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Abstract

Application properties of steel can
be improved considerably by alloying
with nitrogen. The nitrogen may be pre-
sent both as dissolved nitrogen and as
nitride precipitate. It is well-known
that the determination of low nitrogen
content by means of X-ray microprobe
analyses (EMPA) is not easy, consequent-
ly it seemed only 1logical to try to
perform these measurements with the
method of Auger electron spectroscopy
(AES) which is more sensitive as far as
detection of 1light elements 1is concer-
ned. After determining the 1line shape
and line position of the nitrogen KLL-
peak the detection limit was calculated
at 0.02 at.% using a set of steel samp-
les as reference material.

Complete quantitative Auger analyses

of steel require the remeasuring of the
relative sensitivity factors and, in
addition, the elimination of numerous
sources of errors. After this had been
realized the results obtained were 1in

good agreement with and characterized by

the same precision as those of the wet
chemical analysis and the X-ray micro-
probe.

Key Words: Auger electron
nitrogen determination, reference ma-
terial, steel analysis, instrumental
optimization, measurement of sensitivity
factors, quantitative analysis, compa-
rison of results with other analytical
measurements.

spectroscopy,

* Address for correspondence:
H. Hantsche
Bundesanstalt fir
-priifung (BAM)
Laboratory 5.33 (Microanalysis and Mor-
phology of Surfaces)

Unter den Eichen 87, D-1000 Berlin 45
Federal Republic of Germany

Phone No. (030) 8104-5330 (5309)

Materialforschung und

1375

Introduction

Years ago, round robin material was
distributed between six analytical labo-
ratories in order to gather practical
experience with the analysis of low
carbon content in steel using the elec-
tron microprobe. The results showed that

concentrations of about 0.8% with a
relative deviation of about +10 % can
still be determined /1/. It seemed,

therefore, only logical
measurements for the
nitrogen as only very
have been made up to now /18/. Within
the VDEh Subcommittee "Microprobe" /20/,
a new round robin test of 13 partici-
pating laboratories was set up, two of
them being in possession of Auger micro-
probes. The objective was the exact
determination of nitrogen content in
steel as well as the optimization of the
measurement parameters /19/.

Normally the nitrogen concentration
in steel is relatively low (far below
%), but has, however, a significant
influence on some characteristics of the
material, such as, e.g., notch impact
strength, cold forming and tribological
properties, corrosion behaviour /11,16/.
The nitrogen may be present in two dif-
ferent states, i) either as dissolved
nitrogen or/and ii) as nitride, often in
combination with other elements. The
most common nitrides in steel are AIN,
FeyN, SizNg4, CrN and TiN; in many cases
carbon nitrides of V, Nb or Ti are pre-
sent, too. The sizes of the precipitates
vary from several micrometers down to a
few nanometers. In practice, nitriding
of iron and steels is applied very often
to improve the material's properties.

to repeat these
determination of
few measurements

Experimental

General

The generation of X-rays and Auger
electrons by electron bombardment of
material are competitive processes,

which can both be used to identify ele-
ments. (For further information on fun-



damental processes see, e.g. /6,7/).

The well-established electron micro-
probe analysis (EMPA) has some important
features, especially precision and auto-
mation capabilities /2/, but lacks sen-
sitivity for light element detection and
insufficient lateral resolution for
precipitates and inclusions with dimen-

sions below 1 um. Great efforts have
been made (e.g., development of multi-
layer structured crystals) /4/) to over-

come these
electron
strong

inefficiencies. As the Auger
spectroscopy (AES) supplies
signals for the 1light element
range and as modern scanning Auger mi-
croprobes (SAM) have a lateral resolu-
tion down to 35nm, it seemed promising
to use both methods in collaboration
with each other. This paper reports on
the measurements with Auger &electron
spectroscopy only.

Samples
Five
gated,
pating
samples
increasing

types of sample were investi-
prepared by some of the partici-
steel works: i)standard steel
produced by one supplier with

amounts of nitrogen, 1ii) as
above, but another supplier,iii) FeyN-
-sample, iv) TiN-sample (steel sample
with TiN inclusions), v) austenitic
steel; type X5CrMnNiN 18 9 (sample for
complete quantitative AES-analysis).
Analysing equipment and con-
ditions

All measurements were carried
with the Auger microprobes PHI 590
teral resolution 0.05 pum) and PHI
(lateral resolution 0.2 pm).

