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Abstract

Thin nitrided stainless steel coatings (400-500 nm) were deposited onto polished low carbon steel substrates by magnetron
sputtering in a reactive atmosphere of argon—nitrogen mixture. A series of coatings were deposited with a total gas-flow constant
while increasing nitrogen proportion. The nitrogen content which was determined by nuclear reaction analysis (NRA) was found
to increase with increasing Nlow-rate. The chemical bond between chromium and nitrogen was controlled by low-energy
electron induced X-ray spectroscopy (LEEIXS) with a wavelength dispersive spectrometer equipped with a TIAP drystal (2
2,576 nm). The low-energy sub-band generated by the bonding between chromium and nitrogen allow us to determine the
proportion of nitrogen contained in the coatings.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction trides are formed they affect the corrosion resistance of
stainless steel. One crucial experimental point to pre-
Austenitic stainless steels are well known for their vent chromium nitride (CrN) clusters formation is to
corrosion resistant properties but their performance keep the temperature below a critical value of approxi-
is limited by their poor wear resistance. Nitriding of mately 450°C[9]. At low temperatures below 40,
these steels can be performed by several techniqueshitrogen remains in solid solution, producing a phase
such as conventional ion implantati¢h-6], pulsed that has been variously called ‘S-phaf8s; ‘expanded
plasma nitriding[7] and plasma immersion ion im-  austenite[10], yn-phasg4—6], M or ¢’-phasg11,12]
plantation (P}) [8]. However, when chromium ni- The aim of the present investigation is to study
the chemical bonding between chromium and nitro-
"+ Corresponding author. Tek+32-81-72-54-78: gen prese_nt within the structure of nitrided stainle_ss
fax: +32-81-72-54-74. steel coatings by means of low-energy electron in-
E-mail address: julie.colaux@fundp.ac.be (J. Colaux). duced X-ray spectroscopy (LEEIXS).
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2. Sample preparation tion of Nz in the sputter gas was varied by changing
the N, flow-rate and compensating the Ar flow-rate,
The coatings were deposited using an unbal- such that the total gas-flow-rate remained constant at
anced DC-magnetron sputtering system placed in a 35sccm. These flows correspond to a total pressure
small chamber of 0.05#equipped with a 400l/s  of 0.2-0.3 Pa measured with a Baratron gauge placed
turbo-molecular pump which provided a base pressure in the deposition chamber. The deposition parameters
of 107°Pa. A 50 mm diameter AISI 304L (composi- are given inTable 1
tion in wt.%—C: 0.03%, Mn: 2%, Si: 1%, P: 0.045%,
S: 0.03%, Cr: 18-19%, Ni: 8-12%, Fe: balance) disk
target was placed just above the magnets with a good3. Fundamentals and experimental
thermal contact to the holder in order to cool the
magnetic material with water during deposition. The  The fundamentals of the LEEIX spectroscopy can
source to sample holder distance was 150 mm and abe found in[13—-20] This spectroscopy is based on
chimney was placed between the target and the sub-the ionization of the inner shell of the element under
strate to prevent contamination of the whole chamber investigation by electrons of a few keV. Characteris-
and to confine the plasma in order to reproduce more tics X-rays emitted by the sample have wavelengths
easily deposition conditions. A shutter was placed be- in the order of 0.2-10nnm. X-rays in this range are
tween the top of the chimney and the sample holder called soft X-rays. The advantage of studying L band
in order to avoid deposition during target cleaning for of elements of the first series of transition elements
5 min before each deposition. (or K, band of light element§21]) is that the phe-
Steel substrates were cut into 20 mm20 mm nomenon implies valence electrons which participate
coupons and were polished in order to create an directly to chemical bond22—25] Electronic transi-
abrupt interface between the coating and the sub- tions that take place from valence bands to inner shell
strate. Polishing was realized using SiC papers with show thus clear chemical effects. In the present work,
a grit ranging between 180 and 1200. The substratesthe difference could be established between chromium
were then polished with diamond paste gi®. Fi- bond to stainless steel components (Fe, Ni and Mn)
nally, they were cleaned in an ultrasonic bath with and chromium bond to nitrogen in nitrided stainless
pentane before loading into the chamber. Prior each steel coatings.
deposition, the steel substrate (which was grounded) The X-ray emission instrument used in this study
was etched in order to remove oxides from the steel is a wavelength dispersive X-ray spectrometer. A

