with its peak deeper in the specimen. 
The main problem in quantitative electron probe rnicroanalysis 
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 difficult 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 tP (pz) as well as the correct 
x-ray distribution function. 
For bulk analysis under not too difficult conditions, how­
ever, 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 
Philibere absorption correction and the relatively simple 
Duncumb-Reed14 atomie numbe:r;- correction which tagether form 
the basis of the well-known "ZAF" approach. 
One glance at Fig. I I. 3 ( 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 tagether 
in the simplified Philibert model b~ assuming a tP(o) value of 
zero. Attempts undertaken by Ruste1 to reinstall the "full" 
Philibert model with realistic tP(o) values based on work by 

18 1 ~ 3 Reuter were only partly successful ' ' because the tP (pz) 
curves were still based on an unrealistic exponential func­
tion producing a too long tail into depth which was more or 
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less compensated by a position of the maximum in the t/>(pz) 
curve too close to the surface. 

A completely different appro~oh for the absorption 
correction was chosen by Love and Sçott. 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 separately, contained an atomie number correction 
of their own19 and an absorption correction based on 

20 . 
Bishop's "square model". In the latter model the X-ray 
distribution was assumed to Q.ave a. rectangulaF shape which 
is, of course, totally unrealistic. Nevertheless, by an 
appropriate choice of parameters and especially a sui table 
parameterization of the latter the J'!lOdel was ;found to work 
surprisingly well (for not too d.j.fticult cases), at least 
better than the conventional ZAF qpproach. The ~~del failed, 
however, in the analysis of ultra-light elements ' . 
A further impravement in Love and Scott's program was 
produced by the introduetion of the so-called "quadrilateral" 
model for the X-ray distribution funotio~21 • Duè to the fact 
that this (still unrealistic) shape is much closer to the 
real t/>(pz) curve the model ~as found to perform much better. 
still, the performance of this latter program 

1 
~as hardly 

satisfactory on our Boron and Carbqn data bases ' 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 parameter i zation of the quadrilateral 
model, in which our Boron and Carbon data bases were used, 
together with the rnac's we proposed, and some alterations in 
the atomie number correction tinally produced a program6 with 
a similar performance as our own programs~ 

In the past decade two cqmpletely new and fresh approaches 
to the field of ma,rrix correction have be~~ introduced by 
Pouchou and Picnoir and Packwood and Brown , respectively. 
Both approaches can be considered to pe based on attempts to 
describe physical reality as muc:Q a~ pqs;~ible in the sense 
that all efforts Q.av.e been concéntrated on propucing X-ray 
distribution functions which are aS? realistic as possible. 
Once this goal has been achieyed ~at~i~ correct~on becomes a 
rather straight-forward process. This i~ not only important 
for the analysis of ultra-light elements; it also opens the 
way to analysis under much more extreme conditions of 
acealerating voltages and X-ray WP.Ye!engths in genera!. 
Finally, such approaches offer the J.:lest possiple basis for 
Thin Film analysis for which an exact knowledge of the t/>(pz) 
curve is crucial. In many respects ~:Qin Film analysis is the 
ultimata test for any correction prqgram. 
A further discussion on this subject w~ll be given in Chapter 
V where the numerical results obtained on our final data base 
wili be discussed. · · 
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9. Peak Shifts and Peak Shape Alteratiens 

1-6 We have shown on many previous occasions that the 
intensity measurements for ultra-light element radiations can 
be seriously influenced by 

Peak Shifts and 
Peak Shape Alteratiens 

The first problem is usually well-known to most mieroprobe 
users. Besides, it can easily be dealt with by simply perfor­
ming a new peak search procedure when moving from standard to 
specimen and vice versa. 
The second problem, however, is much less well-known and, on 
top of that, much more difficult to deal with. 
The direct consequence of peak shape alterations in the light 
element emission peaks is that the net peak intensity, which 
is usually measured in day-to-day practice, is no longer a 
correct measure for the emitted intensity. It is usually not 
realized that the routine practice of measuring peak 
intensities is in fact based on the tacit assumption that the 
peak intensity is proportional to the integral emitted 
intensity. Now, while this may be correct for the vast 
majority of K-, L- and M-lines of medium-to-high Z-elements 
it is definitely no longer correct for ultra-light element 
radiations. In the latter cases, as a direct result of strong 
peak shape variations, it is in principle mandatory to 
perform the intensity measurements in an integral fashion. 
Th is is, of course, not a very attracti ve option for a 
wavelength-dispersive spectrometer. 

1-6 We have shown before , however, that a considerable 
reduction in time and effort can be obtained if the so-called 
"Area-Peak Factor" concept is adopted. This concept is based 
on the consideration that there is a fixed ratio between the 
correct Integral (or Area) k-ratio and the Peak k-ratio for a 
specific compound relative to a specific standard and on a 
specific spectrometer (with its typical speetral resolution, 
depending on analyzer crystal and dimensions of the Rowland 
circle) . Once an Area-Peak Factor (APF) for a given compound 
is known, further measurements on the same compound can be 
performed on the peak again and mul tiplication of the peak 
k-ratio with the APF will yield the correct integral k-ratio. 

1-6 • In the past few years we have shown exper1mentally that 
the APF is indeed independent of accelerating voltage which 
makes it possible to establish APF's under the best possible 
conditions in order to be used later on under more extreme 
conditions, like much higher accelerating voltages. 
We have also shown that the APF's in borides and carbides 
show a very typical saw-tooth like variation as a function of 
atomie number of the alloying partner: extremely low values 
(narrow peaks relative to the standard) are usually found for 
combinations with elements like Ti and Zr. Increasingly 
higher values were always found with increasing atomie number 
in the same period of the perioctic system. 
In all cases i t has become clear that the effects of peak 
shape alterations can be very large indeed : APF's of o. 72 
were found for C-Ka radiation from TiC relative to an Fe3C 
standard. If Glassy Carbon were chosen as a standard the 
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effects would have been even more serious; in this case an 
APF of 0. 5 would be necessary in order to correct for the 
extreme variations in peak shapes. 
Similar effects were found for B-Ka radiation. In this case, 
however, addi tional problems turned up in a sense that the 
peak shapes for B-Ka appeared to be dependent also on the 
crystallographic orientation of the specimen with respect to 
electron beam and position of the analyzer crystal. Needless 
to say that huge errors in quantitative EPMA of elements like 
Carbon and certainly Boron are likely to be made if the 
effects of peak Shape alterations are ignored. 

In general we can say that Boron is definitely the most 
difficult element to deal with, followed by Carbon, where at 
least crystallographic effects were no longer found. Hence, 
it would be expected that Nitrogen would present less 
difficulties, at least as far as peak shape alterations are 
concerned. This turned out to be the case indeed the 
highest APF values (for STE) were approx. 1.05 (relativa to 
Cr2N). These were observed in cubic BN and the (chemically 
unstable) Mo2N. The lowest values were approx. 0.96-0.97 and 
were found in the extremely stable nitrides ZrN and HfN. Fig. 
II.4 gives 4 spectra of nitrides with APF's covering the full 
range. 
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Fig. II. 4 Typical N-Ka emission spectra from three 
nitrides as compared to that of the Cr2N standard. 

Lead-stearate crystal; 10 kV, 100 nA 
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As Fig. II. 4 shows the differences in N-Ka peak widths are 
hardly visible and digital techniques are really necessary in 
order to extract accurate APF values from these spectra. 
However small the effects may be, peak shape alterations of 5 
% is still something to be concerned about if one is trying 
to do accurate quantitative analysis. It must be mentioned 
here that the determination of APF values turned out to be a 
very tedious and difficult job for N-Ka because of the despe­
rately low peak count rates in many nitrides, especially in 
ZrN, Nb2n, Ta2N etc. Therefore the actual numbers we will 
quote further on cannot have the same relative accuracy (± 1 
%) as we have given for Boron and Carbon, in spite of the 
very large number of measurements we performed. 
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lil EXPERIMENT AL PROCEDURES 

For the purpose of the present work it is, in principle, 
required to have fully homogeneaus nitride specimens of 100 % 
density and accurately known compositions. Like it was the 
case for Carbon and Boren such specimens for Nitrogen can 
hardly be obtained commercially. It was, therefore, decided 
to prepare them in our own laboratory. Only 5 out of a total 
number of 18 Nitride specimens were obtained from external 
sources. These were the following specimens : 

Hexagonal BN, produced by Chemica! Vapeur Deposition, 
kindly supplied to us by Mr. G. Verspui, C.F.T. Philips, 
Eindhoven, The Netherlands. 
Cubic BN, (powder, partiele siz,e up to several tens of #liD, 
produced by the "Borazon" process) ,, kindly supplied to us 
by Mr. R. c. de Vries, General Electrio Co, Schenectady, 
N.Y., U.S.A. 
Si3N4, produced by c. V. D. techniques on a si substrate, 
layer thicknesses of 1 and 2.5 J..L:m, respectively. These 
specimens were supplied to us by Mr. P. v .. d. straten, 
for:merly with C.F.T., Philips, Eindhoven, The Netherlands. 
TiN, produced by c. V. D. techniques on a Ti substrate, in 
± 5 successive steps to yield layer thicknesses up to 2 
mm. This specimen was also suppled to us by Mr. G. 
Verspui, although it presumably sterns from a Philips 
Research Laberatory in Aachen, F. R. G. 
Fe4N, produced by low-temperature (560 °C) nitriding of 
Fe, resulting in a ± 20 #liD thick nitride layer. This spe­
cimen was kindly supplied to us by Ir. D. Schalkoord, Uni­
versity of Technology, Delft, The Netherlands. 

III.1 Preparatien of Nitrides 

The preparatien of massive, homogeneaus nitride specimens 
turned out to be a major task which took the best part of a 
year in which the help of many students has been used. 
In the majority of cases use has been made of the so-called 
"Reacti ve Arc-Mel ting" technique in which the metal 
components were mel ted in a conventional Arc-Mel ting 
equipment (Tungsten electrode, water-cocled capper hearth) 
under Argon-Nitragen mixtures (10 cm argon, 20 cm Nitrogen). 
In general this particular technique led to the production of 
two-phased alloys : a-Me(N) (solid solution) + MeN for the 
metals Ti, Zr and Hf; or Me(N) + Me2N for V, Cr, Nb and Ta. 
Subsequent annealing of these starting materials at 
temperatures between 1100 and 2000 °C during 12-140 hrs in a 
6 kW RF furnace under purified Nitrogen usually yielded 
homogeneaus massive specimens of TiN, VN, ZrN and HfN. 
Similar procedures for Cr and Ta led to the formation of the 
subni trides CnN and Ta2N, while in the case of Nb the Nb4N3 
phase was obtained. 
Compounds like Ti2N, V2N and Nb2N could net be produced in 
the for:m of massive specimens. In these cases diffusion 
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layers could be grown by heating the elements in pure 
Nitrogen at elevated temperatures. Areas close to the 
Me2NjMeN (or Me4N3 in the case of Nb) interface were selected 
and marked by microhardness indentations. The compound . TaN 
could be made by heating a massive Ta2N specimen in Nitrogen 
at temperatures between 1000 and 1200 °C, leading to a ± 10 
~m thick TaN layer. 
Extremely difficul t to produce were the compounds CrN and 

0 Mo2N. The former could be made by low-temperature (900 C) 
ni triding of a RAM-mel ted specimen in NH3, leading to the 
formation of ± 10 ~m thick CrN layers very locally; usually 
in cracks and crevices only. The latter was made by nitriding 
Mo sheets at 900 °C in NH3 during approx. 100 hrs. · This 
procedure yielded a ± 30 ~m thick Mo2N layer. In general 
these turned out to be rather tricky and irreproducible 
production techniques. 
Sufficiently thick (± 30 ~m) AlN layers, finally, were 
produced by c. V. D. techniques on a graphite substrate, 
using Al shavings and HCl gas, in order to produce gaseous 
A1Cl3, which was then mixed wi th NH3 gas and passed over a 
heated graphite substrate. 
Table III.1 gives a quick survey over the production routes 
used in the preparatien of our nitrides. 

Table III.l 

Survey of the production routes used in the preparation 
of Nitride specimens for the present investigation 

COMPOUND 

BN-Hexagonal 
-Cubic 

AlN 

TiN 

VN 

Cr2N- # 1 
# 2 

-- CrN 

PRODUCTION ROUTE 

C.V.D. 
® Borazon process 

C.V.D. on graphite 

C.V.D. on Si 

Diff. couple Ti/N2 I 

PRODUCT 

thin-walled cylinder · 
powder 

30 ~m layer 

1 and 2.5 ~m layers 

89 hrs 1400 °c 
Planparallel section 

C.V.D. on Ti several mm thick layer 

Diff. couple V/N2, 70 hrs 1300 oe 

RAM-melted + 70 hrs 1900 oe in N2 

RAM-melted + 91 hrs 1000 oe in N2 
RAM-melted + 90 hrs 1400 oe in N2 

Cr/NH3 45 hrs 910 °C 10 ~m layer 
(locally) 
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COMPOUND 

-- ZrN 

-- Nb2N 

-- Nb4N3 

Mo2N 

HfN 

-- Ta2N 

-- TaN 

Table 111.1 (continued) 

PRODUCTION ROUTE PRODUCT 

Fe + red. N2 pressure 560 °C 
( ± 20 J..Lm layer) 

RAM-melted + 90· hrs 1800-1890 °CjN2 
(RF furnace) 

Nb (1 cm)jN2 70 hrs 1900 °c 
(RF furnace) 

Nb (1 mm)jN2 70 hrs 1900 °c 
(RF furnace) 

0 Mo/NH3 100 hrs 900 C (max. 30J..Lm layer) 

RAM-melted 70 hrs 1850 °CjN2 
(RF furnace) 

RAM-melted 70 hrs 1600-2000 °c 
(RF furnace) 

TajN2 68 hrs 1500 ..•.. 1100 °c 
(RF furnace) 

III.2 Characterization of Nitride specimens 

Because appreciable amounts of massi ve CnN, meant to be 
used as the Nitrogen standard, were needed two batches of 
this compound have been prepared and a lot of care has been 
exercised to find the correct composition. Both batches were 
prepared from RAM-melted starting materials and carefully 
checked for homogeneity with the electron probe 
microanalyzer. After that they were subj ected to chemica! 
analysis a number of times. Thanks are due to Dr. P. Karduck 
of the University of Technology in Aachen, F. R. G. for 
supplying these chemica! analyses. 
The first batch was prepared by annealing at 1000 °c during 
91 hrs. The results of the chemical analyses are given in 
Table I I I. 2. 
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TABLE lil. 2 

Chemical Analyses of the Cr2N specimen (Batch # 1) used 
as_ the Nitrogen standard throughout this vork 

N-content o-content Cr-content 
Wt % Wt % Wt % 

10.5 0.49 89.01 
10.8 0.50 88.70 
10.6 0.46 88.94 
11.2 0.52 88.28 
10.4 0.43 89.17 

-----
Aver. 10.7 (wt %) 0.48 (wt %) 88.82 (wt %) 

30.53 (at %) 1.20 (at %) 68.27 (at %) 

Small pieces of this particular Cr2N batch have been mounted 
in combinations with all other nitrides in order to be used 
as the Nitrogen standard. 
The second batch was prepared at 1400 °C during 90 hrs. The 
results of the analyses are given in Table III.3. 

TABLE 111.3 

Chemical analyses of the second Cr2N specimen 

N-content 0-content Cr-content 
Wt % Wt % Wt % 

10.2 0.25 89.55 
10.0 0.25 89.75 
10.1 0.22 89.68 

-----
Aver. 10.1 (wt %) 0.24 (wt %) 89.66 (wt %) 

29.30 (at %) 0.61 (at %) 70.09 (at %) 

The results of the chemical analyses were carefully checked 
against the EPMA analyses of Cr and, most important of all, 
the available material on the phase diagram Cr-N, the most 
recent version of which is given in Fig. III.1. 
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Fig. III.l Phase diagram of the Cr-N systém after Holleck23 

It can be seen here that the hbmogeneity range of Cr2N 
extends from 30-33 at % N at 500 °C whiie at higher 
temperatures i t bends back toward.s lower N-contents. Th is 
seems to be in good agreement with the results of the 
chemical analyses : The specimen produced at 1000 °C (Batch 
# 1) has a combined N+O content of j1.73 at % which is well 
in accordance with the phase ~iagram. For the higher 

. . 0 ' . .. ' • temperature of 1400 c a cörrespond1ngly lower N-content 
(well under 31 at %) is predieteel by the phasé diagram and 
this was indeed fourtd : The êömbirted N+O content was 29.91 at 
% . 
These findings gave lis thè :hecessa:ty confidende in these 
chemical analyses, dertai:tlly enough to ti se these specimens 
(especially Batch # 1) as the urtiversal Nitrogen standard 
throughout this work. 
Note, by the way, from the phàse diagram that the compound 
CrN, which is apparehtiy a line cotnpolind, would have made a 
much better Nitrogen standard. for which an independent 
chemical artalysis would nöt have been necessary. This 
compound could, howevèr, only be produced in really too small 
quantities. It is interesting to point out though that when 
Cr2N (Batch # 1) with the reported composition was used as a 
Nitrogen standard for the analysis of CrN, then indeed 
stoichiometrie CrN was folind. This substantiates the 
correctness of the composition of the Cr2N standard. 

Unfortunately, things turned out to be very much less 
satisfactory as far as the remaihing nitrides were concerned; 
especially the "difficult" nitrides like TiN, ZrN and HfN. In 
these cases combined N+O contertts were repoi::"ted which were 
Contradietory to the (sometimes scàrce) information on phase 
diagrams. The maximum limit of the homogeneity region was 
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exceeded by 5 (in the case of TiN) up to as much as 20 % 
relative (HfN). This seems to point to severe systematic 
errors in the chemica! analyses of these (highly stable) 
nitrides. our own mieroprobe measurements indicated that 
especially the oxygen contents were usually highly 
exaggerated in the chemica! analyses; sometimes twice as high 
as the resul ts from mieroprobe analysis. The latter would 
already have to be treated with suspicion because they would 
probably all come out too high due to the effects of Oxygen 
contamination (see Chapter IV). 

The results for Nitrogen were also usually too high, 
although less dramatically than for Oxygen : In our opinion 
the reported values were between 5 % relative (TiN) and 15 % 
(HfN) too high. 
An additional problem was formed by those nitrides that were 
only available in the form of diffusion layers, like Ti2N, 
V2N, Fe4N, Nb2N and Mo2N : Such specimens cannot be subjected 
at all to chemica! analysis. 

For all these reasons we were, therefore, forced in the 
end to use a different approach in order to find the "Most 
Probable Composition" of each of the nitride specimens. This 
approach was based on a tedious and time-consuming process 
aimed at obtaining the maximum degree of consistency in the 
results. In this process use was made of every single bit of 
information that we could lay our hands on : The information 
on phase diagrams, results of the mieroprobe analyses of the 
metals in the nitrides, results of the Nitrogen analyses 
themselves, consistency in the variation of the mass 
absorption coefficients (B, C, N, o radiations) in each of 
the metals, known biases (from earlier work on B and C) of 
existing correction programs in specific cases, our own 
experience in solid state chemistry and materials science, 
thermadynamie considerations, etc. etc. Sometimes features 
like the typical deep golden color (TiN, ZrN and HfN) can be 
a good and very sensitive indication for approaching the 
stoichiometrie composition. 

In view of all the uncertainties involved it is logica! 
that the whole process of establishing the most probable 
compositions is iterative in nature. Nevertheless, we finally 
succeeded in finding a set of compositions which would indeed 
give a maximum degree of consistency and we sincerely believe 
that this set is very close to the truth. 
Table III.4 gives a survey of these compositions. 
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TABLE III. 4 

Host probable compositions of the nitride specimens 
used in the present investigation (wt %) 

compound N-content a-content Me tal content 

BN (Hex) 56.45 .. 43.55 
(Cub) 56.45 --~~ 43.55 

AlN 34.18 -~-~ 65.82 
Si3N4 39.24 0.70 60.06 
Ti2N 11.84 88.16 
TiN 22~50 --.-- 77.50 
V2N 11.99 0,7$ 87.23 
VN 16.04 0~31 83.65 
Cr2N (# 1) 10.70 0.48 88.82 

(# 2) 10.10 o.~4 89.66 
CrN 21.22 78.78 
Fe4N 5.60 -~ .. ~ 94.40 
ZrN 12.70 O,Ç7 86.63 
Nb2N 6.55 0.46 92.99 
Nb4N3 9.79 ().7~ 89.49 
Mo2N 5.80 94.20 
HfN 6.06 0.29 H! 91.36 

Zr 2.29 
Ta2N 3.47 0.24 96.29 
TaN 6.51 0.22 93.27 

It is interesting to point out thpt in the course of the 
preparation of the nitride ~pec~mens we observed that the 
existing phase diagram of the Ti~N system çould not be 
correct. Hence, we estiiblisneO. éi new p}lpse giagram , the 
quantitative results of whicn were 2fssentially confirmed a 
few months later bY ~ French q:roup using quite different 
procedures. This can p~opably also be regaràed ap substantial 
support for the correctness -of O\}r _ approach in quantitative 
respects. · · · 

III.3 Mounting. polishing and examinatioo procedures 

Each of the nitriqe specimens, §mall pieces of the Cr2N 
standard (Batch # ~) and piec~s of ~Pe pure metals were moun­
ted and polishad separately. fnis wa~ done in order to avoid 
problems in polishing materials exh.U~üting ext:reme diffe:J;en­
ces in hardness. The ~pecim~np wer~ mounted in copper-filled 
resin and very carefully polishecl. Diamond abrasive disks 
were used for the coarse stages (70, 30 and 15 ~m grain size) 
of polishing; final polishing was qone on a nylon cloth with 
diamond paste (6, 3 anq 1 ~m). Afte+ a satisfactory polish 
was obtained the specimens we+e çut out again in small cubes 
of mounting resin containing the specimen after which all 
edges of the polished face were Céirefully rounded off. Next 
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the specimens were turned upside down onto the bottorn of a 
freshly polished mould in order to be remounted groupwise: 
the Cr2N standard in the centre and e.g. specimens like TiN, 
Ti2N and Ti grouped around the standard. This procedure was 
found to guarantee perfectly plane and parallel top and 
bottorn planes of the new mount, which is extremely important 
in view of the correctness of the take-off angle in light­
element work. Superficial contaminants were removed from the 
polished faces by a brief polishing treatment on a soft cloth 
using 0.05 gm o-Alumina. Final cleaning was done ultrasonic­
ally using alcohol. 