Standard measuring conditions were:

operating

out
(la-
595A

type of instrument 595 590A

accel.voltage of

electron-beam U=3 kV 3 kV

lateral resolu-

tion 0.05 pm 0.2 um

beam current I=1 pA 25 pA

energy resolution 0.3% 0.3%

operating mode V/f-con- lock-in-
verter technique
(digital) (analog)

primary ion beam Ar Ar

voltage of ion gun U=4.5 kV 1 kV

ion current/den-

sity 29uA/cm?  6.5x10-7A

raster area 1x1 mm 1.5x1.5 mm?

sputter rate

(Tap05) Snm/min 2nm/min

vacuum 5x10-10 2x10-10

main chamber Torr Torr

vacuum during 2x10-8 2x10-7

sputtering Torr Torr

smoothing routine -—- 7 points

differentiating

routine 7 points ---

Optimization of parameters

Extensive investigations had to be

carried out to optimize the measuring
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conditions, €.Q.; _

* dependence of Auger signal intensity
on accelerating voltage of the elec-
tron beam (Fig. 1),

* dependence of noise on the voltage of
the electrons. It ‘turned out that
noise first drops with increasing
voltage, but then remains constant up
to 10 kV (Fig. 2),

* result: optimal accelerating voltage
is about 3 kV for best signal-to-noise
ratio.
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Fig. 1: Dependence of relative Auger-signal intensity (p-t-p) on
the accelerating voltage of the electron beam
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Fig. 2: Dependence of the noise signal, measured at nitrogen energy, on
the accelerating voltage of the electron beam
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Results

Line shape and line position of nitrogen
KLL-peak

Figs. 3 to 5 show the energy range
of the nitrogen peak after differentia-
tion of the Auger spectrum, measured at
FeyN, TiN and one of the standard steel
samples. All spectra showed a splitting
of the nitrogen line into 5 peaks which
does not correspond to the reported
shape in the PHI handbook /17/. Holloway
/9/ found for Si3N4 only two nitrogen
peaks at 379 and a minor one at 360 eV,
but the results elaborated by Kool et
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al., /13,14/ are in complete agreement 0,08
with these measurements.

Reproducibility of measurements 0,071 8
Multiplex spectra were taken from N

as well as from Fe, using the FegN-samp- 0,06

le. The agreement of the results with 7

the true concentration was of no inte- 6

rest here; main emphasis was placed on 0,051 f

the reproducibility of measurements at

constant instrumental parameters. Ten 0,04

consecutive measurements were carried
out first at the same sample position
followed by measurements at ten diffe-
rent points on the sample surface.

At. % N
At. % Fe

=
o
w

o
o
N

Results obtained with PHI 595:
at the same position: 13.31 at.% N,
standard deviation 0.1
at different positions: 13.69 at.% N, 0
standard deviation 0.3.

o
o
=

measured value

| I | | il 1 | Vi
0 0,01 0,02 003 004 005 006 007 008 009

This leads to the conclusion that the desized value At 2o N
reproducibility of the instrument is = At. % Fe
better than the homogeneity of the samp- Fig. 10: Linearity between measured and calculated nitrogen-to-iron-
L5 ratio

< . (atomic concentrations)
Figs. 6 to 9 show the histograms of the

Set of standard s les prepared by Krupp/Essen

30 measurements, performed with the BT s S AR
590A. 0.05

These results confirm the above
statement that the scattering of measur-
ements 1is greater in case of different
measuring points due to sample inhomo- 0.04
geneities. )

Calibration curve and detection limit
for nitrogen

For calibration purposes two sets of 0,03
steel samples with increasing nitrogen

content were prepared by two of the z|&
participants, suppliers in Essen and RPN
Aachen, respectively. ofas 0021
Figs. 10 and 11 show the linearity ==
between measured and calculated nitro- 2
gen-to-iron ratio (atomic concentra- s ®R8
tions). From these figures it can be T 00 o ///
seen, that sample R1 (Fig. 11) with a 2 ///'
< nitrogen concentration of 0.02 at.% is £ 2 1
just below the detection limit (at this mr | i |
set-up of instrumental parameters).
It should be mentioned that the N-mea- 001 &0 003 B o5
surement of the FeyN-sample was located desited value A N
far away from the regression line. At. % Fe
) In general the dEteCti9n limit (mi- Fig. 11: Linearity between measured and calculated nitrogen-to-iron-ratio
nimal concentyation Cmin) is the lowest (atomic concentrations)
amount of a given element which can just Set of standard samples prepared by GfE/Aachen

be distinquished from noise (with a
confidence level of 1, 2 or 3 ). With
Auger spectra in the differentiated mode
(peak-to-peak intensities), one can
calculate Cpin by applying the laws of
statistics to:

low content of the element to be analy-
sed, which has to be, however, within
the range of the linear relation between
concentration and measured signal. N is
the number of measured signal counts and

2 j“ﬁa Ng the number of background counts. The
Bt = By o B confidence level of 26(95%) was chosen.
min o - (1) . ) :
(N=-Ng) g If this formula is applied to the
results of nitrogen measurements with
where Cy is the concentration of a known AES, the following detection limits
reference standard with a sufficiently results
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PHI 595: I=1pA, t=20 min Cpjn=0.12 at.%
PHI 590A:1=25 pA,t=30 min Cpjn=0.02 at.%

Taking into account the relation

1
B & e g (2)
Vi.t
a complete agreement concerning the

achievable detection limit for nitrogen
is found for both Auger microprobes.