surface and to enhance coating adhesion. schematic diagram of the experimental set-up which
Depositions were made at room temperature using is pumped with a primary rotary pump is shown in
a magnetron with power fixed at 10.2 W/gniThe Fig. 1 The excitation source is a DC glow-discharge

coatings were reactively deposited for 40 and 60 min electron gun with an aluminum cathode. The electron
with various Ar/N» gas mixtures, which gave thick- beam escapes from the source through a circular aper-
ness between 1.25 and 1561 (Table 1. The propor- ture in the anode and strikes the surface of the sample
under investigation. Characteristics X-rays emitted
by this latter are then collimated by a Soller slits sys-
Table 1 . . .
Deposition parameters’(= 10.2 W/en? and p = 0.2—0.3 Pa) and tem which defines a parallel X-rays beam dispersed
atomic fraction of nitrogen by a flat analyzing crystal and finally detected by a
gas-flow proportional counter filled with an Ar/GH

tdep Thickness N flow-rate [N] .

(min) (um) (sccm) (at.%) (90%/10%) mixture. o '

20 128 0.0 03 The energy of the incident electron beam is chosen
40 1.39 3.0 9.0 to be approximately 4 keV in order to increase the an-
60 1.56 6.0 17.0 alyzed sample depth from which characteristic X-rays
60 1.56 8.0 16.5 are emitted and analyzed and thus to increase the sen-
60 1.4l 12.0 21.0 sitivity of the analysis. The gas discharge pressure is
60 1.25 13.0 24.0

25Pa and the current densityu®/mm?. The spec-
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Fig. 1. Schematic diagram of the LEEIXS spectrometer.

trometer scansf?angles between 107and 122 by timum agreement between the calculated and the ex-

steps of 0.15 perimental spectra does not necessarily lead to a phys-
In order to detect chromium L radiations, namely ically correct interpretation of the spectra.

Loi— (E = 5741 — 2.3 = 5718eV, A = 2.17nm) As explained above, the aim of this work was to

and g (E = 5838 — 2.3 = 5815eV, 1 = 2.13nm) determine the presence of chromium nitrides in the
[26] with the best possible resolution, we have cho- different nitrided coatings, which contain increasing
sen a thallium acid phthalate (TIAP) crystal with@ 2  nitrogen concentrations. Nuclear reaction analysis
parameter just above 2.17 nm. Indeed, this dispersive (NRA) with the 1“N(d, p)1°N nuclear reaction at
device has a@parameter of 2.576 nm which provides Eq = 1.1 MeV has been performed on these coatings
a good energy resolution and has a very high reflective in order to precisely determine the atomic fraction
factor for low-energy X-rays. of nitrogen (The quantification of nitrogen by the
nuclear reaction*N(«, p)1’O is given in Terwagne
et al. [27]). The results are also listed ifable 1
4. Results and discussion where the nitrogen atomic fraction is reported versus
nitrogen flow-rate injected in the deposition chamber.
4.1. Smulation of experimental spectra
4.2. Sandards
Experimental spectra were deconvoluated by adjust-
ing lorentzian peaks and varying parameters like po-  The first step of this study was to realize a library
sition, width and area of these peaks. Lorentz peaks of standards containing chromium in different valence
were fitted, with parameters corresponding in a first states, such as metallic chromium, stainless steel AlSI
time to values found in the literature (see below). 304L and chromium nitride. The chromium standard
Then, parameters were adjusted in such a way thatwas a Goodfellow foil (thickness: 0.5mm, purity
an optimum agreement with the recorded spectrum is 99.7%) whereas the iron standard was a foil from
achieved. Special attention was required, since an op-Advent Research Materials Ltd. (thickness 0.25mm,
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Fig. 2. L X-ray experimental spectra obtained on standard samples: (a) chromium, (b) stainless steel, (c) CrN, bombarded with 4 keV
electron beam.