Optica! microscopy was used to get a first impression of 
the quality of the specimens as far as the presence of second 
(or third) phases, presence of unreacted starting materials, 
grain size (using polarized light), etc. are concerned. 
In some cases (BN, Cr2N, Mo2N) standard X-ray diffraction 
procedures were used to identify the compounds. Mieroprobe 
analysis of the metal component as well as the N and 0 
content was used to check vital items like homogeneity, 
identity of second phases and, sometimes, the compositions of 
the specimens. Special attention was paid to the consistency 
of the resul ts obtained in those cases where more than one 
compound in a particular system was available (Ti, V, Cr, Nb, 
Ta). This is, by the way, the reason that whenever possible 
we try to have more than one compound in the same binary 
system at our disposal. All the examinatien procedures 
mentioned here have played a more or less important role in 
the complicated process aimed at finding the most probable 
compositions. 

! III.4 Technica! details of the mieroprobe used 

All our measurements were performed on an automated JEOL 
Superprobe 733, equipped with 4 wavelength-dispersive spec­
trometers and an energy-dispersive system (TRACOR Northern 
TN-2000). The automation system was also supplied by TRACOR 
Northern (TN-1310). 
The first spectrometer, specifically designed for light(er) 
elements, was equipped with a conventional lead-stearate 
crystal (2d spacing ± 100 Á) for the analysis of B, C, N and 
o, and a TAP crystal for higher Z-elements. The specially 
purchased 4th spectrometer was equipped wi th two new syn­
thetic multilayer crystals. The first one was a W/Si multi­
layer (200 pairs of layers, 2d spacing 59.8 Á), eminently 
suited for the analysis of (C), N, 0 and F. The second one 
was a Mo/B4C mul tilayer ( 2d spacing 144.8 Á) , optimized for 
the analysis of B and Be. Both crystals were supplied by 
Ovonic Synthetic Materials Corporation, Troy, Michigan, 
u.s.A. The other two spectrometers each contained a conven­
tional LiF and a PET crystal. The counters were in all cases 
of the proportional type: for spectrometers # 1 and # 4 of 
the Gas-Flow type (Argon- 10 % Methane) ; for spectrometers # 
2 and # 3 of the sealed Xenon type. 

On a previous occasio:i11 we have already discussed the 
tests on the eperating conditions of the microprobe, such QS 
the correctness of the accelerating voltage, stability of the 
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beam current, stability of the beam position, etc. Those 
items were then found highly satisfactory. Besides, our 
instrument is equipped with an automated beam current 
detector and count rates are automatically corrected for any 
drift that might occur during the measurements. 

During the present work all Ni trogen measurements were 
carried out with the lead-stearate (STE) and W/Si multilayer 
(LDE) crystals simultaneously under identical conditions. 
This enabled us in the first place to cernpare the 
performances of both crystals in a qui te straight-forward 
way. In}tially, all measurements were carried out using an 
air jet in order to prevent build-up of Carbon under the 
electron beam which could produce a drastic reduction in 
Nitrogen count rates with time as a result of the strong 
absorption of N-Ka X-rays in Carbon. In the course of the 
investigation, however, it was discovered that certain 
sensitive nitrides such as ZrN, HfN and TaN can be oxidized 
at an incredibly fast rate under electron bombardment, 
leading to a rapid decrease of the N-Ka signa! with time. The 
measurements on these materials Wère, therefore, repeated 
without the use of the air jet. It is perhaps intéresting to 
point out in this respect that the conventional oil-diffusion 
pump used in our previous work1

'
2 has been replaced by a 

turbo-molecular pump in an effort to reduce the influence of 
hydrocarbons in the vacuum system on the carbon-contamination 
process. 

III.5 Measurements of Area-Peak Factors 

The Area-Peak Factors (APF's) for N-Ka radiation were de­
termined from integral recordings of the N-Ka peak emitted by 
the Cr2N standard and the particular nitride specimen. All 
these integral measurements were carried out over night and 
in weekends. The spectrometers ( # 1 and # 4) we re hereby 
scanned stepwise over the range of approximately 28-35 A. 
For the multilayer crystal (LDE) this corresponded to the 
linear range of 1j0-165 mm in steps of 0.07 mm (0.01495 A). 
For the stearate crystal (STE) the range was 79-99 mm in 
steps of 0. 04 mm (0. 01426 A). In each interval counts were 
accumulated during 10 s and the numbers were subsequently 
transferred to successive channels of the multi-channel 
analyzer and displayed on the screen of the C.R.T. of the EDX 
system. After completion of the spectra they were stored on 
diskette. One half of the memory of the M.C.A. (Channels 
0-512) was for the STE crystal, while the other half 
(Channels 513-1024) was reserved for the LDE crystal. The 
beam current was measured before and after the maasurement 
and these values were stored in the channels 511 and 512, the 
channels 0-500 being reserved for the integral spectrum in 
500 steps. A typical sequence in the maasurement of e.g. CrN 
would be: Start on Cr2N (Nitrogen standard), followed by 3 
successi ve measurements on CrN, after which a spectrum on 
pure Cr would be recorded. Then the complete cycle would be 
repeated once more. Because each integral measurement took 
about 1.5 hrs the complete procedure would take the best part 
of the night. Far more than 1000 spectra (both for STE as 
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LDE) have been accumulated in this way. 
The vast majority of APF measurements were carried out at 10 
kV and a beam current of 300 nA. The Pulse Height Analyzer 
conditions (Ortec electronics) were chosen such as to produce 
a N-Ka pul se at 2. 0 Volt (Counter high tension 1700 Volt) . 
The threshold was usually fixed at 1.0 Volt and a window of 
2.0 Volt was commonly used. 

The stored spectra were processed in order to obtain the 
net Integral (Area) and Peak intensities from standard and 
specimen. A special computer program was written (in Flex­
tran) to extract the APF values from the integral recordings. 
The first step in this process was to subtract the background 
and this turn·ed out to be quite a problem in the case of Ni­
trogen. This problem was caused by the relatively strong cur­
vature of the background on STE and, to a lesser extent, on 
LDE, especially on the short-wavelength side of the spectrum. 
The problem was solved by fitting the background, as recorded 
on the pure roetal element, to the nitride spectrum in a trial 
and error mode and then subtracting the proper fraction of 
this background from the spectrum of the unknown. Extensive 
use was hereby made of the buil t-in modules of the EDX 
system. Inspeetion of the resulting nitride spectrum usually 
showed a rather flat background on both sides of the N-Ka 
peak which was then accessible to the normal procedure of 
linear interpolation. The background on STE was usually taken 
at ± 5. 5-6.5 mm, depending on the curvature of the back­
ground; that on LDE at ± 10.5 mm. Another problem with back­
ground determination, especially on STE, was associated with 
the presence of &emnants of higher order roetal \ines in the 
spectrum, e . g. 4 t order Al-Ka in AlN, 4th and 5 h order Si­
Ka in Si3N4. Here too, trial and error procedures were used 
in which a fraction of the background of the pure element 
spectrum (Al or Si) was subtracted from the nitride spectrum. 
The success of the operation was judged from the disappear­
ance of the intertering peak. All these options were avail­
able in the special program we made for the extraction of APF 
values from the raw data. 

A major problem was the determination of APF's in 
compounds like TiN and Ti2N: due to the extreme overlap of 
the Ti-ll and N-ka peaks a straight-forward measurement is 
out of the question here, In fact, a special procedure has 
been devised in the course of this work to measure the APF 
and to extract the Ti-ll peak from underneath the combined 
(Ti-11 + N-Ka) peak. This will be discussed in the next 
chapter. 

Finally, some remarks concerning the accuracies in the APF 
values seem appropriate. Due to the fact that the net peak 
count rates on STE can be desperately low, wi th Peak-to­
Background ratios dropping well below 1, the experimental 
accuracy in APF's as claimed for our Carbon measurements (± 1 
% relative), can most certainly not be matched here, in spite 
of the very large number of measurements performed. Our 
general feeling is that the accuracies for N-Ka are probably 
in the order of ± 1.5 % for easy cases like BN, AlN and Si3N4 
and of 2-3 % for really difficul t cases like ZrN, Nb2N and 
Mo2N. 
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III.6 Measurements of Inteqral k-ratios between ~ and 30 kV 

Al though the APF concept has been introduced1
'
2 in order 

to facilitate the conversion of fast (and usually incorrect) 
peak intensity ratio measurements into correct integral 
intensity ratio measurements with great savings of time and 
effort, the concept could only be used in a very limited 
number of cases in the present work; only for the nitrides of 
the lighter elements B, Al and Si. The main reasen was the 
sametimes streng curvature in the backgrounds in the heavier 
nitrides, which made the routine procedure, consisting of 
background measurements at equal distances on either side of 
the peak, impossible to use. Therefore, we were forced to 
perferm the vast majority of the intensity measurements in a 
completely integral fashion, which took 1 night per nitride 
for each accelerating voltage. The measurements themsel ves 
were carried out at 4, 6, 8, 10, 12, 15, 20, 25 and 30 kV. 
So, almest 2 weeks per nitride specimen were necessary to 
complete one series on only one compound. Even then, the 
statistics are bound to be much poorer than in the case of 
Boron or Carbon because only approx. 6 integral measurements 
can be carried out per night, · which means that only 6 
k-ratios ( from different locations on the specimen) can be 
collected per nitride specimen for each accèlerating voltage. 
In all cases the measurements were performed with STE and LDE 
crystals simultaneously, with a beam current of 300 nA. Since 
the net peak count rates and Peak-to-Background ratios on LDE 
were so much better than on STE and also the background on 
LDE was so much "cleaner" it was decided to average the final 
integral k-ratios on a 2:1 weight base in faveur of LDE. All 
together 144 k-ratios for N-Ka relative to Cr2N have been 
collected in this way and these have served as the final data 
base on which our matrix èör,rection procedure has been 
applied. 

In all nitrides also the X-ray lines of the metal 
components have been measured over the full range in voltage. 
All possible x-ray lines that could be excited (e.g. Ta-Ma, 
Ta-La) in the given range have beén measured. The beam 
current was adjusted to give a maximum count rate of 3000 cps 
in order to avoid exces si ve dead time correct i ons. A total 
number of 149 k-ratios have finally been collected. 
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IV RESULTS 

Before discussing the actual numerical resul ts of the 
present work we would like to elaborate on two typical 
problems which we encountered. 

The first (nasty) problem was the contamination with 
Oxygen which we observed to take place very fast on sensitive 
nitrides and their constituent pure metals. The second 
problem was connected with the question how Nitrogen can be 
measured in Ti-containing compounds. In such compounds the 
Ti-u line and the N-Ka line overlap to such an extent that 
only one combined peak can be observed. As a matter of fact, 
we spent quite some time on these two problems, especially 
the second one, because Ti-N compounds are very frequently 
used as e.g. wear-resistant coatings on tools and are, 
therefore, very important in practice. We believe that we 
have found a solution to this particular problem and we have 
tested this solution very extensively. The former problem, 
however, of Oxygen contamination is something we will have to 
live with because it cannot be alleviated in a simple way. 
This particular problem will now be discussed first. 

IV.l Oxygen contamination in the mieroprobe 

Contamination problems in the mieroprobe are commonly 
discussed in terms of Carbon contamination. Th is is qui te 
understandable because this phenomenon can be quite a 
nuisance indeed if one tries to measure carbon contents well 
below 0.1 wt % in steels. In such cases the carbon build-up 
under electron bombardment can produce an apparent carbon 
concentratien that can be very much higher than the true 
content if no special precautions are taken. 
In the past two techniques have been proposed to solve this 
problem. The f irst one is based on the use of a 
liquid-nitrogen cooling trap surrounding the point of impact 
of the electron beam on the specimen. The second one is the 
use of an air jet in which a fine stream of air is directed 
towards the point of impact of the electron beam. Usually one 
of these devices, sometimes both, is part of the standard 
equipment of commercially available microprobes. For some 
unknown reason, however, the air jet seems to have lost some 
of its ori~inal popularity. However, according to our 
experiences1

' '
26 the air jet is definitely the most powertul 

device in the fight against carbon contamination. 
In the present work on Nitrogen analysis it would seem 

appropriate, therefore, to use the air jet also because N-Ka 
radiation is extremely heavily absorbed in Carbon: The 
wavelength of N-Ka falls right into the K-absorption edge of 
Carbon. On top of that the integral measurements are very 
time-consuming and the time spent on one location on the 
specimen can well be in the order of 1. 5 hrs. It is thus 
vita! to avoid the build-up of Carbon on the specimen during 
the measurement. For all these reasons the air jet has 
initially been used on a routine basis during all our 
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integral measurements. In the beginning of the work, as long 
as we were dealing with the lower atomie number nitrides 
(BN .•.••. Fe4N), no adverse effects of the air jet were 
noticed. The problems began, however, as soon as we touched 
on nitrides like ZrN, HfN and TaN. In the case of ZrN we 
actually measured a variatien of k-ratio for Ni trogen wi th 
voltage that was completely opposite to the predictions of 
our matrix correction program: instead of showing a decrease 
between 4 and 15 kV, followed by a slight increase again 
between 20 and 30 kV we measured (with air jet) an increase 
between 4 and 15 kV, followed by a decrease with increasing 
voltage. Throughout the complete voltage range the k-ratios 
were dramatically too low, but especially at the lowest 
voltages: at 4 kV by a factor of 5 too low! 
We soon found out that the explanation for these peculiar 
phenomena had to be sought in the rapid process of in-situ 
oxidation that sets in on sensitive nitrides like ZrN the 
moment the electron beam has been positioned on the specimen. 
This process can apparently be strongly enhanced when an air 
jet is used which creates a poor vacuum wi th high part i al 
pressure of Oxygen near the point of impact of the electron 
beam. The moment we noticed this effect we became, of course, 
very suspicious about our previous measurements and we 
decided to investigate the effects of oxygen contamination in 
rather more detail. Fortunately 7 we were in posession of two 
light-element crystals (STE + LDE) so that we could set up a 
series of experiments in which we could monitor the variatien 
of the N-Ka signal on STE and the 0-Ka signal on LDE 
simultaneously as a function of time for all nitride 
specimens both with as without the use of the air jet. 
Besides, these experiments were run at a number of different 
accelerating voltages. 
The LDE crystal is extremely sensitive to oxygen as is 
demonstrated in Fig. IV.1 where an oxygen peak is visible on 
pure gold. 

WAVELENGTH 0..> 
22 23 

500 
24 25 

T.U. E. Au LDE 
400 

(/) 300 1-z 
:J 
0 200 u 

100 

0 
100 105 110 115 120 

POS <MM> 

Fig. IV.l Oxygen peak recorded on pure gold . 
LDE crystal, 10 kV, 50 nA 
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As the solubility of 0 in Au is negligible the Oxygen is 
probably physically absorbed on the specimen surface which, 
by the way, shows how surface sensitive a mieroprobe can be. 
The cases of Oxygen contamination in the present work, 
however, are definitely not confined to superficially 
adhering Oxygen. This is demonstrated in Fig. IV.2 for ZrN. 
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Fig. IV.2 In situ oxidation phenomena on ZrN 
300 nA. Left: With air jet; Right: Without 
Note the diEferences in vertical scales for 
0-Ka in the left hand figure. Oxygen on LDE; 
on STE 

at 4 kV, 
air jet. 
N-Ka and 
Nitrogen 

Fig. IV.2 (left) shows the incredibly high oxidation rate of 
the ZrN specimen at 4 kV when the air jet is used. Not only 
does the Oxygen count rate increase very fast but, what is 
worse, the Nitrogen count rate decreases seriously at the 
same time leading to a loss in N-Ka counts of more than 50 % 
after 1 hr. The effects were worst on HfN, ZrN, TaN and Ta2N 
(in decreasing order). Fig. IV. 3 shows the extremely fast 
oxidation of a HfN specimen. 
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Fig. IV.3 In situ oxidation of HfN at 4 kV, 300 nA 
Left: With air jet; Right: Without air jet 
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The effects we observed were strongly dependent upon voltage 
and completely explained the erratic behaviour of the 
k-ratios with voltage for ZrN. 

Next, we carried out a number of experiments without the 
air jet. To our astonishment we found that, in principle, 
exactly the same phenomena occurred in these sensitive 
nitrides, although to a lesser extent (See Figs. IV.2 and 
IV.3). Fortunately, an increase in 0-Ka count rate does not 
necessarily mean a noticeable loss in N-Ka intens i ty. The 
stable N-Ka count rates in these cases indicate, by the way, 
that the self-cleaning action of the well-focused electron 
beam is apparently sufficient to prevent appreciable build-up 
of Carbon in a 1 hr period. 

In extremely sensitive nitrides we found that a measuring 
time of 10-30 s can be sufficient to double the Oxygen signal 
from these materials without neoessarily changing the 
Nitrogen signal. Of course, the effects could be much worse 
still on the pure elements Ti, V, Zr, Nb, Hf and Ta. 
A most peculiar observation was that while the oxidation 
effects were dramatic on ZrN and HfN, they were almost an 
order of magnitude less on chemically strongly related 
nitrides like TiN and VN, in which one would expect a quite 
similar behaviour. That this is apparently not the case may 
point to the formation of a closed oxide skin on nitrides 
like TiN, which prevents to a large extent a further 
oxidation of the specimen. 
From Table IV.1 it becomes clear, though, that literally 
every nitride specimen is oxidized under the electron beam, 
even without the air jet. The relatively poor vacuum 
conditions in commercial microprobes, as compared to typical 
surface-analytical instruments, are most likely to be blamed 
for these Oxygen contamination phenomena. 
The practical impact of our observations is that it is highly 
unlikely that realistic measurements of low levels of Oxygen 
in sensitive materials like Ti, V, Zr, Hf and Ta can ever be 
made in a straight-forward way. A somewhat sad conclusion 
seems to be that i t will be very difficul t to fight these 
phenomena except by a very expensive improvement in the 
vacuum condi ti ons, which would make the routine use of the 
mieroprobe much more difficult. 

We can conclude this paragraph with the remark that it is 
very difficult to give hard and simple rules about Oxygen 
(and Carbon) contamination and whether or not it is advisable 
to use an air jet. In each individual case one should 
carefully check whether the use of an air jet introduces 
adverse side-effects for the element to be determined. We 
still hold the opinion that in the majority of cases there is 
nothing to be afraid of, wi th an exception of the cases 
discussed before. In any case, we repeated our measurements 
without air jet on all suspect nitride specimens. Moreover, 
we have verified experimentally that no noticeable losses in 
N-Ka intens i ty took place during the time required for the 
integral recording of our Nitrogen spectra. 
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TABLE IV.l 

oxygen count rates~ related to the initial count rat es~ 
on nitride specimens~ as a function of time. 

( + vith air jet; - vithout air jet). 4 kV 300 nA 

TIME 
Compound 1 min 5 min 50 min 

AlN + 1.56 1.95 2.03 
1.12 1.15 

Si3N4 + 1.39 1.37 1. 39 
1.23 1.98 2.10 

TiN + 1.18 1.25 1.39 
1.12 1.18 1.22 

Ti2N + 1.13 1.20 1.25 
1.08 1.06 1.04 

VN + 1.02 1.02 1.04 
1.01 1.02 1.03 

V2N + 1.05 1.07 1.14 
1.00 1.02 1.06 

CrN + 1.12 1.39 2.02 
0.99 0.99 1. 06 

Cr2N + 1. 02 1.17 1. 76 
1. 08 1.12 1.25 

Fe4N + 1.18 1.27 1.46 
1.04 1.07 1.18 

ZrN + 2.42 3.80 6.84 
1. 78 2.54 3.39 

Nb4N3 + 1.19 1.20 1.25 
1. 02 1. 04 1.10 

Nb2N + 1. 00 1. 03 1.04 
1.00 0.99 1. 05 

Mo2N + 0.94 1. 02 1.16 
1.04 1.02 1. 08 

HfN + 3.05 5.53 8.13 
1.56 2.16 3.17 

TaN + 1.80 2.87 4.81 
1. 65 1. 68 1.93 

Ta2N + 1.18 1. 63 3.21 
1.06 1.05 1. 07 
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IV.2 New procedures for the analysis of Nitrogen in the presence 
of Titanium 

Quantitative analysis of Nitrogen in Titanium-containing 
compounds has always been a real prbblem in the life of many 
microanalysts. This problem is caused by the severe overlap 
of the Ti-11 (wavelength 31.4 A) artd N-Ka (31.6 A) emission 
peaks which add up to one single peak in which the separate 
contributions cannot be discerned with the usual 
wavelength-dispersive analyzer cryStals. However, with the 
growing interest in Ti-~ ba~ed materials (e.g., 
wear-resistant coatings), there is an increasing demand fora 
procedure capable of separatin(} the Ti-ii and N-Ka 
contributions; the final goal is, of course, the accurate 
quantitative analysis of Nitrogen. 