The comparison to other analytical
methods (e.g. EMPA) is even more compli-

cated. With EMPA, wusually 10 to 100
times lower beam currents are used. Thus
mostly only typical but not identical

conditions can be compared. Therefore it
can be said that in general the detec-
tion 1limit for 1light elements with EMPA
and AES/SAM 1lies in the same order of
magnitude.

Quantitative analysis of steel
According to the literature

there mainly are 3 major methods
quantitative analysis with AES: 1. cali-
bration by means of standards, 2. use of
relative sensitivity factors related to
silver being 1, and 3. a first order
approximation for the calculation of
sensitivity factors for cylindrical
mirror analysers. The most common method

/15/

for

in connection with commercial instru-
ments is method no. 2, using sensitivity
factors /3,5/. Joshi et al and Hofmann

received good results particularly with
steel /12,8/. Therefore this method was
applied here using the 595 Multiprobe
Computer to calculate atomic concentra-
tions from measured intensities. Method
2 assumes a linear relation between the
peak-to-peak amplitude in the diffe-
rentiated Auger spectrum and the concen-
tration. The unknown concentration Cy of

an element x, which supplies the mea-
sured intensity Iy is calculated by:
Iy ;{ I
Cy = —==--- | [ —=-=- (3)
Sy« dy i Sy.dj
I; represents the intensities of all

other elements contained
S;j the relative sensitivity factors and
d;y the scaling factors, taking into
account different instrumental parame-
ters such as time per step, volts per
step, number of sweeps and so on. This
scaling factor can in most cases be set
equal to 1, if measuring under constant

in the sample,

conditions. Today’s operating software
corrects for this automatically.

The sample was a finely polished
austenitic steel of the type X5CrMnNiN

18 9 (for details concerning the prepa-

ration procedure and the characteriza-
tion of the steel samples refer to
/19/). The chemical analysis resulted in
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the
1)

following composition (wt.%) (Table

Table 1

Composition of the X5CrMnNiN 18 9 steel
sample (wt.%)

Element Percent

Cr 17.44

Mn 9599

Ni 5.48

5 0.052

N 0.236

S1i 0.64

P 0.039

5 0.012

Mo Q.29

Fe bal.=65.48
Fig. 12 shows the Auger survey spectrum;
the main elements can clearly be seen,
however, not so the minor components
such as P, S, Mo and N. The most inte-

resting part of the spectrum is shown in

Fig. 13 (horizontally expanded).
The examination of the very first
Auger multiplex spectra of the main

elements of the sample clearly revealed
that the <calculated nitrogen content
depended on the chosen internal standard
(reference element), the used line and
on the accelerating voltage (3 or 5 kV).

The results of the 15t measurement de-
livered only poor results. It was found
out that the discrepancies could be
11
6 2 ' 5 : : f
o8 o 1 5 ; e o
: B Al Tt i =L vorrrnid
2 ’ Si Hr H H Hi
3 P ’ H H i
: i : Cr
A2 4
~cCr
1 o Fe..
Fe Fe:
Q

“100 200 300 400 500 600 708 800 900 1000
KINETIC ENERGY, eV

Fig. 12: AES survey spectrum of the steel sample X5CrMnNiN 18 9

7 g e

6

L6l

e

G -

z Mi

S

2

8 ] Fe iFe i

400 450 500 550 &o0o@ €50 7?0 7SO0 €00 850 900
KINETIC ENERGY, eV

Fig. 13: Expanded part of fig. 12. Energy range with the mast
interesting elements
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Table 2: Sensitivity factors for U = 3 kV. Comparison of tabulated values
with own measurements

element Auger-handbook values stored 18t measurement 2nd measurement

line LTS in the computer

FE3 0.229 0.210 0217 0.198

NI 0.256 0.270 0.229 0.244

MN2 0.226 0.230 0.185 0.218

CR2 0..305 0.320 0.324 0.322

AG1 el 0.95 31 £l
traced back to incorrect sensitivity effects. (The measured signal heights
factors. As a result the sensitivity (p-t-p) showed a clear dependgnce on Fhe
factors had to be remeasured using pure sputtering conditioqs (dropplng'of Slg;
element standards and referring to the nal intensity during sputteflﬂg ?2
silver standard, the intensity of which recovering after sw1tch1ng o ffe. The
was set to 1. However, the first results problem was solved by keeping the 1ion

with the remeasured S; factors produced
different, but not much better results.
Further investigations revealed a series
of reasons for this which had a consi-
derable influence on the results. After
elimination and correction, see below,
the following sensitivity factors were
determined (Tab. 2, 2nd measurement).