purity 99.5%). The CrN standard was a PVD layer it is supposed that, as in the case of the L spectra
deposited on steel and analyzed by nuclear reac- of vanadium and titaniurf23—-25] three main energy
tion analysis and particules-induced X-ray emission transitions (peaks) are responsible for the shape of the
(PIXE) at LARN to check the stoichiometry. overall spectrum of chromium compounds. Their for-

Experimental spectra of the chromium standards are mation can be explained on the basis of the Ligand
shown inFig. 2 We observe only two peaks in the pure Field Theory[28] which is an application of Molecu-
chromium spectrum which correspond to the two main lar Orbitals Theory. Each spectral feature is then ex-
transitions L, and Lg. The energy gap between these plained from an electron transition between a specific
two bands is 9.74 eV which is in excellent agreement Molecular Orbital and an inner level in relation to the
with Pappert et al[14], as they give a gap of 9.78eV. normal dipole selection ruleR9]. CrN crystallizes
Moreover, Table 2gives the chemical shift between with an NaCl lattice in which the metallic chromium
pure chromium and stainless steel which+8.13 eV ion is in an octahedral environment of non-metals,
for L, band. namely the N atoms. The componentsdnd Lg then

In the case of L X-ray spectra of chromium con- involve 2bg orbitals while the sub-band that appears at
tained in partially ionic compounds, such as nitrides, low energy is associated with Zerbital. Examination
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Table 2
Experimental parameters obtained with electrons of 4 keV bombarding standard samples
Cr AIS| 304L CrN

Max Ly (eV) 571.79+ 0.02 571.66+ 0.03 573.62+ 0.05
Half width (eV) 491+ 0.06 6.25+ 0.09 5.37+ 0.17
Area Ly 7.77 £ 0.07 9.72+ 0.13 6.46+ 0.33
Max Lg (eV) 581.53+ 0.08 580.89+ 0.09 582.09+ 0.06
Half width (eV) 4.29+ 0.24 6.28+ 0.29 5.17+ 0.19
Area Lg 1.56 + 0.07 3.33+ 0.13 2.75+ 0.09
Max sub-band (eV) - - 569.2F 0.09
Half width (eV) - - 6.60+ 0.17
Area sub-band - - 6.14 0.31

of the spectrum of CrN shows that peaksdnd Lg are rameters obtained with standards can not be used to fit
shifted towards high energy side with respect of pure spectra of nitrided stainless steel coatings as peak pa-
chromium. Similar phenomenon has been observed rameters are influenced by the hybridization of Cr and
for chromium nitrides by Gaillard and RomafigD]. N orbitals which is different in each coating analyzed.
For CrN, they give a shift of the l_peak as high as  Moreover, the self-absorption is different for each
4.27 eV. In the present investigation, peak is shifted peak and dependent of the composition of the sample.

by 1.83 eV towards higher energies. The ratio of the areas Lg of CrN cannot thus be
taken to fit L, and Lg band of chromium bond to nitro-
4.3. Nitrided stainless steel coatings gen in stainless steel. These reasons explain the fitting