In the past, several methods for peak separation have been 
proposed27

• They can be qualified either as ratio methóds or 
as deconvolution techniques. The ratio methods are based on 
the assumption that there is a fixed ratio between the 
integral intensities of either Ti~ï<a and Ti-11 or Ti-La and 
Ti-11 and that these ratios, oncè they are known from 
measurements on a pure Ti standard, éan also be applied to 
the Titanium in the Ti-N compóuhd. The deconvolution 
techniques, on the other hand, do not require the ratios of 
Ti peaks in the standard, ~rd are, in fact, multiple least 
squares fitting techniques which are at present quite 
commón in energy-dispersive X-ray microanalysis systems. 

In the following sections we first give an analysis of the 
methods proposed so far in literature and discuss their 
limitations. Next we discuss the principles of the new method 
we introduce; föllowed by a few applicatiöns on a number of 
examples. 

IV.2.1 Analysis of existing methods 

In thè so-called ratio methods thè ratio Ti-La/Ti-u seems 
to be used with preferenee because 1) only one spectrometer 
(wi th a convèntional lead-stearatè crystai) has to be used 
and 2) the intensities of Ti-La and Ti-ii are more or less 
comparable. Now, one of the prèrèqUisites for this metbod to 
work is that the ratio in questiön is indeèd the same in Ti-N 
specimen and Ti standard and this, irt turn, is dependent upon 
the question wether both wavelengtbs are equally strongly 
absorbed in Ti as well as in N. However, as Fig. IV.4 shows, 
this is evidently not the case. 
The presence of the N-K absorption edge causes a pronou:hced 
difference in the I'nac's between Ti""'La and Ti-11. Although 
these values are quite simiiar (33~0 and 4300, respectively) 
in pure Titanium for a start, the value for Ti-La increases 
to àpproximately 2 5000 in pure ~i trogen whereas that for 
Ti-11 in Ni trogen is lowered to iaoo. Th is means that a 
14-fold increase in the ratios of the rnac's occurs. Of 
course, this is an extreme case fór extremely high Nitrogen 
contents, for which the effects will be worst (assuming that 
Henke's rnac's are correct). Yet it is a good example to 
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demonstrate the inherent dangers in the ratio method as long 
as this ratio is blindly taken for granted. Perhaps the 
calculation of the Ti-11 contribution from the known Ti 
content in the sample, derived from the Ti-Ka signal, would 
provide a better alternative. However, the main problem in 
these matters is that the Ti-11 peak is so close to the N-K 
absorption edge (or perhaps even partly in it) that it is 
simply unlikely that the contribution of the Ti-u peak can 
be decribed by a single k-ratio over the ·complete relevant 
wavelength range. The extremely strong variation of the mac 
over the absorption edge is bound to produce a strong 
variation of k-ratio with wavelength. 
The same remarks apply to the variation in the background, 
which must exhibit a jump more or less, followed at 
increasing wavelength by a strong variation. The whole 
picture is not unlike the inverse of Fig. IV. 4 (b). The 
effects discussed so far are also the reason for the strong 
asymmetry which is usually visible in the combined Ti-11 + 
N-Ka peak. 

For the same reasons it is not a priori clear why the 
deconvolution techniques should work. These are invariably 
based on the assumption that the background varies in a 
smooth and monotonous way wi th energy or wavelength. The 
presence of an absorption edge with its typical discontinuity 
might well invalidate the basic assumptions of these 
techniques. Moreover, for the reasons discussed above, it is 
unlikely that a single k-ratio can be applied over a wide 
region in wavelengths in which a strong and discontinuous 
variation in mac's and, consequently, in k-ratios occurs. At 
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best, such an average k-ratio is based on some kind of 
wavelength-averaged mac and will thus never produce qui te 
satisfactory fits over the complete relevant wavelength 
range. On top of that these techniques rely on the tacit 
assumption that no peak shifts and/ör peak shape alterations 
occur between standard and specimen. Since we are dealing 
here wi th long-wavelength radiations from the L-shell of Ti 
which might easily be affected by the nature of the chemica! 
bond it is questionable whether these assumptions are valid. 

If the fine structure of the N-K edge were known, one 
could perhaps model the background and calculate the Ti-u 
contribution as a tunetion of wavelength from the known Ti 
content, using the Ti-Ka signa!. As long as this fine 
structure is not accurately known, however, it is rather 
unlikely that such calculations, baseà: on a single wavelength 
weighted mac for Ti-u, can ever be completely successful. 

In our opinion, the reason that such methods may have 
appeared to work satisfactorily in the past is that the 
homogeneity region of a compound like TiN is extremely wide 
át high temperatures24

'
25

, ranging from 11 to approximately 
22.6 wt % Nitrogen, with the result that almost any answer 
between these limits can appear quite acceptable. According 
to our own experiences in this system and the very similar 
Ti-c systellt it is usually extremely difficult to find the 
true composition. Even when a reliable chemica! analysis is 
available, there is always the danger of discrepancies due to 
variations in' composi tions on a micron scale and the ever 
lasting controversy between bulk analytica! techniques like 
chemica! analysis and microanalytical techniques like EPMA. 

As a result of the considerations so far it is not 
impossible that the methods hitherto used lead to systematic 
errors in the Nitrogen conte·nt, which probably go unnoticed 
because the results are usually not in contradiction with the 
phase diagram. 

IV.2.2 The new method 

The method we propose here is mainly based on the 
consideration that although the Ti-u and N-Ka peaks strongly 
overlap, they do not coincide completely. Hence, the combined 
peak must inevitably be broader than that of either of the 
contributors. If we could find access to the true width of 
the N-Ka peak, or rather the APF, in Ti-N compounds, the 
problem would be reduced to finding the proper amount of 
Ti-u intensity that has to be stripped (in an integral 
fashion) from the combined peak in order to produce a 
residual N-Ka peak with the specified APF. Unfortunately, the 
APF is not known for Ti-N compounds and cannot be measured 
directly either for obvious reasons. Howevér, there is a way 
out of this dilemma For one thing we know from our 
experiences in a large number of nitride specimens that the 
effects of peak shape alterations in the N-Ka peak are very 
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much smaller than in B-Ka or even C-Ka peaks. Individual APF 
values (see further on in this Chapter) never differ by more 
than 10 % from unity. Besides, if the APF values for nitrides 
of neighbouring elements in the periodic system like V, Cr 
and Fe are extrapolated toward Ti (like they could be in 
corresponding boride and carbide systems), then the expected 
value for Ti-N compounds will most probably be between 0.95 
and l.O. Moreover, we have shown that within the limits of 
experimental accuracy the APF can be regarded as independent 
of accelerating voltage. 

· With these findings in mind and a couple of Ti-N specimens 
of known compositions it is possible to start an iterative 
procedure aimed at obtaining the true APF. It goes without 
saying that in this procedure the necessary attention is paid 
to the presence of the N-K absorption edge. We have, 
therefore, decided to treat the wavelength region of interest 
in two distinct intervals: one interval on the left (short 
wavelength) side of the edge; the other on the long 
wavelength side. The k-ratios on the left side will be 
henceforth denoted by the subscript 1, those on the right 
hand side by r. 

The first step in the procedure is, of course, to 
establish the position of the N-K absorption edge for the STE 
and LDE crystals. Although this seems to be a very trivia! 
problem, knowing the energy of the edge (400 eV or 30.99 Á) 
and the 2d-spacings of the crystals, this turned out to be 
one of the first major problems we encountered. In order to 
eliminate the effects of mechanica! deviations in the 
spectrometer we decided to calibrate the 2d-sp~cing of the 
STE crystal very carefully in the vicinity of the N-Ka peak. 
To this end we selected a number of accurately known 
wavelengths and measured their peak positions very carefully. 
From the known wavelengths and the observed peak pos i ti ons 
(in mm in our microprobe) it is then easy to calculate the 
apparent 2d-spacing for the wavelength in question. To our 
astonishment we found not only a rather strong variatien in 
apparent 2d-spacing in the linear range between 75 and 85 
mm: from 99 to 100.50 A, but also a pronounced dip between 87 
and 88 mm, which exactly corresponds to the anticipated 
pos i tion of the absorption edge (see Fig. IV. 5) . It is, 
therefore, not at all clear which apparent 2d-spacing is to 
be used for the wavelength region of the N-Ka peak: should it 
be the value of 100.50 A (dashed line in Fig. IV.5 connecting · nd th 
the measured values for Cu-u 2 order and Al-Ka 4 order) 
or the minimum value in the dip (99.4 Á), or perhaps a value 
in between? After a few trial and error runs with our new 
procedure in which the resulting APF value was checked 
against the anticipated one (between . 95 and 1) we finally 
adopted a value of 99.4 A for STE and of 59.7 A for LDE. This 
guaranteed at least that the N-Ka and Ti-u peaks came more 
or less at the expected wavelengths of 31.4 and 31.6 Áfl 
al though perfect agreement wi th the reported wavelengths1 

could never be completely obtained. 
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Fig. IV.5 Variation of apparent 2d-spacing of the STE 
crystal r.rith observed peak position for a number of 
r.ravelengths in the range of the N-Ka peak. Solid dots 
represent our or.rn measurements; open squares those by a 
collegue on a different microprobe, shor.ring essentially 
the same peculiar effects in the vicinity of the N-K 
absorption edge. 

Until now we have never been able to explain the peculiar 
phenomena from Fig. IV.5. However, when the measurements were 
repeated on a different mieroprobe at our request (by Ir. D. 
Schalkoord at Delft University of Technology, The 
Netherlands) essentially the same results (open squares in 
Fig. IV.5) were obtained, although at a slightly different 
numerical level. A conspicuous feature in Fig. IV.5 is that 
the first order reflections apparently produce the lowest 
2d-spacings while the higher-order reflections invariably 
lead to closely corresponding, but much higher values which 
agree with the 2d-spacings appropriate for B-Ka and C-Ka 
radiations. It was not possible .to run a similar test for the 
LDE crystal because of the very effecti ve suppression of 
higher-order reflections by this crystal. In this case the 
2d-spacing was simply obtained from the observed position of 
the N-Ka peak. 

The next step in our procedure is the recording of the 
Ti-La and Ti-11 peaks in a pure (and freshly polished) 
Titanium standard in an integral fashion. Then exactly the 
same wavelength region is scanned on the Ti-N specimen under 
identical conditions. From the known Ti-content the k-ratio 
(k1) for Ti-La is calculated and the left hand side of the 
Ti-spectrum up to the N-Ka edge is multiplied by this factor 
and stripped from the unknown spectrum. Alternatively, if the 
Ti-content is not known, which will usually be the case, this 
factor can easily be determined by trial and error: the 
disappearance of the Ti-La peak in the spectrum is an easy 
measure for success. 
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Next, the right hand side of the unknown spectrum is 
processed. The Ti reference spectrum (from the N-K absorption 
edge on) is multiplied by a ·· factor kr which is varied in 
steps of, say, 0. 1 between 0 and 1 and after each step a 
fraction kr of the reference spectrum is subtracted from the 
unknown spectrum. The residual peak is subsequently processed 
in order to find the APF and the Area (or integral) k-ratio 
AKR, with respect to the particular Nitrogen standard used. 
Both values are then plotted as a function of kr. 

In the first iteration we assume that the AKR should be 
equal to the calculated AKR for N-Ka using the rnac's of Henke 
et al10

• It is then easy to find the corresponding APF value 
for which this equality occurs. If this procedure is repeated 
for several accelerating voltages and preferably for at least 
two different specimens of known compositions, it is possible 
to establish whether the APF is indeed a constant and, if 
this is the case, what its exact value is. Once this value is 
known the procedure can be reversed and from the plots of APF 
and AKR vs kr it is easy to find the correct AKR value for a 
specified APF value. The experimentally obtained kr values 
could even be used to make rough estimates about the 
wavelength-weighted mac for Ti-u in Nitrogen. It must be 
admitted that we too were obliged to apply only one 
(averaged) kr value for the complete long-wavelength side of 
the N-K edge and to treat the edge itself as a mathematica! 
step function, which is most probably not correct. 
Unfortunately, as long as the fine structure of this edge is 
not known, there seems to be no better way to sol ve the 
problem. At least we made a clear distinction between both 
sides of the edge. It ,must be anticipated, though, that the 
idealized step function, representing the edge, will 
introduce a discontim1ity in the resulting N-Ka spectrum, 
precisely at the location of the edge. 

For the speetral measurements two Ti-N compounds were at 
our disposal : 
One specimen was a q.s mm thick near-stoichiometric TiN 
specimen of deep reddi~h golden colour, prepared by Chemica! 
Vapour Deposition; the i other was a Ti2N specimen prepared out 
of a diffusion couple Ti-N2, heated for 89 hr at 1400 °C. The 
particular Ti2N compo~ition was exposed by a process of 
grinding and polishing in a plane perpendicular to the 
direction of diffusion. Later on, a cross section of the same 
diffusion couple containing the a-Ti (N) solid solution, Ti2N 
and TiN in successive layers, was used in order to test the 
devised procedure. Such a ditfusion couple is of invaluable 
interest for this particular type of work because it provides 
the almost unique possibility to find a smooth, consistent 
and unambiguous variation in the Nitrogen content, contrary 
to a number of bulk specimens of doubtful homogene i ty and 
with often contradicting chemica! analyses. 
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The compositions of the calibration alloys and the 
Nitrogen concentration profile in the diffusion couple were 
determined by measuring the Ti-Ka signa! using a 
near-stoichiometric TiC alloy, in equilibrium with free 
graphite, as a Ti standard. The Nitrogen measurements 
themselves were performed relative to a mass~ve Cr2N standard 
(Batch# 1). 

The Nitrogen spectra for the two calibration alloys were 
recorded at nine different accelerating voltages between 4 
and 30 kV. In a number of cases spectra ~ere recorded 
simultaneously with the STE and LDE crystals. In each run 
reference spectra from pure Ti were also taken. The 
measurements in the diffusion couple were all carried qut at 
10 kV. 

Fig. IV.6 shows the typical variation of APF and AKR with 
kr for the near-stoichiometric TiN compound at 10 kV for both 
STE and LDE crystals. The calculated AKR in this case ·is 
2.386 and the value of k1 used is 0.437. These numbers would 
lead to an APF value for STE of 0.974 at a kr value of 0.760. 
For LDE, in turn, values of 0.980 fo.r the APF and 0.698 for 
kr are obtained. 

2.6 

Area k-raUo TiN ~/fl' APF 1.1 
k,-0.437 // 

LOE --•---' ~· •----•::::=.-o~ AP.f.o-~~::::-:::o--o STE 1·0 
_:.--Jr/ 

2.4 

0.9 

2.2 

1.0 0.8 0.6 0.4 0.2 0 

Fig. IV.6 Variation of Area ]{-,ratio (M<R) and Area-Peak 
factor (APF) with kr (average k-ratio for Ti-u for 
long~wavelength side of N-Ka eàge) for Stearate and 
multilayer (LDE) crystals at 10 kV and a k1 value of 
0.437. TiN specimen : 22.50 wt % N. Nitrogen standard: 
Cr2N· (Batch # 1) 
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The same procedure has been repeated numerous times at 
voltages between 4 and 30 kV and it was found that the APF 
values could indeed be considered as a constant, independent 
of accelerating voltage. This is demonstrated in Fig. IV.7 
(bottom halves). 
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Fig. IV. 7 Variation of AKR (relative to CnN) and APF 
with accelerating voltage for TiN (left 1 22.50 wt % N) 
and Ti2N (right 1 11.84 wt% N). Stearate crystal. 

The average APF value for the STE crystal was 0.971 for both 
calibration alloys. For the LDE crystal, which was obtained 
only in a much later stage of the work, a number of 
measurements at 10 kV led to a value of 0.980. This result 
seems to be in good agreement with many of our observations 
in Carbon, Nitrogen and Oxygen analyses where the LDE crystal 
always showed less sensitivity to peak shape alterations as a 
result of its poorer speetral resolution. Consequently, its 
APF values are usually closer to unity. 

Once the APF values are known, the procedure can be 
reversed and plots like Fig. IV. 6 can be used to find the 
"measured" AKR starting wi th the speci fied APF. As a resul t 
the top hal ves of Fig. IV. 7 are obtained, which show the 
variation of integral k-ratio with accelerating voltage. Each 
point represents in fact the average for a large number of 
measurements taken over a period of several months. The 
excellent agreement between expected and "measured" k-ratios 
demonstrates that our procedure is obviously successful and 
that deviations rarely exceed 5 % relative, which is rather 
surprising in view of the large amount of speetral 
manipulations involved. 
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Fig. IV.8 gives a graphical representation of the complete 
procedure for the LDE crystal at 10 kV applied to the 
near-stoichiometric ~iN specimen. Spectrum # 1 shows the 
combined Ti-11 + N-Ka peak. Spectrum # 3 is the Ti reference 
spectrum, which is converted into spectrum # 4 by multiplying 
the portions on the left and right hand sides of the N-K edge 
with the appropriate k1 and kr factors, respectively. 
Spectrum # 2 represents the resulting N-Ka spectrum after 
spectrum # 4 has been stripped from spectrum # 1. 
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Fig. IV.B Graphical representation of our procedure for 
separating the Ti-J! and N-Ka contributions from the 
combined peak for the LDE crystal on a 
near-stoichiometric TiN specimen at 10 kV. Spectrum # 3 
is the Ti reference spectrum, vhich is first converted 
into spectrum # 4 by multiplication vith the 
appropriate k1 and kr factors and then stripped from 
spectrum # 1 to yield finally spectrum # 2. 

The shift in the peak between spectra # 1 and # 2 corresponds 
with the shift toward the true peak position of the N-Ka peak 
after the subtraction of the Ti-11 contribution. It is clear, 
though, that the final spectrum shows a slight discontinuity 
at the position of the N-K edge. As we have mentioned before, 
this is the expected and logica! consequence of applying a 
mathematica! step function representing the edge. Beyond any 
doubt, the true edge will have a much more complex shape. 
However, as long as its exact shape is not known, there seems 
to be little point in using several mathematica! functions 
because one procedure would be as arbitrary as another. 

The kr values which are found experimentally (see Fig. 
IV. 9) strongly suggest that the mac for Ti-11 radiation ~n 
Nitrogen is somewhat higher than suggested by Henke et al1 

, 
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which in turn means that this particular wavelength is at 
least partially located in the absorption edge. 
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Fig. IV. 9 Variation of k1 and kr vith accelerating 
voltage for Ti2N (left) and TiN (right ). Solid curves 
are calculations based on Henke et al, s 10 mac, s for 
Ti-La and Ti-II in N; dots represent experimental data. 
Stearate crystal; beam current at all voltages 300 nA. 

30 

The deviations are most pronounced in the case of TiN where, 
as a result of the higher N-content than in Ti2N, the 
presence of the N-K edge becomes more prominent. 

A final test of our procedure was carried out at 10 kV on 
the ditfusion couple Ti-N2 (89 h, 1400 °C). After ditfusion 
this couple exhibited a more than 500 gm wide ditfusion zone 
consisting of TiN (major part) and Ti2N covering a remaining 
nucleus of a-Ti(N) solid solution. From the known 
concentratien profile a number of locations, showing 
sufficiently significant changes in the Nitrogen content, 
were selected and integral spectra were recorded on these 
spots (Run # 1) . 

After completion the experiment was repeated (Run # 2) with 
the specimen rotated over 180 deg. with respect to the LDE 
spectrometer in order to estimate the effect of the strong 
rounding-off that inevitably takes place due to prolonged 
polishing at the interface mounting resin/TiN. 
The resul ts for both runs for the LDE crystal are shown in 
Fig. IV.10. 
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Fig. IV.10 Nitrogen concentration profile in diffusion 
couple Ti-N2 (89 h 1400 °C) as established by Ti-Ka 
measurements ( solid line) and our ner.r procedure for 
Nitrogen using the LDE crystal. Squares represent 
results for run # 1; circles those for run # 2. The 
arror.r shows the experimental result for the 
near-stoichiometric TiN compound in run # 2. 
Accelerating voltage 10 kV. Beam current 300 nA. 
Experimental configurations for both runs are shor.rn in 
the inset. 

The strong rounding-off effect is claarly visible in run # 2, 
where the X-rays leaving for the LDE spectrometer have the 
poorest chance of escaping close to the mounting resin. 
Nevertheless, the agreement between Ti and N measurements can 
be called striking~ certainly for locations more than 20 gm 
away from the mounting resin. In fact, this conçlusion holds 
throughout the complete diffusion zone, including the a-Ti(N) 
solid solution. At the same time the result for the 
near-stoichiometric TiN alloy (arrow in Fig. IV .10) agrees 
closely with the nomina! composition, thus demonstrating that 
the maximum ni trog en content is not. yet attained at the 
outside of the diffusion couple. 

The results for the STE crystal were quite acceptable too, 
although they were generally on the low side, especially for 
the a-Ti(N) solid solution. In the latter case this may be 
the resul t of the taci t assumption that the APF used so far 
also applies to this particular phase, although strictly 
speaking it is not really a Ti-N compound but rather a solid 
solution and as such its APF value may be somewhat different: 
a value of 1. 0 would give results comparable with those of 
the LDE crystal. Besides, there seems to be some evidence 
that the APF value for STE at 10 kV is possibly somewhat 
higher than the average val ue adopted (Fig. IV. 7) . In any 
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case the LDE crystal is definitely less sensitive to peak 
shape alterations due to its poorer speetral resolution and 
as such it is not capable of discerning such subtle details. 