The reasons for the poor results of the
measurements were found to be: a) Conta-
mination layers on the measured element
standards. (After removal by argon sput-
tering and repeated slight —cleaning
after each measurement this effect could
be eliminated). b) Surface roughness.
(Remedy was accomplished by polishing).
c) Insufficient stability of electron
beam (drift). (Compensation was achieved
by measuring the absorbed current before
and after each analysis and using the
average of both values. Meanwhile the
stability could be improved considerably
using a new and improved gun power supp-
ly). d) Drift of Channeltron=amplifier
gain during measuring time. (This is a
difficult topic which is only important
if absolute measurements are to be car-
ried out. Under normal conditions these

changes concern all elements simul-
taneously and thus are compensated). e)
Chosen smoothing and differentiating
routines. (It was discovered that the
supplied software contained errors.
Manual calculations proved the results

to be nearly
routines, as

independent of the applied
was to be expected). f)
Peak-overlap. (There is an overlap of a
minor iron-peak at 592 eV with a main
manganese-peak MN2 at 590 eV, which sums
up to an unseparable peak at 591 eV in
the case of the steel sample (see Figs.
14-16). This 1leads to a comparatively
too high manganese concentration. Cor-
rection can be made by subtracting the
adequate fraction of the iron intensity
(i.e. 22.7% of the main iron peak at 698
eV) from the measured steel peak-to-peak

intensity). g) Influence of the composi-
tion of the residual gas in the main
chamber, especially of water vapour.

(The effect disappeared after heating and
outgasing of the chamber). h) Ion beam
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gun parameters constant during the whole
period of measurements) .

After the above described effects a)
to h) were taken into account, the fol-
lowing results were obtained (Table }),f
representing the mean average values O
several measurements:

g e e
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Fig. 14: Minor iron-peak at 592 eV
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Fig. 16: Peak-overlap of manganese- and iron-peaks in the

case of the steel sample at 591 eV




Nitrogen in Stainless Steel

Table 3: Results of the quantitative Auger analysis of all detectable ele-
ments of the steel sample compared with those obtained by chemical
analysis and the EMPA method (at.%
element chemical analysis X-ray microprobe Auger microprobe relative
(EMPA) (SAM) error (%)
Fe 63.82 63.45 64.77 2
Cr 18.26 19 355 19 ..50 3
Mn 9,90 10.:33 10.30 4
Ni 5.08 5.11 4.53 10
N 0.92 not measured 0.90 5
This comparison shows that the quan- Analysis, Surf. Sci. 48, p. 9-21
titative results obtained by Auger elec- /4/ Contardi L, Chao S S, Keem J,
tron spectroscopy are as reliable as Tyler J: (1984). Detection of
those obtained by X-ray microanalysis, Nitrogen with a layered Structure
both in comparison with the wet-chemical Analyzer in a wavelength disper-
analysis, i.e., the results are accurate sive X-ray Microanalyzer, Scanning
within a few percent. In most cases a Electron Microscopy, 1984 IL:
far greater relative error of 10 to 20% ST =582
is expected /10/. 15/ Davis L E, Joshi A: (1976). Quan-
titative Auger Electron Spectros-
Summary copy with Elemental Sensitivity
Factors, Surface Analysis Tech-
Within a group of analytical labora- niques for Metallurgical Applica-
tories measurements were carried out in tions, ASTM STP 596, p. 52-72
order to optimize the analytical proce- /6/ Grabke H J: (1983). Oberflachen-
dure determining the nitrogen content in analytik in der Metallkunde, Deut-
steel with Auger electron spectroscopy sche Ges. f. Metallkunde &e.V.,
(AES). The detection limit for nitrogen Oberursel, S. 29 ff
was found to be around 0.02 at.%. If all Yaye Grasserbauer M, Dudek H J, Ebel M
effects which could lead to erroneous F: (1985). Angewandte Oberfldchen-
results are carefully considered and analyse, Springer Verlag, Berlin-
eliminated, complete quantitative Auger Heidelberg-New York-Tokyo, S. 99
analyses of steel can be obtained which ff
are as accurate as those performed with /8/ Hofmann S: (1977). Oberflachen-
the well-established method of electron und Tiefenanalyse mit der Auger-
microprobe analysis. Elektronenspektroskopie (AES),
Mikrochim. Act. (Wien), Suppl. 7,
S5: 116
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