procedure chosen to analyze nitrided stainless steel

The second step of the present investigation was to coatings. Only three bands will be fitted. The first one,
analyze the nitrided stainless steel coatings by exactly labeled L, contains contributions from Cr atoms bond
the same procedure. X-ray and electron diffraction to stainless steel components (Fe, Niand Mn) and from
analysis[31] of these coatings show that the struc- Cr atoms bond to N § contains also the two equiva-
ture formed is an expanded face-centered cubic arraylent contributions. However, the low-energy sub-band
constituted of stainless steel components with nitro- is only due to Cr bond to nitrogen in the steel. That
gen present at interstitial sites. There is no chromium band will thus be used to quantify the Cr—N bonding.
nitride precipitation as we do not observe any XRD By keeping the energy of the electron beam con-
signal typical of CrN. Moreover, electron diffraction stant at 4keV we know that the analyzed thickness
patterns do not show any spot or ring consistent with (calculated by Brown32]) is similar (120 nm) for
chromium nitride. However, as the enthalpy of forma- all coatings. Some experimental spectra (for films
tion of CrN is high compared with other possible ni- containing 0.3, 9.0, 17.0 and 24.0 at.%) are presented
tride compounds in stainless steel, there must be somein Fig. 3a—din order to show the evolution of the
Cr—N bonds but they are localized in the fcc array. This low-energy sub-band versus nitrogen content of the
is consistent with the deposition method as coatings film. It is evident that this low-energy band increases
are formed by sputtering deposition at room tempera- with nitrogen contentTable 3displays the parame-
ture. The growing temperature is thus insufficientto al- ters of the three bands for lower and higher nitrogen
low the diffusion of chromium to form CrN precipitate.  content, respectively. From those tables, the evolu-
Experimental LEEIXS spectra of nitrided stainless tion of some parameters are plottedFiys. 4—6 As
steel are composed of some chromium bond to compo- previously observefB0], the position of the |. band
nents of the stainless steel and of chromium bond to ni- is shifted towards higher energies as the bonding
trogen present in the coating. As previously explained, between nitrogen and chromium increases. This is
L..g spectrum of chromium will generate two and clearly highlighted inFig. 4. As the nitrogen fraction
three peaks, respectively. However, experimental pa- increases, the interaction between Cr 3d and ligand
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Fig. 3. Fitting of L X-ray experimental spectra obtained with 4keV electron beam.

2p orbitals increases also to formg2dtyg, 264 and
3ey Molecular Orbitals levels. The probability to ob-
serve transitions which give rise tgslband is thus
increased as shown Fig. 5.

Finally, Fig. 6 plots the area of the low-energy
sub-band which is directly related to the nitrogen
content. As chromium nitrides formation enthalpy is
higher[33] compared with possible nitrides of other

Table 3
Experimental parameters obtained on coatings with an electron beam of 4keV

IN] (at.%)

0.3 9.0 17.0 21.0 24.0
Lo (eV) 572.1+ 0.04 572.504+ 0.04 572.75+ 0.04 573.11+ 0.06 573.48+ 0.05
Area Ly 9.97+ 0.19 9.61+ 0.15 9.324+ 0.17 9.02+ 0.17 8.56+ 0.18
LB (eV) 581.39+ 0.11 581.63+ 0.07 581.63+ 0.08 581.61+ 0.09 581.85+ 0.09
Area Lg 4354+ 0.22 3.89+ 0.07 4.254+ 0.08 4.80+ 0.12 5.02+ 0.11
Sub-band (eV) - 568.63 0.05 567.91+ 0.24 568.43+ 0.22 568.95+ 0.17
Area sub-band - 0.8# 0.15 2.04+ 0.06 2.55+ 0.18 3.37+ 0.18
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Fig. 6. Area of the low-energy sub-band vs. nitrogen atomic concentration of analyzed coatings.

elements (mainly FéN), during the sputtering phase, only be detected with XPS spectroscopy. However,
nitrogen reacts preferentially with chromium atoms. XPS would give an information from some nanome-
This is the reason why a small shoulder is seen in ters for stainless steel coatings, whereas in LEEIXS an
the LEEIX spectrum as soon as the coating contains electron beam of 4 keV analyzes a thickness of some
nitrogen. This effect is caused by the interaction be- 120 nm. Moreover, LEEIXS can easily be installed in
tween Cr 3d and ligand N 2p orbitals as explained aresearch laboratory in regards with XPS that requires
previously. expensive apparatus due to ultra-high vacuum neces-
sary to such a technique. Finally, LEEIXS could also
be used to determine the content of nitrogen or oxygen
5. Conclusion of binary compounds, such as,@k, Cr,O,, ... This
easy characterization could be very useful to materials

This paper has shown the effectiveness of LEEIX research sections non-equipped with nuclear analysis
spectroscopy to study Cr—N bonding. In case of com- facilities.
plicated compounds like (Fe—Cr—Ni)N, as obtained by
nitriding of stainless steel, we have shown the correla-
tion between low-energy sub-band area and nitrogen Acknowledgements
content measured by nuclear reaction analysis. More-
over, the present work has allowed us to confirm the  This work was supported by the ‘Fonds de
assumption of nitrogen localized at interstitial posi- Recherche dans I'industrie et I'Agriculture’.
tion and forming localized Cr—N bonds but without
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