A few remarks are in order here on the practical aspects 
of the method we propose. Because the whole method is 
strongly based on factors such as speetral resolution, it 
must be clear that all parameters in the mieroprobe affecting 
this speetral resolution (Pulse height analyzer conditions, 
counter slit, etc.) must always be adjusted extremely 
carefully and reproducibly. In the same way the background 
limits must always be exactly the same if the highest degree 
of reproducibility is to be achieved. Furthermore, it is 
strongly advisable to run a check on a calibration specimen 
before or after the measurements on an unknown specimen, if 
only to be warned of sudden changes in the equipment or 
settings. 

We realize very well that the method we propose here will 
be considered time-consuming and perhaps even complex. 
Unfortunately, in our op1n1on, there is little hope that 
there will ever be an instant solution and a "push-button" 
operation for the complex problem at hand. 

Finally we shall briefly discuss ~~e results of the 
multiple-least-squares fitting technique when applied to a 
number of our spectra. In fact, this is the program currently 
in use in EDX software. In a first effort, the resul ts of 
which were reported before29

, a very sophisticated version of 
such a program was used (TRACOR Northern), in which the first 
and second derivatives of the peaks were used in order to 
correct for possible peak shifts and peak shape alterations, 
respectively. 
Furthermore, the digital top hat filter28 was adapted to the 
better speetral resolution of a WDS spectrometer. As we 
reported before the resul ts of this procedure were rather 
disappointing: 10 to 25 % too low Nitrogen contents were 
found and at that time we judged, therefore, that this 
particular technique was unsuited to this specific problem. 

Qui te some time later, however, when we were trying to 
analyze substantially lower Ni trogen contents than in the 
ditfusion couple of Fig. IV .10, we happened to test a much 
simpler version of a multiple-least-squares program (TRACOR 
Northern, "Super ML", version XML-7k' /30) on the spectra of 
Fig. IV.10, with surprisingly good results. In this 
particular program the first and second derivatives are not 
taken into account and the filter width had the standard 
setting of 150 eV, which corresponds with 0.6 mm (0.2139 Ä) 
for the STE crystal and 1.05 mm (0.2243 Ä) for the LDE 
crystal. The results obtained with this Super ML fitting 
program on the spectra from the ditfusion couple are compared 
with the results from our new APF proèedure in Table IV.2 
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TABLE IV.2 

Results of the Super HL fitting procedure as compared 
to those of our new APF procedure on the spectra from 
the Ti/N2 diffusion couple heated for 89 h at 1400 °C 
(See Fig. IV. 10). AKR is the Area k-ratió for N-Ka 
relative to Cr2N. :l is the statistical measure of 
success for the digital fit; a value close to 1 
indicates an almost ideal fit. Run # 2. 

At % H 
23.3 
31.4 
32.7 
35.9 
38.4 
39.5 
41.0 
41.2 
41.8 
41.2 
41.0 
42.2 
42.4 
41.4 
42.7 

STE 

::~? 
2.36 
3.62 
4.88 
4.67 
5.61 
6.56 
5.98 
6.82 
7.03 
6.83 
6.39 
6.50 
6.40 
6.27 
8.15 

SUPER ML FIT 

AKR 
0.848 
1.235 
1.277 
1.420 
1.583 
1.611 
1. 742 
1.829 
1.818 
1.834 
1.862 
1.858 
1.908 
1. 913 
1.923 

LDE 

x2 
4.05 
5.22 
5.51 
6.43 
7.29 
7.25 
7.97 
8.32 
7.71 
7.60 
7.41 
8.65 
8.74 
8.29 
9.88 

AKR 
0.910 
1.258 
1.344 
1.476 
1.650 
1. 712 
1.794 
1.843 
1.837 
1.844 
1.849 
1.862 
1. 863 
1. 823 
1.823 

For higher H-conlénls the effects of roundtng off at the 

edge became nottceable. The results for the 

near-stotchtometrtc TIN caltbratton speetmen were as 

follows: 

49.6 7.76 2.388 9.87 2.520 
49.6 7.76 2.457 10.71 2.502 
49.6 8.80 2.428 10.83 2.522 
49.6 8.39 2.439 10.97 2.539 

APF PROCEDURE 

STE 

AKR 
0.774 
1.184 
1.193 
1. 394 
1.530 
1. 716 
1. 710 
1.766 
1.766 
1.772 
1. 778 
1.764 
1.874 
1.812 
1.867 

2.350 
-----
-----
-----

LDE 

AKR 
0.866 
1. 252 
1. 318 
1.492 
1. 632 
1.696 
1. 788 
1. 798 
1.836 
1.803 
1. 788 
1.860 
1.876 
1.810 
1.896 

2.368 
-----
-----
-----

The general conclusion that can be drawn from Table IV.2 is 
that the agreement between the résults of our new APF 
procedure for the STE and LDE crystals is quite satisfactory, 
with an exception perhaps for the lowèst Nitrogen contents. A 
very conspicuous feature is the möre or less monotonous 
increase in the x2 value with increasing Nitrogen content for 
both the STE and the LDE crystals when the Super ML fit 
procedure is used. It is interesting to point out in this 
respect that after the subtraction of the Ti-u and N-Ka 
peaks in the proper ratios the background on LDE showed 
negative areas on both sides of the N-Ka peak position while 
the central area was still positive. This effect was observed 
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over the whole range in Nitrogen contents. For the STE 
crystal, on the other hand, this was only found for the 
higher N-contents. These findings seem to point to peak shape 
alterations and it is, therefore, all the more surprising 
that the more sophisticated programs, in which such effects 
are taken into account, would yield so much poorer results. 
Perhaps, the continuous increase in x2values with increasing 
Nitrogen content can be interpreted as a sign of the N-K 
absorption edge becoming more and more pronounced, as we 
anticipated before. 

The somewhat surprising conclusion of this paragraph can 
be that i t is apparently posssible to do fairly accurate 
quantitative analysis (within 5 % relative) of Nitrogen in 
the presence of Titanium with both our new procedure as well 
as the multiple-least-squares fitting techniques, in spite of 
the poor x2 values that are obtained in the latter cases. 
Possibly, a process of error compensation takes place in the 
final fit and the resulting negative areas in the background 
may be compensated by a central positive area. 

IV. 2. 3 Quant i tati ve analysis of low Ni troqen contents in the 
presence of Titanium 

So far we had not been able to test our new procedure on 
Nitrogen contents well below 24 at % because this was 
approximately the lowest level present in the ditfusion 
couple (a-Ti(N) solid solution). Some time in 1988, however, 
we were asked to analyze two Ti alloys, containing also V and 
Al, which had been nitrided (by laser- and plasma-nitriding 
procedures, respectively) to very large depths (more than 300 
gm, judging from the changes in microstructure). A 
preliminary investigation, using the Ti-Ka, V-ka and Al-Ka 
signals, revealed that only very thin TiN and Ti2N layers had 
been produced (in the order of a few gm) and that by far the 
major part of the extended diffusion zone contained Nitrogen 
levels well below 10 at % . 

We soon found out that our new APF procedure could only be 
applied to the TiN and Ti2N layers (with great success) and 
that when the Nitrogen level dropped below approx. 15 at % 
the resulting N-Ka peak really became too low for an accurate 
measurement of the APF. The Super ML fit program, (in its 
simplest form) however, was indeed able to cope wi th the 
problem as Table IV. 3 shows. Only the resul ts for the . LDE 
crystal have been given here; those for the STE crystal were 
much less satisfactory, presumably due to the interterenee of 
the 4th order Al-Ka peak and smal! peak shifts. 
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TABLE IV.3 

Results of the Nitrogen analyses in a laser-nitrided 
Ti (V, Al) alloy using the Super HL mul tipie-least­
squares digital fitting technique on spectra recorded 
vith the LDE crystal at 10 kV and 300 nA. 

Di stance from 2 AKR N-Kc:x Wt % N At % N x 
surface (llM) 

5 2.98 0.4440 4.17 12.95 
5 2.88 0.3961 3.72 11.67 

25 2.76 0.2577 2.42 7.81 
25 2.40 0.3010 2,82 9.04 
50 2.94 0.2713 2.55 8.20 
50 2.68 Q.3406 3!20 10.15 
75 2.47 0.2733 2.56 8.26 
75 2.46 0,3420 3. ;n 10.19 

100 2.85 0.2946 2.77 8.86 
100 2.42 0.2844 2.67 8.57 
150 1 . . 88 0.2302 2.16 7.01 
150 2.12 0!2921 2.74 8.79 
200 1. 79 0,2181 2.00 6.66 
200 2.10 0.2910 2.73 8.76 
300 1.93 0. 0414 0.39 1. 32 
300 1.85 0.0000 o.oo 0.00 
400 1.81 Q.0160 0,15 0.51 
475 1.86 0.0146 0.14 0.47 
550 1.86 0.0194 0.18 0.62 
760 2. 02 0.0137 0.13 0.44 

It is obvious from Tabl~ IV.3 that tne S~per "L program is 
able to detect ve+y low lev~ls of Nitrogen indeed, down to 
less than o. 2 wt %, whicn c~n pe cal led. reall,y ünpressive. 
Also the fact that at lQng dist~nces from the surface 
sometimes zero values are tound gives a lot of çonfidence in 
the technique. It is inte+esting to point out, though, that 
the same trend is present here as in ~qple IV.2 : thefe is a 
definite correlation l;>etween the magnitude of tne x value 
and the nitrogen çoncentration. The surprisingly good quality 
of the fits

2
for low Nitrogen levels is not only expressed in 

very low x values in Table IV. 3 but can also be judged 
visually from Fig. IV .11 where all steps of tl;le fitting 
procedure are graphically represented tor a composition of 
1.37 wt % N in tpe· otner (plasmá-nitrided) alloy. 
It can be seen tnat after the ~ubt~action of the Ti-u peak 
in the proper ratio a remaining ~-~« peak is visible with its 
top at the correct ppsition,. AtteT the subtraction of this 
N-Kc:x peak an almost ideally smo.oth ):>ackground is obtained 
wl;lich shows only extremely weak signs of forming small dips 
on both sides of the N-Kc:x peak. These dips become much more 
pronounced at m'!lch higher Nitrogen levels, as we mentioned 
before. This is demonstrated in Fig, IV .12 for the case of 
the near-stoichiometric TiN calibration specimen. 
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The two negative areas on both sides of the small positive 
central peak in the back~round are clearly visible. In spite 
of the relatively poor x value, however, the resulting Area 
k-ratio for N-Ka , although slightly high (see Table IV.2), 
is quite reasonable. As mentioned before the resulting 
background seems to point to peak shape alterations between 
standards and specimen. A similar procedure for the STE 
crystal led to even a much poorer x2 value of 16.75 and an 
Area k-ratio for N-Ka of 2.3156. Again, this is a reasonable 
but this time slightly low answer. The resulting background 
in this case showed a remaining positive peak left of the 
N-Ka peak position, followed by a dip almost touching the 
base line on the right side of the N-Ka peak position. These 
phenomena seem to point to small shifts in the peaks between 
standards and specimen. Due to the better speetral resolution 
of the STE crystal, as compared to the LDE crystal, one could 
expect the former to be more sensitive to these effects. 

Summarizing the last two paragraphs we can say that the 
quantitative analysis of Nitrogen in Ti-containing compounds 
is definitely possible with a relative accuracy of better 
than 5 % ( for not too low levels) • For Nitrogen levels 
between 0 and 15 at % there is little choice between the two 
procedures discussed here : the Super ML fitting procedure is 
the only option in this case and the simplest form of this 
program, in which no use is made of first and second 
derivatives, seems to give the best answers. For higher 
Nitrogen levels there is a choice between the Super ML 
fitting technique ahd our new APF procedure. The former is 
the fastest technique although we have a slight preferenee 
for the APF procedure which gives slightly better and more 
consistent answers for the highest Nitrogen contents. In all 
cases, however, the use of the LDE crystal has to be 
preferred; not in the last place because of its much higher 
peak intensities, but also because of its strong suppression 
of higher-order reflections and poorer speetral resolution. 
The latter property makes it less sensitive to peak shape 
alterations. 

IV.3 Performance of LDE crystal as compared to conventional lead 
stearate crystal 

As we have mentioned in the introduetion already the 
element lH trog en is by far the most di ff icul t to deal wi th in 
the sequence of the ultra-light elements Boron, Carbon, 
Nitrogen and Oxygen. There are two reasons for this : 

In the first place the wavelength of N-Ka falls right into 
the K-absorption edge of Carbon ánd the emitted radiation 
has to travel through lots of Carbon (Stearate crystal, 
detector window) on its way to the detector. 
In the second place interference of higher-order metal 
lines frequently takes place; notorious examples are the 
elements zr and Nb. 
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As a result we have to deal with extremely lew Peak to 
Background ratios ( frequently below 1) for a conventional 
lead-stearate crystal, in conjunction with backgrounds which 
are very difficult to determine in many cases. 

Fortunately, since a number of years a new generation of 
analyzer crystals have become available : the new synthetic 
multilayers. The first crystal of this kind (code name LDE) 
that came to our possession was the W/Si multilayer 
( 2d-spacing 59.8 A, supplied by ovonic Synthetic Materials 
Corp. , Tray, Michigan, U.S. A. ) , the resul ts of which have 
been mentioned befare already on a number of occasions. Since 
we were at that time heavily involved in Nitrogen analysis 
and had a fairly large number of nitride specimens available 
it seemed a goed opportunity to campare the performances of 
LDE and STE crystals on all these nitrides. Same P[eliminary 
results of these tests have been published befare . At that 
time, however,we reported some problems with the LDE crystal 
when it was used at accelerating voltages beyend 20 kV. In 
these cases two braad unidentified extra peaks turned up in 
the immediate vicinity of the N-Ka peak with intensities 
comparable to the latter. We thought then that these peaks 
might be caused by Laue reflections from the (100)-Si single 
crystal substrate produced by components of the "whi te" 
spectrum generated in the specimen, thus giving rise to the 
presence of non-characteristic and, therefore, unidentifiable 
wavelengths in the spectrum. That reflections from the 
substrate are indeed possible was shown by the presence of 
streng characteristic Kat, 2 and K{3 reflections from a Capper 
specimen at 40 kV : the observed peak positions correspond to 
a d-spacing of 1.357 A, which in turn corresponds with the 
(400) reflection of Si. Later on it was discovered that these 
unidentified peaks were produced by backscattered electrans 
which were reflected by the LDE crystal rather efficiently. 
After the installation (by JEOL) of a simple extra electron 
trap near the objective lens these contributions could be 
suppressed very effectively. 

In the following pages (Fig. IV.12 a-q) the performances 
of bath crystals are compared on all our nitride specimens. 
The Pul se Height Analyzer condi tions (counter high tension 
and gain) were chosen such as to produce an N-Ka pulse at 
exactly 2.0 V and the lower level and window were set at 1.0 
and 2. o V, respectively. The accelerating voltage in all 
cases was 10 kV and a beam current of 300 nA has been used. 
In view of our bad experiences with oxidation phenomena under 
electron bombardment the air jet was nat employed. For 
technica! reasans (differences in 2d-spacings of bath 
crystals and limitations in the choice of the step size) it 
was nat possible to scan exactly the same wavelength regions 
with bath crystals. All spectra contain 500 channels with 
step sizes of 0.04 mm (STE) and 0.07 mm (LDE) between them. 
The counting time in each channel was 10 s. 

All figures are composed of 4 spectra, the top couple of 
which are always the N-Ka spectra from the nitride specimen 
in question ( left side for STE: right side for LDE) . The 
bottam couple are the spectra recorded from the pure metal 
partner in the nitride (left side again STE: right side LDE). 
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The latter spectra give a good survey over features like 
presence of intertering metal lines, curvatures or other 
peculiar effects of backgrounds, etc. 

A number of conclusions can: be dräwn 
It is obvious that the LDE crystal 
improvement of the net colint rátes 
factor of 2.8. 

from Fig. IV.l2 : 
brings an important 

by approximately a 

The Peak-to-Background ratio is significantly improved by 
a factor of 2-4. 
The speetral resolution of 
worse than that of the STE 
be an improvemerit in terms 
alterations. 

the LOE crystal is slightly 
crystal, which may turn out to 
of the effects of Peak Shape 

The LDE crystal is apparently able to produce a strong 
suppression of higher order reflections. One of the best 
examples of this effect is showï'l in :Fig. IV.12.j for th~ 
case of Fedf. The STE crystal produces a very strong 2 n 

order La1,2 and L13 peak, nruch stronger than the N-Ka peak 
itself. The corresponding LDE spectrum shows thè reverse 
effect : the second order lines are effectively suppressed 
and the N-Ka peak has become muc:h. stronger thàn the metal 
lines. This makes an accurate dètêrmination of the 
background much easier. 

It is important to note he:tè thà:t the strorlg suppression 
of higher order lines by the LDE c:rystal is not a universa! 
feature of this crystal. According to our èxperiences with c, 
N and o it only takes place in the 'W'ávelength tegions of the 
N-Ka and 0-Ka peaks ; in the regio:h of the c-:Ka peak no sign 
of such an effect is noticèablé. :tn the latter case too, 
however, it can still be advantagèous to use the LDE crystai 
in spitè of its lower peak count rates for carbon than STE : 
in a number of cases, notably the 1ighter caröides like B4C 
and Sic, the LDE ctystàl produces a smóoth arid horizontal 
background as cörirparèd to the Rinked (B4C} or sttrongly curved 
(SiC) background on· STE. 

The excellent qualitiês of the- LDE:: crystal are best shown 
off in the most diffièult cases, which are thè nitrides of 
the elelriénts Zr, N'b and Md. 'i'he wavelength of N-Ka is very 
close to the Ms edge in these elements which leads to mac' s 
for N-Ka in the order of 2000C1i amóng the highest values that 
cari be encóunté:ted for ~-Ka. This fact, in cömbination with 
the low weight fraction of I'fitrog'eri in these C:Olnpounds, leads 
to extremely low net count rates on STE (Fig. !V.12.k-n) and 
P/B ratios well below 1. In additHm to this, quantitative 
analysis of Nitro<jen with a STÈ èrystal is severely hampered 
by the presence of numerous iriterfering lines (Zr, Nb) andjor 
peculiarities in the backgrbünd (e._g:. for Mo at 90 mm or 32 
A). The significant imprové:riietlts p:tóduced by the LDE crystal 
are obvious in these èàses. Apart from the higher peak 
intensities there is a cónspicuous improvement in the 
backgrounds : they are completely f:tèé frotn intérferences and 
speetral artifacts and cari thus :Be determined with much 
higher accuracy. 
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As a general conclusion of this cernparisen it can be 
stated that, although the LDE crystal brings significant 
improvements over the whole range of nitrides, both in terros 
of count rates as well as Peak-to-Background ratios, it 
definitely brings the largest improvements in these cases 
where it is most needed : i e. the nitrides of Zr, Nb and Mo. 

IV.4 Area-Peak Factors for N-Ka relative to Cr2N 

Although we have stated befere (section III. 6} that the 
APF concept could only be used in a limited number of cases 
for fast routine measurements in the present work, due to the 
problems associated with background determination 
(curvatures, interfering lines, etc.) it is nevertheless 
interesting to report the values we fOund i if önly to make a 
cernparisen possible between the present results and these on 
Boren, Carbon and (in the future) Okygen. We must emphasize 
again that in spite of the large number of measurements we 
cannot claim the same relative accuracy ( ± 1 %) which we 
claimed for our Carbon measurements. our feeling is that for 
the "easy" cases (BN, AlN, Si3N4) the accuracy is at the ± 
1.5 % level i for the "difficult" cases (ZrN, Nb2N, Mo2N) it 
is probably ± 2-3 % Table IV. 4 gives a survey of the 
observed values for both crystals. 
It will be clear from Table IV. 4 that the effects of Peak 
Shape Al terations are very much lèss pronounced than for 
Boren or even Carbon. Nevertheless, shape alterations of + 8 
% (BN on LDE} or - 4 % (Nb2N on S1E) is still sernething to be 
concerned about if one is interested in quantitative 
analysis. Furthermore, it is interesting to point out that in 
spite of the small effects still sernething of a saw-tooth 
like variatien of APF with atomie number of the metal partner 
is visible, similar to the observations in borides and 
carbides. Again, very stable compourtds like 1iN and ZrN hold 
absolute minimum values while highly unstable nitrides like 
Mo2N have among thè highest values. 

IV.5 Emitted intensities for N-Ka radiation ~ ~ futletion of 
accelerating voltage~-

During our efforts to measure the integral k-ratios for 
N-Ka radiation of the various nitride specimens relative to 
CnN as a function of accelerating voltage we had an 
excellent opportunity to measure at the same time the 
absolute N-Ka intensities as a function of voltage. such 
measurements can be extremely useful in the process of 
testing the correctness and consistency of the mac for N-Ka 
in a particular nitride specimen, provided that a set of high 
quality intensity measurements is availablé over a 
sufficiently wide range in accelerating voltage. The two most 
stringent requirements for such measurements are : 
1} The beam current must be accurately known. In 
equipment this is not such à big problem because the 
current is automatically measured befere and after 
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TABLE IV.4 

Area-Peak Factors for N-Ka 
for the nitrides of the 
nwnbers in parentheses 
measurements involved. 

relative to Cr2N (Batch # 1) 
present investigation. The 
refer to the nwnber of 

Area-Peak Factor 

Compound STE LDE 

BN (He x) 1.0522 ( 77) 1.1010 ( 5) 

(Cub) ------ 1. 0820 ( 7) 
AlN 0.9829 ( 3 6) 0.9825 ( 7) 

Si3N4 1. 0707 ( 78) 1. 0838 ( 6) 
Ti2N 0.9710 ( . ) 0.9800 ( •> 

TiN 0.9710 ( . ) 0.9800 ( •> 
V2N 0.9948 ( 8 0) 0.9960 (70) 

VN 1. 0048 ( 8 1 ) 1. 0048 (71) 
Cr2N 1. 0000 Del . 1.0000 DeL 

CrN 1. 0180 ( 7 5) 1. 0180 (62) 
Fe4N 1. 0318 ( 3 3) 0.9941 (12) 

ZrN 0.9644 ( 8 8) 0.9778 (68) 
Nb2N 0.9599 ( 1 0 1 ) 0.9969 (84) 
Nb4N3 1. 0135 ( 1 1 2 ) 1. 0207 (94) 
Mo2N 1.0572 ( 1 3 9) 1. 0334 (96) 

HfN 0.9732 ( 90) 0.9841 (77) 

Ta2N 0.9695 ( 9 0) 0.9806 (77) 

TaN 0.9751 ( 90) 0.9863 (76) 

* These results have been obtained from numerous spectra 
involved in the development of our new procedure for 
analysis of Nitrogen in Ti-N compounds (Section IV.2) 

measurement. 
2) The absolute intensities must exhibit an extremely smooth 
and consistent variatien with accelerating voltage. 

The latter requirement presented us with a big problem 
indeed, because with the exception of the lighter nitrides 
BN, AlN and Si3N4, where the intensity measurements could be 
performed on the peak within one day over the full range in 
voltage, the vast majority of the nitrides had to be measured 
in an integral fashion, which took one night per accelerating 
voltage per specimen. Hence, approximately two weeks were 
necessary to complete the measurements on only one nitride 
specimen. The direct consequence of such a long period in 
time is that the absolute intensities can exhibit a rather 
large scatter due to changes in the atmospheric conditions 
(open gas-flow counter !). It is, therefore, hardly likely 
that such measurements could lead to the necessary smoothness 
and consistency required. 

In order to arrive at sets of absolute emitted intensities 
which are as smooth and consistent as possible we have, 
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therefore, chosen a different approach. one good set of 
measurements on Cr2N, performed during the continuous ( one 
day) measurements on cubic BN was selected as the basic 
reference set and all other emitted intensities were 
calculated from the integral k-ratios relative to Cr2N, 
measured over the 2-week period. These k-ratios would not be 
expected to show the scatter in the absolute intensities 
because they are relative rather than absolute quantities. In 
this way we managed to arrive at the best possible results 
under these (difficult) circumstam~es. Fig. IV.13 gives an 
example of these measurements for BN. All numerical data are 
given in Appendix 1, not only for Nitrogen but also for all 
the roetal X-ray lines that could be excited in the voltage 
range. 

1. 2 

T.U. E. BN 
1. 0 

>-
1-.... 0. 8 
(/) 
z 
UJ 
1- 0. f;3 z .... 
. o. 4 ...l 

UJ c 
~ 

0.2 

0 
0 10 20 30 

ACCEL. VOLTAGE <KV> 

Fig. IV.13 Relative N-Kcx intensity emitted from 
Hexagonal (open sqUares) and Cubic (full circles) BN as 
a function of acceleräting völtage. 

Fig. IV.13 reflects another problem, hardly discussed until 
now : The problem of a lack of electrical conductivity in 
some of the nitride specimens. Hexagonal BN (open squares) 
was the most notorious example we encountered so far in this 
respect, al though we had some protHeros too wi th AlN and 
Si3N4. The influence of a lack of electrical conductivity on 
the quantitative results of EPMA h~f been discussed in detail 
in one of our recent publications ~ It has been shown that 
the application of a conductive (Carbon) coating will not 
necessarily lead to meaningful results, not even when a hole 
is burned in the conductive coating using an air jet, like we 
have done for hexagonal BN in Fig. IV.13. It is obvious that 
the conductive cubic form of BN shows a different variatien 
of emitted intensity with voltage than the hexagonal one, 
suggesting at first sight a different mac of N-l<cx in BN. Fig. 
IV.14 a-h gives the results for all other nitride specimens. 
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Fig. IV.14.a.Relative emitted N-Ka intensities from AlN 
(top) and Si3N4 (bottom) as a function of accelerating 
voltage. Note the slight voltage drop in the uncoated 
AlN due to surface charging. Si 3N4 was measured through 
a hole burned in a Carbon coating. For numerical 
details see Appendix 1 
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Fig. IV. 14. b. Relative emitted N-Kcx intensities from 
Ti2N (top) and TiN (bottom) as a function of 
accelerating voltage. No coating used. For numerical 
details see Appendix 1 
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Fig. IV.14.c.Relative emitted N-Ka intensities from V2N 
(top) and VN (bottom) as a function of accelerating 
voltage . No coating used. For numerical details see 
Appendix 1 
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Fig. IV. 14. d. Relative emitted N~I<a intensit.:tes from 
Cr2N (top) and CrN (bottom) as a function of 
accelerating voltage. No coating used. For numerical 
details see Appendix 1 
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Fig. IV. 14. e, Relative emitted N-Kcx intensities from 
Fe4N (top) and ZrN (bottom) as a function of 
accelerating voltage. No coating used. For numerical 
details see Appendix 1 
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Fig. IV. 14. f. Relative emitted N.,...].(a intensities from 
Nb2N (top) and Nb4N3 (bottoro) as a function of 
accelerating voltage. No coating used. For numerical 
details see Appendix 1 
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Fig. IV. 14. g. Relative emitted N-Ka intensities from 
Ho2N (top) and HfN (bottom) as a function of 
accelerating voltage. No coating used. For numerical 
details see Appendix 1 
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Fig. IV. 14. h. Relative emitted N~Ka intensities from 
Ta2N (top) and TaN (bottom) as a function of 
accelerating voltage. No coating used. For numerical 
details see Appendix 1 
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The problems with the non-conducting hexagonal farm of BN not 
only manifested themselves in a deviating behaviour of the 
emitted intensity with varying voltage but also in an 
abnormal variation of k-ratio with accelerating voltage : It 
proved virtually impossible to obtain agreement between the 
observed k-ratios and the predictions made by our correction 
program (see Chapter V), not only for N-Ka but also for B-Ka. 
Attempts to perfarm the measurements on carbon-coated samples 
(standard, as well as specimen) were only partly successful : 
only the voltage range around 10 kV yielded anywhere near 
acceptable results. Outside this range, however, large 
deviations were usually observed. Also all efforts to perfarm 
the measurements through a hole burned in the carbon coating 
using an air jet failed to produce tolerable results. 

As soon as the measurements could be carried out on cubic 
BN, however, which exhibits a much better electrical 
conductivity, everything was back to normal again and good 
agreement was found between predictions and observations, 
without the use of any coating. 

The measurements on Si3N4 could be performed quite 
successfully through holes burned in a carbon coating. 
Apparently the presence of a well-conducting Si-substrate 
underneath the 2.5 ~m Si3N4 layer provides sufficient relief 
to the incoming electrans as to prevent serious charging 
effects inside the specimen. Possible slight surface charging 
effects are obviously alleviated by the presence of the 
remaining carbon coating surrounding the hole. 

The measurements on AlN could be carried out without any 
coating at all. However, small voltage drops did occur at the 
specimen surface, due to charging. This was established by 
recording the short-wavelength cut-off at the CRT of the EDX 
system. Table IV. 5 gives a survey of the observed apparent 
beam voltage as compared to the nomina! accelerating voltage. 

TABLE IV.S 

Relationship between the apparent beam voltage, 
measured from the short-wavelength cut-off on the CRT 
of the EDX system, and the nominal accelerating voltage 
for uncoated AlN 

Nomina! Voltage (kV) Apparent. Voltage (kV) 

4 3.38 
6 5.02 
8 6.92 

10 8.56 
12 10.64 
15 13.92 
20 18.28 
25 24.00 
30 28.50 

The apparent voltages have been used in the voltage scale of 
Fig. IV. 14 a (AlN) and in the final data base. 
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V DAT A REDUCTION 

After the accurate measurements of absolute and relative 
emi tted intens i ties in all the nitride specimens the last 
step in the procedure is the conversion of measured k-ratios 
into concentration units. Ever since we started our work on 
ultra-light element analysis in 1983 we have been very much 
in favour of the surface-centred Gaussian ~(pz) approach for 
matri~ correction, which was introduced by Packwood and 
Brown in 1981. Our special appeal to this particular 
approach in bulk matrix correction and certainly for thin 
film applications sterns from the consideration that this 
method is based on realistic X-ray distribution functions 
wi th depth, the so-called ~ ( pz) functions. The particular 
advantage of these ~ (pz) functions is that they enable the 
calculation of the generated as well as the emi tted X-ray 
intensities at any depth in the specimen, contrary to the 
so-called "ZAF" approaches which allow only the calculation 
of the total amounts of generated and emitted intensities. As 
we have pointed out already in Chapter II these ~(pz) 
approaches provide the best possible starting pos i tion for 
the analysis of thin films and in-depth profiling. However, 
they are of the utmost importance also for the analysis of 
ultra-light elements. In cases of extreme absorption the 
absorption correction depends almost entirely upon the ~ (o) 
value and the very first (curved) part of the ~ (pz) curve 
(see e.g. Fig. II.3), an area which is ignored in the 
absorption correction schemes of many "ZAF" correction 
models. 

Since the time when we adopted the Gaussian Packwood and 
Brown model for matrix correction we have continuously tried 
to improve the original equations on which it was based, 
mainly by using the data bases which we collected during our 
work on light element analysis; starting with Carbon1

, 

followed by Boron2
, and at present Nitrogen. In the meantime 

the work on Oxygen has also been completed. As a result an 
extensive data base is now available for testing and 
improving correction programs and sets of mac's. When more 
and more data became available we have been able to produce 
better and better programs in the course of the last six 
years, not only for light element analysis but also for the 
analysis of medium-to-high z elements. Our ultimate goal has 
always been to arrive at a correction program which can 
be applied universally. 

We shall now give a brief description of the fundamentals 
of the Gaussian ~ (pz) approach, followed by the details of 
our latest correction program. Finally we shall discuss the 
results that could be achieved in the present work. 
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V.l Fundamentals of the Gaussian ~iPzl approach 

The ~(pz) approach of Packwood and Brown22 is based on the 
observation that most measured ~ (pz) curves can be fitted 
with an equation of the type : 

~(pz) = 1 • [1 - 1 - ~(o). exp - ({3pz)] • exp - (a2 . (pz) 2 ) 
1 

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

2 2 
1 . exp- (a .(pz) ) 

in which 1 can be regarded as a sealing factor or starting 
point for the basic surface-centred Gaussian and a represents 
the decay rate in the Gaussian. The functional behaviour of 
all parameters involved is best demonstrated with the help of 
Fig. V. 1. 

4>(p z ) 

2 2 
y • exp- (a ( p z ) ) 

Y · ..... ~ 
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4>(o) 

·. 
~.. Region modified 

by B 
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........ -\ 
Emitted 
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' ' ' ' ' ' ' .... 
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.... _ 

-2 
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0.4 

Fig. V.l Example of a ~(pz) curve showing the 
functional behaviour of the four Gaussian parameters a, 
{3, 1 and ~(o). Solid curve represents the generated 
intensity while the lover broken curve corresponds to 
the actually emitted intensity. 
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The basic surface-centred Gaussian function is modified in 
the near-surface regions by a transient function 

(~ - <f>(o)) • exp - ((3pz) 

This transient function has been introduced in order to 
deal with the rate at which the originally collimated 
electron beam becomes randomized (see Chapter II). 

Straight-forward integration of the generated <f>(pz) curve 
between pz=O and infinity gives the qenerated intensity 
within the specimen. Multiplication of each point in the 
generated <f>(pz) curve with the absorption factor exp- (xpz), 
in which x stands for IJ./P . cosec .f/1 (1/1 is take-off angle) , 
gives the emitted intensity as a function of mass depth 
(lower broken curve in Fig. V.l). 'I"his emitted intensity can 
also be integrated between the pz limits of zero and infinity 
in order to yield the total amount of emitt.ed intensity from 
either standard or specimen. Now, the k-ratiG 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 concentratien of the 
element in question in the specimen . 

The performance of the Gaussian <f>{pz) approach for matrix 
correction is, of course, largely dependent upon the 
successful parameter i zation of the parameters ex, (3, ~ and 
</> '(o) on which the model is based. In the course of t~e ~ears 
we have produced a number of different versions1

'
2

' '
6

' 
1 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 elements31 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 futare iinprovements will be of a 
minor nature. '!'he 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 ("MLA", up 
to 5 layers). We shall now give the details on our PROZA 
program. 

V.~ Latest parameterizations of the PROZA. tf>l.Pil program 

In this new program a drasti§i . change has been made 
compared to previous versions1

'
2

'
3

' 
0

'
31 in which the 4> (pz) 

parameterizations were based on independent equations for the 
Gauss}

2
an parameters ex ., (3, ~ and <f>('o} in the Packwood-Brown 

model . 
The value of the parameter (3 is now no longer calculated 

using an independent equation but through a procedure based 
on the atomie number correction of Pouchou and Pichoir8

• 

This atomie number correction provides the value of the 
integral of 4> (pz) (i.e. the generated intens i ty in the 
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specimen) which will be called F. 
Using the F-value and new expressions for a and 1 the value 
of (3 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 fP (pz) curve has both the "correct" 
position as well as the correct height. 
Th is means that the parameters a, {3, 1 and fP (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 reasen why this procedure has 
now a better and more consistent 
correction program must be expected 
ratios; an area which has always caused 
versions. 

been adopted is that 
performance of the 
at low overvoltage 
problems in previous 

PROCEDURE 

STEP #1 Calculation of Primary (Generated) 
and integral of fP(pz) (= F) according 
Pichoir8

• 

Intensity (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 =I Q
1
(E)/(dEfdps> .dE ( 1) 

Eo 

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

dE/dps = ( -1/J) . (L Cl . ZI/AI) . ( 1/f (V)) (2) 

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

ln J = (L C1 . ZI/AI . , ln J1 )/M 

J1 is calculated according to Zeller12
: 

J 1 = Z 1 • [1 0 . 0 4 + 8 . 2 5 . exp (-Z 11 11. 2 2) ) 

M = E Cl . z I/Al 
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In equation (2) the usual Bethe expression has been replaced 
by a semi-empirica! expression in térms of f (V), mai~llY in 
order to ensure a more reliable performance below 15 kV . 
The parameter f(V) is the sum of three terms 

3 

f(V) = L Ok . V Pk , with: 
k=1 

Ot = 6.6 * 10- 6 Pt = 0.78 
02 = 1.12 * 10 - 5

• ( 1. 35 - 0.45 . J 2) P2 = 0.1 
03 = 2.2 * 10- 6

/ J P3 = -(0.5 - 0.25 J 

The ionisation cross"'"'section Qt (U) of the i-shell is 
proportional to: 

ln(U)/(Ec2 . tf') 

in which U = E/Ec and: 

m = 0.86 + 0.12 . exp[-(ZA/5) 2 ] for K-shéll excitations 
m = 0.82 fOr L-shell excitations 
m = 0.78 for M~shell excitations 

ZA is the atomie number of the excited atom. 
The use of these particular expressions for the ionisation 
cross-sections, which seem to be in better agreement8 wi th 
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: 

P. I. 
3 

= R. (UojVo/M) ·L Ok 
k=1 

Pk ... 
. (VojUo) • (Tk 

The backscatter factor R can be calculated according to: 

R = 1 ... 11 • W. [ 1-- G ( Uo) ] 

in which the mean electron backscatter coefficient 11 and the 
average reduced energy W of the backscattered electrans can 
be written as: 

7) = 1.75 * 10-3• ZP + 0.37 . [1-exp(--0.015 . ZPt. 3)] 

Zp = (L Ct • Zt
0

•
5

) 
2 

W= E/Eo = 0.595 +71/3.7 + 7) 
4

•
55 

G(Uo) is de Coulon-Zeller expression12
: 

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

with J(Uo) = 1+Uo. (ln Uo-1) and a= (2W- 1)/(1 -W) 
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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./ Q1 (Eo) 

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

The object of this step is to find the a, (3, '1 and ~(o) 
parameters which will provide the correct integral of ~(pz) 
(= F) • 

- The equation for ~(o) is that used by Pouchou and Pichoir8 
: 

~ ( 0) = 1 + 3. 3 • ( 1 - 1/Uo '1 ) • 1j 1. 
2 

with : '1 = 2 - 2.3 • 1j 

- Our latest equation for a is: 

2 • 1614 • 1 0 5 • z 1. 
163 

a = 
( U o -1 ) 0 5 • E o 1. 

25 0 A 

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 a I,J values (a for element i-radiation in 
interaction with element j of the matrix) is calculated and 
the a 1-value in the compound target is composed as follows : 

( 1/a I) compo 
ZJ . AJ . 1/a I ,J 

- The equation for '1 is: 

for Uo ~ 6: 

3.98352 .Uo -oo0516861 ( 
-0 0 1424549 ) 

1. 2 7 62 3 3 -Uo -1.
255580 Z 

for Uo > 6: 

2.814333 
-o 0 1614454 

Uo Oo 262702o Z 
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In order to accommodate the change in ionisation 
cross-sectien with atomie number for ultra-light element 
radiations, proposed by Pouchou and Pichoir, it is necessary 
in these cases to multiply 7 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-fractioh averaged atomie 
number is substituted for z. 

- The calculation of ~ proceeds in thê following way: 
We have shown bëforè30 that the tótäi intensity generated in 
a specimen (= F) can bè exprèssed by: 

in which R(~/2a) is the fifth degree polynomiai used in the 
approximation of thè erfc (~j2a) funètion. !n fact, the 
latter equation is the forma! solutidh of the Gaussian 

· integral of tP(pz) between 0 and infinity in closed form. 
After rearranging it fellows that: 

R(~/2a) = ['t- 2a . F/Vrr]/[7- tP(o)] 

contrary to our previous versiohs this time F is known first 
and the problem is now to fihd the value öf ~ tising the known 
values of a, 7 and tP(o) through the latter equation. This 
means that the function R(~/2a) has to be used backward: i.e. 
the function value is khown änd the àrgtiment (~/2a) has to be 
determined. 

The simplest way t6 sol\Tè tfiis probiem was tö cut the 
functioh ihto 9 different règiorts ánd tó fit these regions 
with much simpler geometrie functions. :t:f for a moment we 
substitute x for R(~/2&) we 6btaihed às tne best fits: 

.9 :s x < 1 ~/2à - .g62S832 - .9642440.x 

.8 < x < .9 ~j2a = 1•122405 - 1.141942.x 

.7 < x :s .8 ~j2a - 13.438iö.exp(-5.1S0503.x) 
.57 < x :s .7 ~j2a = 5.909606.exp(-4.015891.x) 

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

.102 < x :s .306 (3j2a = (1-.5379956.X)/(1.685638.x) 

.056 < x :s .102 ~j2a - (1~1.Ö43744.x)/(1.6Ö4820.x) 
.03165 < x :s ;056 (3/2iX ~ (1-2.749786.x)/(1.447465.x) 

0 < x :s .03165 ~/2ci. = (1-4.894396.x)/(1.341313.x) 
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As a result of the fitting procedure the value of R(f3/2a) 
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(f3/2a) is compared to the formal one 
and {3 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(f3/2a) as compared to the 
formal one. 

30 Once a, {3, '( and cp ( o) are known the usual procedure can 
again be followed. 
A special preeautien had to be taken at extremely low 
overvoltages. In such cases it is virtually impossible to 
ensure a correct parameterization of cp(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(f3/2a) values are calculated 
which are negative or larger than one. 
It is obvious though, that R(f3/2a) can only have values 
between 0 and 1, which means that {3 is between infinity and 
zero. When R(f3/2a) 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 <P (pz) curve starts 
halfway the value of cp(o) and '(. Using the known value for F 
a new (and usually higher) value for a is calculated through: 

a = [ <P ( o) + l' J • vrr 
4 F 

The value of R(f3/2a) is thereby set at èxactly 0.5. Although 
the cp(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 <P (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) . 

V.3 Results of the PROZA program on previous data 

V.3.1 Medium-to-heavy element analyses 

The composition of this data base and the origin of the 
measurements contained in i t have been discussed in detail 
before31

• The original 627 analyses have been supplemented 
wi th the analyses of metal lines in carbides1 and borides2 

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. 
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Only highly consistent series of measurements have been 
admitted These can be either measurements on a fixed 
(binary) composition but taken over a wide range in 
acealerating 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 acealerating 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 campare it to the measured 
k-ratio. A convenient way to present the results is to 
display them in a histogram showing the number of ana,lyses 
versus the ratio k'/k. The narrowness of the obtained 
distribution, in terms of the relativ~ 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, 
with 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. It .appears to us that the 
recent parameterization by Heinrich33 gives the best results 
as far as can be judged with our data base. Therefore, we 
have used (and still use) this particular parameterization in 
our calculations. Fig. V. 2 shows the histogram we obtained 
with our PROZA program under these conditions. It must be 
emphasized that the resulting excellent r.m.s. value of 2.44 
% is not due to the program alone but still contains the sum 
of three errors : 
1) The uncertainties in the nominal 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 % relativa and probably much larger 
even in the cases of heavy absarptien andjor low take-off 
angles, it is unlikely that signifieant further improvements 
in the program can be expected from f~ture measurements. 

V.3.2 Boron and Carbon analyses 

The resul ts obtained wi th PROZA on our Boron and Carbon 
data files are given in Table V.1. Please note that in this 
case the ratios between the calculated and the nominal 
concentratien of the light element have l;>een used. It is 
further important to note that signiticantly better results 
for Boron could be achieved when thè resul ts tor the three 
Ni-borides would have been eliminated. These cases exhibit a 
15 % too low emission of B-Ka radiation, which must be 
concluded from the fact that the averages in c' je 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 of B-Ka in Ni is satisfactory. 
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Fig. V. 2 Histogram showing the results of the PROZA 
correction program on a data file of 877 analyses on 
medium-ta-high Z elements. 

Table V.l 

Results obtained with PROZA on our Boron
2 

and carbon
1 

data 

Element No. of meas. ts Accel. Voltage (kV) c'/c r.m.s% 

B 180 4-15 (30) 0.977 6-7 
c 117 4-30 0.983 4 
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The results obtained with our new program on our previous 
data indicate an excellent performance of PROZA both for the 
ultra-light elements as for the heavier elements. In the 
latter case the performance at very low overvoltage ratios 
has greatly been improved. 

V.4 Results from the present work 

V.4.1 Analysis of the metal lines in thè nitrides 

The numerical details of the measurements are given in 
Appendix 1. All possible X-rá.y lines that could be excited 
between 4 and 30 kV have been measured. Appendix 2 gives the 
graphical displays. The (sinoothed} k-ratios were finally 
entered into our data base (AppendîX 3). Fig. V. 2 gives the 
histogram obtained with PROZA on this data set of 149 
entries. 
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Fig. V.2 Histogram obtained with our PROZA program on a 
data file of 149 ànalyses of the X-ray lines of the 
metals in our nitride specimens betveen 4 and 30 kV. 

The results of the individual sets of measurements are given 
in Table V.2. As the average overall k'/k ratio of 0.9880 and 
the r.m.s. figure of 1.3259 % indicate the program perfarms 
highly satisfactorily f .or this type of analysis. 
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V.4.2 Analysis of Nitroge~ in the nitrides 

The numerical details of all our Nitrogen measurements are 
given in Appendix 1., together with some special remarks on 
the procedures where appropriate. For the lighter Nitrides 
( BN up to TiN) the measurements were exclusi vely performed 
wi th the STE crystal. From V2N on both STE and LDE crystals 
were used simultaneously. In the latter cases the final 
k-ratios for N-Ka were obtained by weighting the results in a 
2:1 ratio in favour of LDE. Fig. V. 3 shows the histogram 
obtained with PROZA on this data base of 144 (unsmoothed) 
k-ratios for N-Ka using the rnac's of Table II.1. 
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Fig. V.3 Histogram obtained with our PROZA program on a 
data base of 144 Nitrogen analyses between 4 and 30 kV. 
Hass absorption coefficients of Table II.l were used. 

The numerical results of the individual sets of measurements 
for Nitrogen are given in Table V.2, while the graphical 
representations are shown in Fig. V.4. a-h, together with the 
predictions of our program (solid curves). It is obvious that 
the program performs remarkably well up to accelerating 
voltages as high as 3 0 kV. The discrepancies between the 
predicted and the experimentally obtained k-ratios rarely 
exceed 5 % relative, even in the most difficult cases like 
ZrN, Nb2N and Mo2N. This is all the more remarkable because 
the measurements were obtained over a 2-week period in most 
cases and as a resul t one would expect a somewhat larger 
scatter than from a continuous (1-day) measurement. 
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Table V.2 

Numerical results obtained in th'e individual sets of 
intensity measurements of the X-ray lines of the metals 
and Nitrogen in the Nitride specimens of the present 
investigation betveen 4 ahd 30 kV. 

Met al Ahalysis Nitrogen Ahalysis 

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

BN (cub) B-l<a 0.9722 1.3966 0.9989 5.9150 
AlN Al-Ka 0.9867 0.6667 0.9867 3.4641 

Si3N4 Si-Ka 0.9900 O.ÖOÓÖ 1.00j3 6.9121 
Ti2N Ti.:..Ka 0.9725 ö.433ó 0.9856 3.2356 

TiN Ti-Ka 0.9725 0.4330 0.9922 2.8588 
V2N V-Kä 0.9800 o.oööö 1. 0089 2.0245 
VN V-Ka 0.9800 0.0000 1. 0056 1.7069 

Cr2N cr-Ka 0.9914 0.3499 ------ ------
CrN cr-Ka o.9871 0.6999 0.9911 1. 0999 

Fe4N Fe-Ka 1. 0100 o.ooóö i. 0322 1.4741 
ZrN Zr-La 0.9689 0.3143 1. 0244 2.6713 

Nb2N Nb-Là 0.9911 o.5666 i. 0367 4.4222 
Nb4N3 Nb-La 0.9878 0.4157 0.9922 2.8197 
Mo2N Mo-t.a 1. 0011 0.974~ 1. 0267 5.0990 

HfN M/L:-a 1. 0022 0.628'5 1. 0022 1. 9309 
Ta2N Ta..;.Mcx ó.9878 0.4157 0.9956 4.4500 

11 Ta-ta: 1.0000 ó.oooo . . . . ------------
TaN Ta-Ma 0.9944 o.684~ 1.0000 2.7487 

11 Ta-La 1.0100 0.8944 ------ ------

OVERALL RËSULTS 

METALS ANALYSES (149 entries) 
k'/k. = ö.988ó lt. M. s. = 1. 3259 " HITROG EN ANALYSES (144 èntriès) 
k'/k = 1.oosi R.M.S. = 3.9965 " 
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Fig. V. 4. a. Comparison between the experimental 
integral k-ratios for N-Ka relative to Cr2N ( circles) 
and the predictions of our PROZA program (solid curve). 
Top : uncoated Cubic BN; bottam : uncoated AlN. Note 
the shift in the voltage for AlN due to slight surface 
charging effects. Stearate crystal only. 
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Fig. V. 4. b. Comparison between the experimental 
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and the predictions of our PROZA program (solid curve). 
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VI CONCLUSIONS 

A nutnber of general conclusions can be drawn from the 
present ~ work : 

1) Accurate intensity measurements are possible for N-Ka 
radiat~on over a wide range in accelerating voltages, in 
spite df the fact that this particular element is by far the 
most difficult to deal with in the sequence of the 
ultra-~ight elements B, C, N and 0. 
The use of a modern synthetic mul tilayer crystal (W/Si, 
2d=59. 8

1 
Ä) gives a major impravement in this respect, since 

it can provide 2.8 times higher net peak intensities. At the 
same time, however, it can produce a strong suppression of 
higherlorder reflections which is extremely beneficia! for 
the accurate determination of the backgrounds. 

2) Reason~bly accurate (better than 5 % relative) analysis of 
Nitrogen appears to be possible even in Ti-containing 
compoun,ds, in spi te of the severe overlap of the Ti-11 and 
the N-~a peaks. In this respect too the application of the 
W/Si multilayer crystal leads to major improvements in the 
resultsl. 

3) Peak s~ape alterations in the N-Ka peak, relative to a Cr2N 
standar~, are much smaller than those observed for B-Ka and 
C-Ka r4diations : The APF-values (Area-Peak Factors) were 
found tp differ less than 5 % from unity. Nevertheless, for 
accurate quantitative analysis these effects have to be 
taken into account. 

4) Our latest Gaussian (/>(pz) correction program "PROZA", which 
is based on new parameterizations for the Gaussian a, ~' ~ 
and (/>(oj parameters, produces excellent results on the newly 
collected data base of 144 N-Ka measurements between 4 and 
30 kV. However, the results are equally satisfactory on 
previous1

'
2 ultra-light element data as well as on 

medium-ta-high Z element data. The conclusion seems, 
therefof e, justified that this latest program is a genuine 
step forward towards the ul timate goal of a "universa!" 
correction program. At all times, however, it is imperative 
to use J a set of the most consistent mass absorption 
coefficients. 

The overall conclusion of the present work can be that 
accurate . quantitative analysis of Nitrogen is definitely 
possible, provided that the measurements are performed 
carefully, a good correction program is used and, not in the 
last pla~e, a consistent set of mass absorption coefficients 
is used. 
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Appendix l •.. a 

Nitride: BN (cubic} 

Date: B-K~ 8-9-10 July 1987 

N-K~ 8-9-10 July 1987 

kV Beam current Net.intensities 
(nA) (c:ps/nA) 

B-K~ lnteqral N-~ 

B-K~ N -K~ B BN Cr2N 

4 300 300 9.15 3.428 4.55 

6 300 300 13.47 4.468 6.69 

8 300 300 16.21 4.629 7.87 

10 300 300 17.19 4,364 ~.48 

],2 300 300 16.80 3.887 ~. 5l, 

15 300 300 15.99 3.278 8.05 

20 300 300 13.35 2.434 6,89 

25 300 300 10.64 1.9:J,(i 5.82 

30 300 300 8.54 1,566 4.96 

lnt!l\lr 

BN 

],5.],41 

?1.84(1 

24.197 

25~019 

2;},071 

19.427 

14,827 

n.n4 

9.75;J 

Compo: 56.45 wt% N 

---... - wt% 0 

43.55 wt% B 

k..-ratiop 

.. 

~ AKR N-K~ 
B-Kcy: STE LDE 

0.3747 3.3278 

0.;33],7 ---- 3.2646 

0.2856 ---- 3.0746 

(),2539 ---- 2.9503 

0.2316 2. 7111 

0.2049 -~--- 2.4133 

0.1823 ---- 2.1520 

().18()0 ---- 1. 9887 

0.1834 ---- 1.9663 

Remarks: BN Cubic (bl~ck crystals); not coated! 

Backgrounds: B-K~: ~ 25 mm 0n eitner ~id~ ot the peak and interpolated 
N-K~: ± 11.2 ~ (LDE) 

PHA settings: counter HT 
B-K~: 1700 volt 
N-K~: 1700 volt 

Lower level 
().5 volt 
().5 volt 
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Wind.ow 
3.() V 
3,() V 

Ga in 
64*5.5 

100*1. 0 

Pul se 
2.0 V AS STE 
2.0 V DS LDE 



Appendix 1. .. b 

Nitride: BH (Hex) 
conducllvlty probl""'B 

Date: B-Ka February 1986 

N-K~ March 1985 

Compo: 56.45 wt% N 

wt%0 

43.55 wt% B 

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

~-Ka N-Ka AKR B Ka W N-Ka 
In eqral lnteqral 

hyYe 
ho 1 n carb. 

B-Ka N-Ka B BN Cr2N BN hole STE LDE In 
I carCon carbon I 

4 300 300 12.41 3.825 4.55 15.022 0.3082 3.3016 ----
6 300 300 18.33 5.131 6.69 21.961 0.2799 3.2827 ----

* 8 300 300 21.93 5.513 7.87 23.074 0.2514 2.9319 ----
10 300 300 23.65 5.366 8.48 22.529 0.2199 0.2269 2.6567 ----
12 300 300 23.93 4.925 8.51 20.722 0.2255 0.2058 2.4350 ----
15 300 300 22.27 4.104 8.05 16.331 0.2139 0.1843 2.0287 ----
20 300 300 17.94 2.878 6.89 12.596 0.1915 0.1604 1.8282 ----
25 300 300 14.32 2.165 5.82 9.117 0.1724 0.1512 1.5665 ----
30 300 300 11.85 1. 747 4.96 7.559 0.1573 0.1474 1.5240 ----

I 

Remarks: Nl Ka: BN Carbon coated; Airjet, 20 minutes ---+ hole in carbon 
Cr2N standard NOT coated 

*carbon coating (B & BN) without hole! 
Conductivity problems below 10 kV 
For Boron 10 holes burned in carbon coating 30 kV 300 nA 1 hour 

i Backgrounds: B-Ka: ± 25 mm on either side of the peak and interpolated 
I N-Ka: ± 6.7 mm (STE) 

PHA settings: counter HT Lower level Window Ga in Pul se 
B-Ka: 1700 volt 0.5 volt 3.5 V 64*5.5 2.0 V STE AS 

N-Ka: 1700 volt 1. 5 volt l.OV 32*8.0 2.0 V STE AS 
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Appendix l ... c 

Nitride: AlN 

Date: Al-Ka 11-12 March 1985 
N-Ka September 1985 

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

Al-fa pea 
. ~-l<a 
ln eqral 

Al-Ka N-Ka Al AlN Cr2N AlN 

4 30 300 165.27 101.79 4.55 11.242 

6 10 300 429.38 270~76 6.69 14.529 

8 3 300 760.41 475.79 7.87 15.854 

10 3 300 1102.55 672.84 8.48 15.220 

12 3 300 1459.38 902.42 8.51 14. 6i2 

15 i 300 1987.78 1182.51 8.0!5 12.209 

20 1 300 2728.99 1586.83 6.89 9.30j 

25 1 300 3368.76 1863.90 5.82 1.461 
30 1 300 3835.05 2040.82 4.96 6.bo2 

Remarks: AlN hot coated 

compo: 34.18 wtt N __ ...... _ wtt 0 

65.82 wtt Al 

k-ratios 

PKR AKR N-Ka 

Al-Ka STE LDE 

0.6159 2.4707. ----
0.6306 2.1717 ----
0.6257 2.0145 ----
0.6103 1. 7948 1. 7636 

o.«n84 1. 7170 ----
ó.5949 1.5166 ----
0.5815 1. 3502 ----
o.553j 1.2830 

_ ... _ ... 
Odi32:! 1.2100 ----

Backgrounds: Al-K«: ± 5 mm on eithér side et thè peak and interpolated 

N-Ka: ± 7 mm (STE) 

PHA settings: counter HT 

Al-Ka: 

N-Ka: 
1600 volt 
1700 volt 

Lowér level 
0.6 volt 

1.5 volt 
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Window 

opeh 
l.OV 

Gairt 

32*5.5 

32*8.0 

PUl se 

2.0 V AS TAP 

2.0 V AS STE 



Appendix 1. •• d 

Nitride: SiJN4 
2. 5 jJ.m /Sl 

Date: Si-Ka 113 March 1985 
N-Ka March 1985 

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

I Si-~a N-K-a 
pea inlegral 

Si-Ka N-'Ka Si Si3N4 Cr2N Si3N4 

4 30 ~00 106.26 56.55 4.55 10.781 
I 

6 10 300 356.66 199.79 6.69 13.832 

8 3 300 679.13 383.61 7.87 15.147 

10 3 ~ 00 1020.70 579.78 8.48 14.904 

12 3 300 1393.84 785.39 8.51 14.013 

15 1 ~00 1955.36 1081.84 8.05 11.350 

20 1 300 2797.77 1524.90 6.89 7.646 

25 -- 300 ---- --·-- 5.82 6.832 
i 

30 -- 300 ---- ---- 4.96 5.433 

Compo: 39.24 wt% N 
0.70 wt% 0 

60.06 wt% Si 

k-ratios 

PKR AKR N-Ka 

Si-Ka STE LDE 

0.5322 2.3694 ----
0.5602 2.0676 ----
0.5649 1. 9246 ----
0.5680 1. 7575 1. 7381 

0.5635 1. 6467 ----
0.5533 1.4099 ----
0.5450 1.1097 ----
---- 1.1738 ----
---- 1.0954 ----

Remarks: For lsi-Ka: 1) Si3N4 + Si carbon coated. 
Beyend 20 kV conductivity sufficient without carb 

For 

Backgrounds: 

PHA settings: 

Si-Ka: 

N-Ka: 

N-Ka: 

Si-Ka: 
N -Ka: 

2) Si-Ka measurements were stopped at 20 kV; layer n 
thick enough 
Holes burned in carbon coating 

± 5 mm on either side of the peak and interpolated . 
± 6.7 mm (STE) 

Counter HT Lower level Window Ga in Pul se 

1600 volt 0.6 volt open 32*4.4 2.0 V AS TAP 

1700 volt 1.5 volt l.OV 32*8.0 2.0 V AS STE 
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Appendix 1. •• e 

Nitride: TiN 

Date: Ti-Ka 31 January 1986 
N-Ka May 1985-March 1987 

Compo: 22.50 wt% N 
wt%0 

77.50 wt% Ti 

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

Ti-~a ~-Ka PKR AKR N-Ka 
pea ln eqral 

Ti-Ka N-Ka Ti TiN CraN TiN Ti-Ka STE LDE 

4 --- 300 --- --- 4.55 9. 719 . --- 2.136 ----
6 · 100 300 22.27 16.24 6.69 14.85~ 0.7293 2.221 ----
8 30 300 132.72 97.46 7.87 18.353 0.7343 2.332 ----

10 15 300 292.50 214.43 8.48 19.821 0.7331 2.337 2.329 

12 10 300 493.96 366.77 8.51 22.024 0.7425 2.588 ----
15 10 300 862.52 645.85 8. 05 20.254 .0.7488 2.516 ----
20 3 300 1542.73 1161.37 6.89 18.479 0.7528 2.682 ----
25 3 300 2279.12 1725.29 5.82 16.028 o. 7570 2.754 ----
30 2 300 3057.72 2320.2() 4.96 14.994 0.7588 3.023 ----

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

N-Ka: ± 11.2 mm (LDE) or ± 6.7 mm (STE) 

PHA settings: counter HT Lower level window Ga in Pul se 

Ti-Ka: 1700 volt 0.5 volt open 128*6.5 2.0 V PET 

N-Ka: 1700 volt 1. 0 volt 2.0 V 32*8.0 2.0 V STE 
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Appendix 1 .•• f 

Nitride: Ti2N 

Date: Ti-Ka 31 Jartuary 1986 

N-Ka May 1985-March 1987 

Compo: 11.84 wt% N 

wt%0 

88.16 wt% Ti 

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

Ti-~a N-Ka PKR AKR N-Ka 
pea In l e CJ ra I 

Ti-Ka N-Ka Ti Ti2N Cr2N Ti2N Ti-Ka STE LDE 
I 

! 
4 --- 3bo --- --- 4.55 4.987 --- 1.096 ----
6 100 3p0 22.27 19.23 6.69 8.068 0.8636 1.206 ----

I 
8 30 3po 132.72 114.95 7.87 9.696 0.8661 1.232 ----

10 15 3bo 292.50 252.80 8.48 10.329 0.8643 1.218 1.321 

12 10 300 493.96 429.24 8.51 11.446 0.8690 1.345 ----
15 10 300 862.52 754.45 8.05 10.916 0.8747 1.356 ----
20 3 300 1542.73 1351.82 6.89 9.398 0.8763 1.364 ----
25 3 300 2279.12 2013.15 5.82 8.858 0.8833 1.522 ----
30 2 300 3057.72 2683.94 4.96 7.559 0.8778 1.524 ----

I 

I 

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

N-Ka: ± 11.2 mm (LDE) or ± 6.7 mm (STE) 

Pa: settings i counter HT Lower level Window Ga in Pul se 

T1-Ka: 1700 volt 0.5 volt open 128*6.5 2.0 V PET 

N-Ka: 1700 volt 1. 0 volt 2.0 V 32*8.0 2.0 V STE 

111 

CS 

AS 



Appendix 1. .• g 

Nitride: VN 

Date: V-Ka 28 March-2 April 1985 

N-Ka Februàry/Märch 1987 

Compo: 16.04 wt% N 

O.J1 wt% 0 

8J.65 wt% V 

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

v-K~ N-Ka PKR AKR N-K<X AKR 
pea lnteqral 

V-Ka N-Ka V VN Cr2N VN V-Ka STE LDE N-Ka 

4 --- JOO --- --- 4.55 7.1JO --- 1. 5819 1.5597 1.5671 

6 100 JOO 10.JO 8.J9 6.69 10.590 0.8149 1. 5912 1. 5789 1. 58JO 

8 JO JOO 1J5.J9 109.16 7.87 12.811 0.8063 1. 627J 1. 629J 1. 6286 

10 15 JOO JJ7.74 268.44 8.48 13.965 0.7948 1. 662J 1. 6J91 1.6468 

12 10 JOO 610.6J 490.J4 8.51 14.179 0.80JO 1. 658J 1. 6702 1.6662 

15 10 3öo 1121.91 905.16 8.05 13.860 ó.à068 i. 7258 1.1196 1.7217 

2Ö 3 JOO 2117.72 1722.98 6.89 11.986 ö.ài.J6 i. 7407 1. 7J9i 1.7J96 

25 J JOÖ J2JB.J5 2669.70 5.82 io.2ö1 0.8244 1. 7611 1. 7487 1. 7528 

JO 3 JOO 44Jl. 64 J617.99 4.96 8.678 0.13164 1. 819J 1. 7148 1. 7496 

Remarks: N-Ka spectra stripped with V background (V11 peak) 

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

N-Ka: ± 11.2 mm (LDE) or ± 6.7 lliJii (STE) 

PHA settings: counter HT Lower level Window Ga in i?ulse 

V-Ka: 1600 volt 0.6 volt èpètl 64*6.5 2.0 V PET CS 

N-Ka: 1700 Volt Ö.5 volt J.O V J2*5.2 2.0 V STE AS 

N-Ka: 1700 volt 1.0 volt 4.0 V 100*1. 0 2.0 V LDE DS 
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Appendix 1. .. h 

Nitride: V2N 

Date: V-Ka 28 March-2 April 1985 

N-Ka FebruaryjMarch 1987 

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

~ 

V-K~ N-Ka 
pea Inlegral 

V-Ka r-Ka V VzN CrzN VzN 

! 
4 --- I 300 --- --- 4.55 5.273 

6 100 300 10.30 7.83 6.69 8.005 

8 30 300 135.39 114.61 7.87 9.413 

10 15 300 337.74 283.06 8.48 10.455 

12 10 300 610.63 516.65 8.51 10.740 

15 10 300 1121.91 961.36 8.05 10.283 

20 3 300 2117.72 1849.83 6.89 9.047 

25 3 300 3238.35 2831.29 5.82 7.344 

30 3 300 4431.64 3810.32 4.96 6.379 

Compo: 11.99 wt% N 

0.78 wt% 0 

87.23 wt% V 

k-ratios 

PKR AKR N-Ka 

V-Ka STE LDE 

--- 1.1724 1.1520 

0.7603 1.1893 1. 2001 

0.8465 1.1765 1.2058 

0.8381 1. 2188 1. 2399 

0.8461 1. 2691 1.2584 

0.8569 1. 2523 1. 2900 

0.8735 1.2875 1. 3257 

0.8743 1. 2370 1. 2744 

0.8598 1. 3027 1. 2778 

Remarks: N-ka spectra stripped with V background (V11 peak) 

wt A 

AKR 

N-Ka 

1.158 

1.196 

1.196 

1.232 

1.262 

1.277 

1. 313 

1.261 

1.286 

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

N-Ka: ± 11.2 mm (LDE) or ± 6.7 mm (STE) 

PHA setting~: counter HT Lower level Window Ga in Pul se 

V-Ka: 1600 volt 0.6 volt open 64*6.5 2.0 V PET CS 

N-Ka: 1700 volt 0.5 volt 3.0 V 32*5.2 2.0 V STE AS 

N-Ka: 1700 volt 1.0 volt 4.0 V 100*1. 0 2.0 V LDE DS 
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Appendix 1 .•. i 

Nitride: CrH 

Date: Cr-K~ 14/15 March 1985 

N-Ka February 1987 

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

er-~~ N-K~ 
pea lntegral 

Cr-Ka N-K~ er CrN Cr2N CrN 

4 --- 300 --- --- 4.55 8.764 

6 --- 300 --- --- 6.69 13.165 

8 30 300 104.52 74.52 7.87 15.875 

10 30 300 308.33 226.35 8.48 16.983 

12 10 300 581.52 441.84 8.51 :p. 366 

15 5 300 1140.07 855.96 8.05 16.716 

20 1 300 2254.25 1686.86 6.89 14.264 

25 1 300 3426.00 2620.~0 5.82 12.529 

30 1 300 4695.11 3616.17 4.96 10.3~0 

Compo: 21.2~ wt% N 

wt%0 

78.78 wt% er 

k-ratios 

PKR AKR N-K~ 

cr-K~ STE LDE 

--- 1. 9430 1. 9176 

--- 1. 9703 1. 9667 

0.7130 2.0180 2.0167 

0.7341 2.0179 1. 9951 

0.7596 2.0199 2.0509 

0.7508 2.0604 2.0845 

0.7483 2.044~ 2.0832 

0,7648 2.1517 2.1534 

0.7702 2.0824 2.0797 
' 

Wt 

AKR 

N-K 

1.92 

1.96 

2.01 

2.00 

2.04 

2.07 

2.07 

2.15 

2.08 

Backgrounds: cr-K~: ± 5mm on either side of the peak and interpolated 

N-K~: ± 11.2 mm (LDE) or ± 6.7 mm (STE) 

PHA settings: counter HT Lew er level Window Ga in Pul se 

cr-K~: 1600 volt 0.6 volt open 64*5.5 2.0 V CS PET 

N-K~: 1700 volt 0.5 volt 3.0 V 32*5.4 2.0 V AS STE 

N-K~: 1700 volt 1.0 volt 4.0 V 100*1.0 2.0 V DS LDE 
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Appendix 1 ... j 

Ni trl· de: Cr2N 
Slimdar \Batch .-1.) 

Date: Cr-Ka 14/15 March 1985 Compo: 10.70 wt% N 

0.48 wt% 0 

88.82 wt% Cr 

N-Ka February 1987 

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

i Cr-fa N-Ka PKR AKR N-Ka 
pea lnteqral 

cr-Ka N-Ka Cr Cr2N Cr2N Cr-Ka STE LDE 

4 --- 300 --- --- 4.55 ---- ---- ---- ----
6 --- 300 --- --- 6.69 ---- ---- ---- ----
8 30 300 104.52 87.77 7.87 ---- 0.8397 ---- ----

10 30 300 308.33 264.82 8.48 ---- 0.8589 ---- ----
12 10 300 581.52 508.71 8.51 ---- 0.8748 ---- ----
15 5 300 1140.07 985.13 8.05 ---- 0.8641 ---- ----
20 1 300 2254.25 1962.78 6.89 ---- 0.8707 ---- ----
25 1 300 3426.00 3016.59 5.82 ---- 0.8805 ---- ----
30 1 300 4695.11 4161.75 4.96 ---- 0.8864 ---- ----

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

I N-Ka: ± 11.2 mm (LDE) or ± 6.7 mm (STE) 

PHA settings: counter HT Lower level Window Ga in Pul se 

Cr-Ka: 1600 volt 0.6 volt open 64*4.5 2.0 V CS PET 

N-Ka: 1700 volt 0.5 volt 3.0 V 32*5.4 2.0 V AS STE 

N-Ka: 1700 volt 1.0 volt 4.0 V 100*1. 0 2.0 V os LDE 
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Appendix 1 ..• k 

Nitride: Fe•N 

Date: Fe-Ka 7/8 March 1985 

N-Ka November 1985 

Compo: 5.60 wt% N 

wt%0 

94.40 wt% Fe 

kV Beam current .Net. intens i ties k-ratios Wt Av 
(nA) (cps/nA) 

Fe-~a N-iKa 1PKR AKR N-Ka: AKR 
pea 1 nl'eq'rld 

Fe-Ka N-Ka Fe Fe4N Cr2N Fe4N F-e-Ka STE LDE N-Ka 

4 --- 300 --- --- 4.55 2.248 --- 0.4941 ---- ----
6 --- 300 --- --- 6.69 3.136 --- . 0.4688 ---- ----
8 300 300 6.16 5.56 7 .87, 3.610 0.9024 0.4587 ---- ----

10 100 300 37.69 34.33 8.48: 3.533 0 •. 9109 ·o. 4285 0.4107 0.4166 

12 50 300 90.36 83.40 8. 51: 3.535 0.·9230 0. 4154 ---- ----
15 30 300 202.30 184.38 8.05 3.280 0.9114 ·0.4075 ---- ----
20 15 300 437.24 407.03 6.89 : '2. 739: 0.9309 0.3975 ---- ----
25 15 300 717.74 666.85 5.82 2.269 0.9291 0.3898 ---- ----
30 10 300 1001.54 922.12 4.96 1.911 0.9207 , 0.3853 ---- ----

Remarks: N-Ka spectrum (STE) stripped with :background 
pure Fe (Fe-La (2nd order)) 

112 

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

N-Ka: ± 11.2 mm (LDE) or ± 6.7 mm (STE) 

PHA settings: counter HT Lower level Wind.ow Ga in Pul se 

Fe-Ka: 1600 volt 0.6 volt open 32*7.0 2.0 V BS LIF 

N-Ka: 1700 volt 1.5 volt l.OV 32*8.0 2.0 V AS STE 
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Appendix 1 ... 1 

Nitride: ZrN 

Date: Zr-La 11 February 1986 

N-Ka Mareh/April 1987 

Compo: 12.70 wt% N 

0.67 wt% 0 

86.63 wt% Zr 

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

zr-~ N-Ka PKR AKR N-Ka AKR 
pea Inlegral 

Zr-La N-Ka Zr ZrN Cr2N ZrN Zr-La STE LDE N-Kcx 

4 100 300 · 7.26 6.02 4.55 3.549 0.8291 0.7975 o. 7711 0.7799 

6 100 300 22.20 17.97 6.69 3.861 0.8095 0.5864 0.5640 0.5771 

8 100 300 39.21 32.93 7.87 3.653 0.8399 0.4854 0.4536 0.4642 

10 100 300 56.02 47.08 8.48 3.149 0.8404 0.3741 0.3699 0.3713 

12 100 300 74.05 62.24 8.51 2.875 0.8405 0.3447 0.3344 0.3378 

15 30 300 97.44 83.79 8.05 2.362 0.8599 0.2932 0.2935 0.2934 

20 30 300 131.71 111.87 6.89 1.905 0.8494 0.2694 0.2801 0.2765 

25 30 300 157.52 135.42 5.82 1.639 0.8597 0.2967 0.2741 0.2816 

30 30 300 172.15 148.75 4.96 1. 373 0.8641 0.2441 0.2677 0.2768 

Remarks: Backgrounds on STE and LDE stripped with reference 

spectra from pure Zr 

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

N-Kcx: ± 11.2 mm (LDE) or ± 6.7 mm (STE) 

PHA settings: counter HT Lower level Window Ga in Pul se 

zr-La: 1600 volt 0.7 volt open 128*9.0 2.0 V CS PET 

N-Kcx: 1700 volt 1.0 volt 2.0 V 32*5.5 2.0 V AS STE 

N-Kcx: 1700 volt 1.0 volt 2.0 V 100*0.9 2.0 V DS LDE 
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Date: Nb-La 13 February 1986 

N-Ka April/May 1987 

Appendix 1. .. m 

Nitride: Nb4N3 

Compo: 9.79 wt% N 
o. 72 wt% 0 

89.49 wt% Nb 

kV Beam current Net.intensities k-ratios Wt A V 

(nA) (cps/nA) 

Nb-~ N-Ka PKR AKR N-Ka AKR 
pea lnteqral 

Nb-La N-Ka Nb Nb4N3 Cr2N Nb4N3 Nb-La STE LDE N-Ka 

4 150 300 7.80 6.71 4.55 2.789 0.8601 0.6262 0.6062 0.6129 

6 200 300 25.69 21.91 6.69 2.931 0 . 8529 0.4365 0.4389 0.4381 

8 150 300 47.10 41.06 7.87 2.710 0.8717 0.3436 0.3448 0.3444 

10 100 300 67.89 58.70 8.48 2.470 0.8646 0.2927 0.2906 0.2913 

12 50 300 90.25 78.27 8.51 2.091 0.8673 0.2365 0.2503 0.2457 

15 50 300 121.52 105.47 8.05 1. 798 0.8679 0.2225 0.2239 0.2234 

20 JO 300 166.15 145.28 6.89 1.454 0. 8744 0.1988 0.2172 o. 2111 

25 20 300 199.41 174.88 5.82 1.286 0~ 8770 0.2432 0.2099 0.2210 

30 20 300 222.80 194.08 4.96 1. 056 o. 8711 0.2073 0.2157 0.2129 

Remarks: Backgrounds on STE and LDE stripped with reference spectra 
from pure Nb 

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

N-Ka: ± 11.2 mm (LDE) or ± 6.7 lillil (STE) 

PHA settings: counter HT Lower level Window Ga in Pul se 
Nb-La: 1700 volt 0.7 volt open 128*4.5 2.0 V BS PET 

N-Ka: 1700 volt 1.0 volt Z.O V 32*5.5 2.0 V AS STE 
N- Ka: 1700 volt 1.0 volt 2.0 V 100*0.9 2.0 V DS LDE 
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Appendix 1 ... n 

Nitride: Nb2N 

Date: Nb-La 13 February 1986 Compo: 6.55 wt% N 

0.46 wt% 0 

92.99 wt% Nb 

N-Ka April, May 1987 

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

Nb-~ N-Ka PKR AKR N-Ka AKR 
pea Inlegral 

Nb-La N-Ka Nb Nb2N Cr2N Nb2N Nb-La STE LDE NKA 

4 150 300 7.80 7.12 4.55 1.867 0.9130 0.4134 0.4089 0.4104 

6 200 300 25.69 23.10 6.69 1.863 0.8991 0.2563 0.2896 0.2785 

8 150 300 47.10 43.14 7.87 1.809 0.9160 0.2389 0.2252 0.2298 

10 100 300 67.89 61.73 8.48 1.623 0.9092 0.1939 0.1901 0.1914 

12 50 300 90.25 82.22 8.51 1.372 0. 9110 0.1592 0.1622 0.1612 

15 50 300 121.52 110.64 8.05 1.074 0.9105 0.1283 0.1359 0.1334 

20 30 300 166.15 151.35 6.89 0.878 0.9109 0.1141 0.1342 0.1275 

25 20 300 199.41 182.22 5.82 0.772 0.9138 0.1306 0.1337 0.1327 

30 20 300 222.80 202.12 4.96 0.645 0.9072 0.1159 0.1370 0.1300 

Remarks: Backgrounds on STE and LDE stripped with reierenee spectra 
from pure Nb 

v. 

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

N-Ka: ± 11.2 mm (LDE) or ± 6.7 mm (STE) 

PHA settings: counter HT Lower level Window Ga in Pul se 

Nb-La: 1700 volt 0.7 volt open 128*4.5 2.0 V BS PET 

N-Ka: 1700 volt 1.0 volt 2.0 V 32*5.5 2.0 V AS STE 

N-Ka: 1700 volt 1.0 volt 2.0 V 100*0.9 2.0 V DS LDE 
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Appendix l ... o 

Date: Mo-La 14 March 1985 

N-Ka May 1987 

Nitride: MozN 

Compo: 5.80 wt% N 

wt%0 

94 • .20 wt% Mo 

kV Beam current Net.intensities k-ratios Wt A v. 
(nA) (cpsjnA) 

Mo-~ N-Ka Pl<R AKR N-Ka AKR 
pea int~qral 

Mo-La N-Ka Mo Mo2N Cr2N Mo2N Mo-La STE LDE N-Ka 

4 150 300 7.40 6.62 4.55 1.508 0.8943 0.3389 0~3278 0.3315 

6 150 300 25.98 23.43 6.69 1.842 0.9018 0.2761 0.2751 0.2754 

8 30 300 48.39 43.68 7.87 1.590 0.9026 0.2078 0.1970 0.2020 

10 30 300 71.25 64.37 8.48 1.473 0.9077 0.1680 0.1766 0.1737 

12 10 300 94.63 86.71 8.51 1.201 0.9163 0.1264 0.1485 0.1411 

15 5 300 126.77 116.65 8.05 1.029 0.9202 0.1241 0.1296 0.1278 

20 5 300 175.50 163.32 6.89 0.803 0.9306 0.1100 0.1199 0.1166 

25 5 300 211.00 197.75 5.8.2 0.678 0.9372 0.1126 0.1185 0.1165 

30 5 300 238.96 225.51 4.96 0.609 0.9437 0.1213 0.1234 0.1227 

Remarks: Backgrounds on STE and LDE stripped with reference spectra 
from pure Mo 

Backgrounds: Mo-La: ± 5mm on either side Qf the peak and interpolated 

N-Ka: ± 11.2 mm (LDE) or ± 6.7 mm (STE) 

PHA settings: counter HT Lower level Window Ga in Pul se 

Mo-La: 1600 volt 0.5 volt open 128*5.0 2.0 V es PET 

N-Ka: 1700 volt 1.0 volt 2.0 V 32*5.5 2.0 V AS STE 

N-Ka: 1700 volt 1.0 volt 2.0 V 100*1. 0 2.0 V DS LDE 
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Appendix 1 ... p 

Nitride: HfN 
Hf contal na 2. 45 wtX Zr 

Date: Hf-Ma,La 30 June 1987 Compo: 6.06 wt% N 

N-Ka May 1987 0.29 wt% 0 

91.36 wt% Hf 

2.29 wt% Zr 

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

Hf-Ma N-Ka PKR AKR N-Ka AKR 
* 

peak (lnteqral) 

Hf-Ma N-Ka Hf HfN Cr2N HfN Hf-Ma STE LDE N-Ka 

4 300 300 3.49 2.98 4.55 2.655 0.8537 0.5894 0.5805 0.5835 

6 300 300 7.92 6.85 6.69 3.220 0.8655 0.4791 0.4824 0.4813 

8 300 300 12.72 11.10 7.87 3.170 0.8728 0.4049 0.4007 0.4028 

10 150 300 16.97 14.90 8.48 2.992 0.8783 0.3381 0.3601 0.3528 

Hf-La Hf La Hf-La Hf-La 
12 100 300 26.41 22.67 8.51 2.808 0.8584 0.3287 0.3306 0.3300 

15 50 300 93.12 80.96 8.05 2.376 0.8694 0.2922 0.2965 0.2951 

2Ö 10 300 237.15 208.50 6.89 1. 782 0.8792 0.2651 0.2553 0.2586 

25 10 300 401.40 354.07 5.82 1.568 0.8821 0.2667 0.2708 0.2694 

30 5 300 568.52 505.02 4.96 1.370 0.8883 0. 2777 0.2756 0.2763 

Remarks: Backgrounds on STE and LDE stripped with reference spectra 
from pure Hf 

*corrected for presence of 2.45 wt% Zr in Hf standard 

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

N-Ka: ± 11.2 mm (LDE) or ± 6.7 mm (STE) 

PHA settings: Counter HT Lower level Window Ga in Pul se 

Hf-Ma: 1600 volt 1.0 volt 2.0 V 64*8.6 2.0 V CS PET 

Hf-La: 1600 volt 1.0 volt open 32*4.25 2.0 V BS LIF 

N-Ka: 1700 volt 1.0 volt 2.0 V 32*5.5 2.0 V AS STE 

N-Ka: 1700 volt 1.0 volt 2.0 V 100*1. 0 2.0 V DS LDE 
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Appendix l ... q 

Nitride: TaN 

Date: Ta-Ma/La 14 February 1986 Compo: 6.51 wt% N 
0.22 wt% 0 

93.27 wt% Ta 

N-Ka , May 1987 

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

Ta-~a N-Ka PKR AKR N-Ka AKR 
pea lnleqral 

Ta-Ma N-Ka Ta TaN CrzN TaN Ta-Ma STE LDE N-Ka 

4 300 300 5.01 4.42 4.55 2.798 o.à83ö 0.6037 0.6205 0.6149 

6 300 300 12.20 10.91 6.69 3.432 0.8945 0.4997 0.5197 0.5130 

8 200 300 19.92 17.67 7.87 3.390 0.8869 0.4258 0.4331 0.4307 

10 100 300 26.55 23.75 8.48 3.204 0.8946 0.3738 0.3798 0.3778 

12 100 300 32.20 29.06 8.51 2.892 0.9026 0.3335 0.3430 0.3398 

15 50 300 40.83 36.97 8.05 2.273 0.9054 0.2796 0.2837 0.2823 

20 20 300 50.46 45.94 6.89 1.878 0.9105 0.2628 0.2774 0.2725 

25 30 300 55.58 51.22 5.82 1.553 0.9216 0.2475 0.2765 0.2668 

30 30 300 57.87 53.36 4.96 1.447 0.9220 0.2699 0.3135 0.2917 

Ta-La Ta-Ld Ta-La: Ta-m 
12 100 ---- 22.06 18.35 0.8319 

15 50 ---- 89.13 77.38 0.8682 

20 20 ---- 246.70 218.30 0.8849 

25 30 ---- 430.24 382.70 0.8895 

30 30 ---- 622.81 558.72 0.8971 

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

N-Ka: ± 11.2 mm (LDE) or ± 6.7 min (STE) 

PHA s ettings: counter HT Lower level Window Ga in Pul se 

Ta-Ma: 1600 volt 0.6 volt open 64*10.0 2.0 V es PET 

Ta-La: 1600 volt 0.6 volt open 64*5. 5 2.0 V BS LIF 

N-Ka: 1700 volt 1.0 volt 2.0 V 32*5.5 2.0 V AS STE 

N-Ka: 1700 volt 1.0 volt 2.0 V 100*1. 0 2.0 V os LDE 
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Appendix 1. .• r 

Nitride: Ta2N 

Date: Ta-Ma,La 14 February 1986 Compo: 3.47 wt% N 

0.24 wt% 0 

96.29 wt% Ta 

N-Ka May 1987 

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

Ta-~a N-Ka PKR AKR N-Ka AKR 
pea Inlegral 

Ta-Ma N-Ka Ta Ta2N Cr2N Ta2N Ta-Ma STE LDE N-Ka 

4 300 300 5.01 4.80 4.55 1.533 0.9584 0.3358 0.3390 0.337 

6 300 300 12.20 11.81 6.69 1. 780 0.9678 0.2657 0.2661 0.266 

8 200 300 19.92 18.80 7.87 1. 737 0.9438 0.2180 0.2221 0.220 

10 100 300 26.55 25.30 8.48 1.637 0.9530 0.1934 0.1928 0.193 

12 100 300 32.20 30.69 8.51 1.504 0.9532 0.1734 0.1783 0.176 

15 50 300 40.83 38.85 8.05 1.338 0.9515 0.1649 0.1668 0.166 

20 20 300 50.46 48.02 6.89 1.034 0.9517 0.1419 0.1542 0.150 

25 30 300 55.58 53.48 5.82 0.909 0.9622 0.1429 0.1621 0.156 

30 30 300 57.87 55.58 4.96 0.794 0.9604 0.1437 0.1747 0.160 

Ta-La Ta-La Ta-La Ta-La 
12 100 22.06 20.76 0.9411 

15 50 89.13 83.02 0.9315 

20 20 246.70 231.48 0.9383 

25 30 430.24 404.47 0.9401 

30 30 622.81 588.18 0.9444 

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

N-Ka: ± 11.2 mm (LDE) or ± 6.7 mm (STE) 

PHA settings: counter HT Lower level Window Ga in Pul se 

Ta-Ma: 1600 volt 0.6 volt open 64*10.0 2.0 V es PET 
Ta-La: 1600 volt 0.6 volt open 64* 5.5 2.0 V .B~ LIF 

N-Ka: 1700 volt 1.0 volt 2.0 V 32*5.5 2.0 V AS STE 
N-Ka: 1700 volt 1.0 volt 2.0 V 100*1.0 2.0 v , 

, i 
os LDE 
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Appendix 2 ... a 

1121 

1121 

CUBIC BN--8-KA 
MAC 8-KA/N 11212ll2l 

MAC 8-KA/8 34121121 

0 

2121 3121 

ALN--AL-KA 
UNCOATED 

2121 3121 

ACCEL. VOLTAGE <KeV> 

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 uncoated Cubic BN 
( ihtegral k-ratios B-Kcx); bottorn uncoated AlN. Note 
the shift in the voltage for AlN due to slight surfàce 
charging effects. 
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Appendix 2 ... b 

Q 0 0 

1121 

SI3N4--SI-KA 

0 

2121 

2.5 MU SI3N4/SI 

CARBON-COATED 

3121 

TI2N--TI-KA 

0 
0 0 0 0 0 0 0 

1121 2121 3121 

ACCEL. VOLTAGE <K.V> 

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 Si3N4 (Si-standard + 
Si3N4 carbon coated); bottam : uncoated Ti2N. 
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TIN--TI-KA 

121.9 
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I ,... 

1-

0 0 0 0 0 0 ,... 
0 0 0 

1-
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121. 5 
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V2N--V-KA 

1. 121 
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0 0 
0 0 Q 0 0 ,... 0 
1-
< 121. 8 
0::: 
I 
~ 

121. 6 
121 l!ZI 2121 3121 

ACCEL. VOLTAGE CKeV> 

Comparison betveen the experimenta! k-ratios (relative 
to elemental standards) of the x~ray lines of the metal 
components (circles) and the preàictions of our PROZA 
program (solid curves). Top : uncoated TiN; bottom : 
uncoated V2N. 
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VN--V-KA 
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CR2N--CR-KA 

1. 121 
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u 0 0 0 

0 
0 

0 0 
H 0 
t-
< 121. 8 
0:: 
I 
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121. 6 
121 1121 2121 312J 

ACCEL. VOLTAGE <K.V) 

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 (sol id curves). Top : uncoated VN; bot tom : 
uncoated Cr2N. 
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CRN--CR-KA 

0 0 0 
0 0 

-o 
g 

1121 2121 3121 

FE4N---FE-KA 

0 0 
·e ö 0 0 

1121 2121 3121 

ACCEL. VOLTAGE <K.V) 

Comparison between the experimental k-ratios (relative 
to elemental standards) of the X-ray lines of the metal 
components (ei rel es) and the predictions of our PROZA 
program (solid curves). Top : uncoated CrN; bottorn : 
uncoa t ed Fe4N. 
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ZRN--ZR-LA 

1. 121 
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..J 
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0: 
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0 0 0 0 
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H 0 
1- ____-o--< 121. 8 
0: 
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121.6 
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NB2N--NB-LA 

1. 121 

< 
..J 
I 0 0 0 0 0 6) e 0 m 0 
z --0 
H 

1-
< 121. 8 
0: 
I 
~ 

121.6 
121 1121 2121 3121 

ACCEL. VOLTAGE <K•V> 

Comparison between the experimental k-ratios (relative 
to elemental standards) of the X-ray lines of the roetal 
components (circles) and the predictions of our PROZA 
program (solid curves). Top : uncoated ZrN; bottam : 
uncoated Nb2N. 
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Comparison between the experimental k-ratios (relative 
to elemental standards) of thc x~r~y lines of the metal 
components (circles and squqres) 9n{i the predj.ctions of 
our PROZA program (solid curves). TQp : uncoated Nb4N3; 
bottorn : uncoated Ho2N. 
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Comparison between the experimental k-ratios (relative 
to elemental standards) of the X-ray lines of the metal 
components (circles for the H-a and triangles for the 
L-a lines) and the predictions of our PROZA program 
(solid curves) . Top uncoated HfN; bottorn : uncoated 
Ta2N. 
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Comparison betveen the experimental k-ratios (relative 
to elemental standards) of the x-ray lines of the metal 
components (circles for the M-a and triangles for the 
L-a line) Bnd the predictions of our PROZA program 
(solid curves). Uncoated TaN. 
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Appendix 3 

Numerical details of the final data base containing the 
unsmoothed Integral k-ratios for N-Ka relative to Cr2N 
(Batch # 1) and the smoothed peak k-ratios for the 
metal X-ray lines relative to elemental standards. 

LEGEND . . 

5 0 
5 0 
5 0 
5 0 
5 0 
5 0 
5 0 
5 0 
5 0 

13 0 
13 0 
13 0 
13 0 
13 0 
13 0 
13 0 
13 0 
13 0 

1 
st column ... Number of elements - 1. 

2
nd column ... Atomie number of chief me tal 

3
rd 

component. 
column ... Atomic number of second me tal 

component. 
column ... Weight fraction of chief metal 

component. 
column ... Weight fraction of Nitrogen. 
column ... Weight fraction of second metal 

component. Note that the weight 
fraction of oxygen is obtained 
as 1 - the sum of columns 4-6. 

column ... k-ratio of chief metal component 
X-ray line. 

column .. . k-ratio of N-Ka relative to 
Cr2N. 

column .. . Accelerating Voltage (kV). 
column ... Type of x-ray line of chief 

metal component (K=O~ L=1~ H=2). 
column ... Type of X-ray line of second 

metal component (K=O~ L=1~ H=2). 

0 . 4355 0.5645 0.0000 0.3?4? 3.32?8 4.00 
0.4355 0.5645 0.0000 0.331? 3 . 2646 6.00 
0 . 4355 0.5645 0.0000 0.2856 3.0?46 8.00 
0.4355 0.5645 0.0000 0.2539 2 . 9503 10.00 
0 . 4355 0.5645 0.0000 0.2316 2.?111 12.00 
0 . 4355 0.5645 0.0000 0 . 2049 2 . 4133 15 . 00 
0 . 4355 0.5645 0.0000 0. 1823 2 . 1520 20.00 
0.4355 0.5645 0 . 0000 0. 1800 1 . 988? 25.00 
0.4355 0.5645 0.0000 0. 1834 1. 9663 30.00 
0 . 6582 0.3418 0.0000 0 . 6220 2.4?0? 3.38 
0 . 6582 0.3418 0.0000 0.6218 2.1?1? 5.01 
0 . 6582 0.3418 0.0000 0.6195 2.0145 6.92 
0.6582 0 . 3418 0.0000 0.6160 1.?8?0 8.56 
0 . 6582 0.3418 0.0000 0.6100 1 . ? 1 ?0 10.64 
0 . 6582 0.3418 0.0000 0.6010 1.5166 13.92 
0.6582 0.3418 0.0000 0.5800 1. 3502 18.28 
0 . 6582 0.3418 0.0000 0.5560 1 . 2830 24.00 
0 . 6582 0.3418 0.0000 0.52?5 1 . 2100 28.50 
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Appendix 3 (Continued) 

1 13 0 0.6582 0.3418 0.0000 0.52?5 1. 2100 28.50 0 0 
2 14 0 0.6006 0.3924 0.0000 0.5640 2.3694 4 . 00 0 0 
2 14 0 0.6006 0.3924 0.0000 0.5655 2.06?6 6.00 0 0 
2 14 0 0.6006 0.3924 0.0000 0.5660 1. 9246 8.00 0 0 
2 14 0 0.6006 0.3924 0.0000 0.5640 1.?5HI 10.00 0 0 
2 14 0 0.6006 0.3924 0.0000 0.5625 1. 646? 12.00 0 0 
2 14 0 0.6006 0.3924 0.0000 0.55?0 1. 4099 15.00 0 0 
2 14 0 0.6006 0.3924 0.0000 0.5450 1. 109? 20.00 0 0 
2 14 0 0.6006 0.3924 0.0000 0.0000 1 . 1 ?38 25.00 0 0 
2 14 0 0.6006 0.3924 0.0000 0.0000 1. 0954 30 . 00 0 0 

22 0 0.8816 0. 1184 0.0000 0.0000 1. 0960 4.00 1 0 
1 22 0 0.8816 0.1184 0.0000 0.8630 1 . 2060 6.00 0 0 
1 22 0 0.8816 0. 1184 0.0000 0.8662 1. 2320 8.00 0 0 

22 0 0.8816 0. 1184 0 . 0000 0.8695 1 . 2520 10.00 0 0 
22 0 0.8816 0. 1184 0.0000 0.8?19 1. 3450 12.00 0 0 

1 22 0 0.8816 0.1184 0.0000 0.8?50 1.3560 15 . 00 0 0 
1 22 0 0.8816 0. 1184 0.0000 0.8?92 1.3640 20.00 0 0 
1 22 0 0.8816 0. 1184 0.0000 0. 88'16 1. 5220 25.00 0 0 
1 22 0 0.8816 0. 1184 0.0000 0.8820 1. 5240 30.00 0 0 
1 22 0 0.??50 0.2250 0.0000 0.0000 2. 1360 4.00 0 
1 22 0 0.??50 0.2250 0.0000 0.?300 2.2210 6.00 0 0 
1 22 0 0.??50 0.2250 0.0000 0.?345 2.3320 8.00 0 0 
1 22 0 0.??50 0.2250 0.0000 0. ?390 2. 3S·?5 10.00 0 0 
1 22 0 0.??50 0.2250 0.0000 0.?425 2 .58·80 12 . 00 0 0 
1 22 0 0.??50 0.2250 0.000Q) 0.?460 2.5160 15.00 0 0 
1 22 0 0.??50 0.2250 0.0000' 0.?536 2.6820 20.00 0 0 
1 22 0 0.??50 0.2250 0.000'J 0.?582 2.?540 25.00 0 0 
1 22 0 0.??50 0.2250 0.0000 0.?605 3.0230 30.00 0 0 
2 23 0 0.8?23 0.1199 0.0000 0.0000 1. 1588 4.00 1 0 
2 23 0' 0. 8·?23 0. 1199 0.0000 0.0000' 1. 1965 6.00 1 0 
2 23 0 0.8?23 0".1f99 0.0000 0.8450 1'. Hi60 8.00 0 0 
2 23 0 0.8?23 0'. 11 99' 0.0000 0 . 8500 1. 2329 10 . 00 0 0 

2 23 0 0.8?23 0 . 1199 0 . 0000 0.8530 1.2620 12.00 0 0 
2 23 0 0.8?23 0' . 1199 0. 00'00 0. 8·5'60 1. 2??4 15.00 0 0 
2 23 0 0.8?23 0.1199 0. 00flJ'0 0.8618 1.3130 20.00 0 0 
2 23 0 0.8?23 0. 1199 0.0000 0.8640 1 . 2619 25.00 0 0 
2 23 0 0.8?23 0. 1199 0.0000 0.8650 ,. . 286f 30,00 0 0 
2 23 0 0 . 8~65 0. 1604 0.0000 0. 000'0 t.56?1 4.00 0 
2 23 0 0.8365 0.1604 0.0000 0 . 0000 1. 5830 6 . 00 0 
2 23 0 0.8365 0. 1604 0.0000 0.8000 1.6286 8.00 0 0 
2 23 0 0.8365 0. 1604 0.0000 0.8038 1. 6468 10.00 0 0 
2 23 0 0:.8365 0. 1604 0. 0300· 0.8068 1 . 66'62 12.00 0 0 
2 23 0 0.8365 0. 1604 0.0000 0 . 8110 1 . ?21? 15 . 00 0 0 
2 23 0 0.8365 0. 1604 0.0000 II'J.8162 1.?396 20.00 0 0 
2 23 0 0.8365 0. 1604 0.0000 0.8200 1. ?528 25.00 0 0 
2 23 0 0 . 8365 0. 1604 0. 0000' 0 . 8215 1. ?496 30.00 0 0 
2 24 0 0.8882 0. 10?0 0. 0000· 0.8518 0.0~00 8.00 0 0 
2 24 0 0.8882 0. 10?0 0.00'00 0.8595 0.0000 10.00 0 0 
2 24 0 0.8882 0. 10?0 0.0000 0.8635 0.0000 12.00 0 0 
2 24 0 0.8882 0. 10?0 0. 0000' 0'. 8680 0. 00'00 15 . 00 0 0 
2 24 0 0.6882 0. 10?0 0•. 0000 lil: . 6?40 0.0000 20.00 0 0 
2 24 0 0.8882 0. 10?0 0.0000 0 . 8?83 0.0000 25.00 0 0 
2 24 0 0.8882 0. 10?0 0.0000 0 . 8805 0 . 0000 30 . 00 0 0 
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Appendix 3 (Continued) 

1 24 0 0.?8?8 0.2122 0.0000 0.0000 1 . 9261 4 . 00 0 

1 24 0 0.?8?8 0.2122 0.0000 0.0000 1. 96?9 6.00 0 

1 24 0 0.?8?8 0.2122 0.0000 0.?290 2.01?1 8.00 0 0 

1 24 0 0.?8?8 0.2122 0.0000 0.?365 2.002? 10.00 0 0 

1 24 0 0.?8?8 0.2122 0.0000 0.?433 2.0406 12.00 0 0 

1 24 0 0.?8?8 0 . 2122 0.0000 0.?505 2.0?65 15.00 0 0 

1 24 0 0.?8?8 0.2122 0.0000 0.?595 2.0?02 20.00 0 0 

1 24 0 0.?8?8 0.2122 0.0000 0.?650 2. 1528 25.00 0 0 

24 0 0.?8?8 0.2122 0.0000 0.?685 2.0806 30.00 0 0 

26 0 0.9440 0.0560 0.0000 0 . 0000 0.4941 4.00 0 

1 26 0 0.9440 0.0560 0.0000 0.0000 0.4688 6.00 0 

1 26 0 0.9440 0.0560 0.0000 0.9118 0.458? 8.00 0 0 

1 26 0 0.9440 0.0560 0.0000 0.9140 0 . 4226 10.00 0 0 

1 26 0 0.9440 0.0560 0.0000 0.91?3 0.4154 12.00 0 0 

1 26 0 0.9440 0.0560 0.0000 0.9202 0.40?5 15.00 0 0 

1 26 0 0.9440 0 . 0560 0 . 0000 0.9240 0 . 39?5 20.00 0 0 

1 26 0 0.9440 0.0560 0.0000 0.9260 0.3898 25.00 0 0 

1 26 0 0.9440 0.0560 0.0000 0.92?0 0.3853 30.00 0 0 

2 40 0 0.8663 0. 12?0 0.0000 0.8235 0.??99 4.00 1 0 

2 40 0 0.8663 0. 12?0 0.0000 0.8308 0.5??1 6.00 1 0 

2 40 0 0.8663 0. 12?0 0.0000 0.8365 0 . 4.642 8.00 1 0 

2 40 0 0.8663 0. 12?0 0.0000 0.8420 0.3?13 10.00 1 0 

2 40 0 0.8663 0. 12?0 0.0000 0.8465 0.33?8 12.00 1 0 

2 40 0 0.8663 0 . 12?0 0.0000 0.8518 0.2934 15.00 1 0 

2 40 0 0.8663 0. 12?0 0.000111 0.8583 0.2?65 2111.111111 1 111 

2 40 111 0.8663 0. 12?0 0.000111 0.863? 111.2816 25.0111 1 0 

2 40 111 111.8663 0. 12?0 0.000111 0.866111 0.2?68 3111.00 1 111 

2 41 111 111.9299 0.0655 0.000111 0.9042 111.4104 4.1110 1 0 

2 41 0 0.9299 0.0655 0.01111110 0.911168 111.2?85 6.111111 1 111 

2 41 0 0.9299 0.111655 111.111000 0.909? 111.2298 8.00 1 0 

2 41 0 0.9299 0.0655 111.01110111 0.9120 0.1914 1111.00 1 111 

2 41 0 111.9299 0.11!_655 111.0000 0.913111 111 . 1612 12.111111 1 0 

2 41 0 111.9299 111.111655 111.111111111111 0.914111 111. 1334 15.111111 1 111 

2 41 111 111.9299 0.0655 0.0111111111 111.9158 111. 12?5 20.111111 1 0 

2 41 111 111.9299 0.111655 111.11111100 0.9162 111. 132? 25.111111 1 0 

2 41 0 0.9299 0.0655 0.11111100 0.9165 0. 130111 3111.1110 1 111 

2 41 0 111.8949 0.09?9 0.01111110 111.852111 0.6129 4.111111 1 111 

2 41 111 111.8949 0 . 1119?9 0.1111111110 0 . 85?8 111 . 4381 6.00 1 0 

2 41 0 0.8949 0.09?9 0.111000 0.8618 0 . 3444 8.1110 1 111 

2 41 111 111.8949 0.1119?9 111 . 111111111111 111.8650 111.2913 1111 . 111111 1 111 

2 41 111 0.8949 0.1119?9 0.111111111111 111 . 8682 111.245? 12.111111 1 0 

2 41 0 111 . 8949 111.09?9 111.0000 0.8?22 0.2234 15.00 1 111 

2 41 111 0.8949 0.09?9 111.01111110 111.8?63 0. 2'1 11 2111.0111 1 111 

2 41 0 0.8949 0.09?9 0.11111100 0.8?93 0 . 221111 25.0111 1 0 

2 41 0 0.8949 111.09?9 0.11100111 0.8800 0 . 2129 3111.0111 0 

1 42 111 111.9420 111 . 111580 111 . 111000 0.8964 0.3315 4.00 0 

42 0 111.9420 0.0580 0.011100 0 . 911123 0 .2?54 6.00 111 

42 0 0 . 9420 0 . 0580 0 . 0000 111 . 9111?8 0. 1899 8.00 0 

42 0 111.9420 0.058111 0.0000 111.9122 0 . 1 ?3? 10.00 111 

42 0 111 . 9420 0.0580 111.111000 111.9163 0.1411 12.00 111 

42 0 111 . 9420 0 . 0580 111 . 111000 0.922111 0. 12?8 15 . 00 0 

42 0 0.9420 0.0580 111.0000 0.9298 0 . 11 66 20.00 0 

42 111 111.942111 111 . 111580 111 . 11100111 0.9360 0 . 1 165 25 . 00 111 
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42 0 0.9420 0.0580 0.0000 0.9399 0. 122? 30 . 00 1 0 
3 ?2 40 0.9136 0.0606 0.0229 0.853? 0.5835 4.00 2 1 
3 ?2 40 0.9136 0.0606 0.0229 0.8655 0.4813 6.00 2 
3 ?2 40 0.9136 0.0606 0 . 0229 0.8?28 0.4028 8.00 2 1 
3 ?2 40 0.9136 0.0606 0.0229 0.8?83 0.3528 10.00 2 1 
3 ?2 40 0.9136 0.0606 0 . 0229 0 . 8584 0.3300 12.00 1 1 
3 ?2 40 0.9136 0.0606 0.0229 0.8694 0.2951 15.00 1 1 
3 ?2 40 0.9136 0.0606 0.0229 0.8?92 0.2586 20.00 1 1 
3 ?2 40 0.9136 0.0606 0.0229 0.8821 0.2694 25.00 1 1 
3 ?2 40 0.9136 0.0606 0.0229 0.8883 0.2?63 30.00 1 
2 ?3 0 0.9629 0.034? 0 . 0000 0.9505 0.33?9 4.00 2 0 
2 ?3 0 0.9629 0.034? 0 . 0000 0.9518 0.2660 6.00 2 0 
2 ?3 0 0 .. 9629 0.034? 0.0000 0 . 9522 0.220? 8.00 2 0 
2 ?3 0 0.9629 0.034? 0.0000 0.9534 0. 1930 10.00 2 0 
2 ?3 0 0.9629 0.034? 0.0000 0.9540 0. 1 ?6? 12.00 2 0 
2 ?3 0 0.9629 0 . 034? 0.0000 0.9558 0 . 1662 15.00 2 0 
2 ?3 0 0.9629 0.034? 0.0000 0.9580 0. 1501 20.00 2 0 
2 ?3 0 0.9629 0.034? 0 . 0000 0.9600 0 . 1562 25 . 00 2 0 
2 ?3 0 0.9629 0.034? 0.0000 0.9620 0. 1600 30.00 2 0 
2 ?3 0 0 . 9629 0.034? 0.0000 0 . 9343 0.0000 12.00 1 0 
2 ?3 0 0.9629 0.034? 0.0000 0.93?5 0.0000 15.00 1 0 
2 ?3 0 0.9629 0.034? 0.0000 0.9400 0.0000 20.00 1 0 
2 ?3 0 0.9629 0.034? 0.0000 0.9422 0.0000 25.00 1 0 
2 ?3 0 0.9629 0.034? 0.0000 0.9440 0.0000 30.00 1 0 
2 ?3 0 0.932? 0.0651 0.0000 0.8843 0.6149 4.00 2 0 
2 ?3 0 0.932? 0.0651 0.0000 0.8900 0.5130 6.00 2 0 
2 ?3 0 0.932? 0.0651 0.0000 0.8942 0.430? 8.00 2 0 
2 ?3 0 0.932? 0.0651 0.0000 0 . 8983 0.3??8 10.00 2 0 
2 ?3 0 0.932? 0.0651 0.0000 0.9022 0.3398 12.00 2 0 
2 ?3 0 0.932? 0.0651 0 . 0000 0.90?1 0.2823 15.00 2 0 
2 ?3 0 0.932? 0 . 0651 0.0000 0.9142 0.2?25 20.00 2 0 
2 ?3 0 0.932? 0.0651 0 . 0000 0.9190 0.2668 25.00 2 0 
2 ?3 0 0.932? 0.0651 0 . 0000 0.9220 0.291? 30.00 2 0 
2 ?3 0 0.932? 0 . 0651 0.0000 0.8640 0.0000 12.00 1 0 
2 ?3 0 0.932? 0.0651 0 . 0000 0.8?40 0.0000 15 . 00 1 0 
2 ?3 0 0.932? 0.0651 0 . 0000 0.8860 0 . 0000 20.00 1 0 
2 ?3 0 0.932? 0.0651 0.0000 0.8940 0.0000 25.00 1 0 
2 ?3 0 0.932? 0.0651 0.0000 0 . 8980 0.0000 30.00 1 0 
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