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iron alloy (Fe-0.354 wt% C-2.93 wt% Cr).

1. Introduction

Anomalous small-angle X-ray scattering (ASAXS) is a powerful
technique that combines the capability of SAXS to characterize the size
distribution of nano-objects embedded in a matrix and the variation in
contrast allowed by tunable wavelength of the Synchrotron incident X-
ray beam, giving access to information about the composition of scat-
tering nano-objects [1-2].

In this study, ASAXS technique is applied to characterize pre-
cipitates in a ternary Fe-Cr-C nitrided steel. Nitriding is a surface en-
gineering process applied to enhance surface properties such as corro-
sion, wear and fatigue resistance [3-4]. Gaseous nitriding consists in
the diffusion of nitrogen atoms through the surface of steels from the
dissociation of a nitrogen rich atmosphere (gas or plasma) at the at-
mosphere/solid interface [5]. It results in the formation of an iron ni-
tride layer (Fe4N and/or Fe, 3N) and a diffusion zone where nitrogen is
found as solid solution in the ferritic matrix and combined as MeN
(Me = Cr, V, Al...) nitrides with alloying elements having high affinity
with nitrogen such as chromium, aluminium or vanadium [6]. The
volume fraction of nitrides formed in the diffusion layer is of prime
importance for requested surface properties. In fact this affects the re-
sulting hardness; moreover the volume change induced by precipitation
takes part to the generation of compressive residual stresses [7].

In the case of binary Fe-Me (Me = Cr, Al or V) alloy, formed nitrides
are close to pure MeN phase having a fcc NaCl-type structure [5]. In the
case of C-containing ternary Fe-Cr-C, pre-existing carbides (generally
M,3Cg or M,C3, M = Fe or Cr) are expected to dissolve due to a lower

stability as compared to nitrides [8]. Therefore nitrides are formed ei-
ther by direct formation by reaction with Cr remaining in solid solution
or by transformation of carbides [9]. Carbon is then rejected toward
grain boundaries where it forms coarse cementite aggregates [10] or
toward the diffusion front where it participates to the coarsening of
carbides.

This paper aims at using small-angle scattering to characterize ni-
trides in the diffusion layer after gas nitriding of a model ternary Fe-Cr-
C alloy (Fe-0.354 wt% C-2.93 wt% Cr). The major goal is the determi-
nation of the volume fraction of nitrides that is the key parameter for
resulting surface properties. However the volume fraction cannot be
determined by SAXS independently of the composition of the nano-
precipitates. Using anomalous dispersion effect, ASAXS is an element-
selective technique based on the anomalous variation of the scattering
factor near the absorption edge of one chosen element, therefore it
allows to overcome this difficulty by giving access to the chemical in-
formation, allowing the determination of the volume fraction of scat-
tering precipitates [11]. Results are discussed with respect to the lit-
erature and thermodynamics calculations performed using the Thermo-
Calc software [12].

2. Materials and Experimental Methods
2.1. Materials and Microstructural Characterization

A Fe-0.354 wt% C-2.93 wt% Cr ternary alloy was used in this study.
It was oil quenched and annealed at 590 °C. Gas nitriding was
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performed by Aubert & Duval at 550 °C during 100 h for a given ni-
trogen potential (Ky = 2.65 atm ™~ */2), Composition profiles along the
nitride layer were carried out by electron probe microanalysis (EPMA)
as well as glow discharge optical emission spectrometry (GDOES) [7].
Observations of the case and core microstructure were carried out by
optical microscopy as well as scanning and transmission electron mi-
Croscopy.

2.2. Anomalous Small Angle Scattering (ASAXS)

Small-Angle X-ray Scattering (SAXS) experiments were carried out
on the BMO02-D2AM, a French CRG beamline at the European
Synchrotron Radiation Facilities (ESRF) in Grenoble. Regarding the
composition of the system, the most reliable conditions for anomalous
measurements are based on the Cr K-absorption edge. Four energies
slightly below the Cr K-edge (5.96 keV) as well as one far from the Cr-
edge was used for anomalous SAXS measurements. As SAXS experi-
ments are performed in transmission mode, the relatively low energy of
the Cr K-edge represented a challenge in the sample preparation since it
required the preparation of relatively thin samples, around 30 pm in
thickness, to ensure a satisfactory transmission through the thickness of
the sample. Moreover in order to investigate the precipitation varia-
tions with depth (down to 1 mm), samples were cut along a bevel so
that all depths can be studied by a profile measurement adapted to the
lateral resolution of the beam (~ 300 pm). A preparation procedure was
optimised and consisted in gently polishing 20 x 10 mm? surfaces
using a bevel of ~3 degrees, so that 500 um steps for profile mea-
surement along samples correspond to 25 pm steps within the depth of
the nitrided layer.

A small-angle set-up was chosen to well characterize nano-pre-
cipitates in the 2-50 nm radius range, i.e. in a g-range ranging from
0.03nm™ ! to 0.6 nm™ ', where q is the amplitude of the scattering
vector q (@ = 4msind) \where @ is the half scattering angle and A the wa-
velength. The SAXS patterns were acquired using a two-dimensional
CCD camera. Data files were corrected from electronic noise, spatial
distortion, pixel efficiency, the flat field of the detector, and back-
ground noise. A circular average was taken around the transmitted
beam to obtain the intensity as a function of the scattering vector. The
scattered intensity was finally converted into absolute values, I, using
measurement of the intensity of the direct beam through calibrated
filters.

The analysis method of ASAXS data to extract chemical information
of nanoparticles is described in details in [11] and is summarised
hereafter. The measured quantity used for the ASAXS analysis is the
integrated intensity Qo defined as:

Q) = [ 1(g)gPdq = 272 14pD)PF, (1 ~ ) o
0

where A is the wavelength, g is the module of the scattering vector, f, is
the volume fraction of scattering objects, Ap(A) is the electronic con-
trast, defined as the difference in electronic density between the scat-
tering particle (p,,) and the matrix (p,) in which it is embedded:
[4p| = |pppt = prm|-

The electronic contrast can be varied by changing the energy in a
range close to the absorption edge of one element of the system. In fact,
the electronic density of a phase constituted by N elements can be
written:

M=z
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where X; is the atomic fraction of element i| Y} X; = 1|, Vg, is the mean

i=1
atomic volume of the particle or the matrix, f;(A) is the atomic scat-
tering factor of element i, which is tabulated as a function of the
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wavelength of the beam.
In the vicinity of the absorption edge of the element k, the electronic
contrast can be written:

N
1
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N i=
i#k
3)
. — Vat,m
with a = Vatpt”

Using this formalism, \/Q, is expected to vary linearly with the
scattering factor fi(A):

JQ =6+ pf )

where:
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Using the ratio 6/p is a straightforward way for extracting chemical
information from ASAXS measurements (independently of the volume
fraction):

N
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In the following, this approach is used to extract the Cr, Fe or N
contribution to nitrides or matrix. In a second part the volume fraction
of nitrides can be calculated using Eq. (1).

3. Results and Discussion
3.1. Microstructure of the Nitrided Layer
Fig. 1 gives in-depth composition profiles of carbon and nitrogen

from the Fe-0.354 wt% C-2.93 wt% Cr alloy nitrided 100 h at 550 °C
[7].
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Fig. 1. Nitrogen and carbon in-depth profiles of the Fe-0.354 wt% C-2.93 wt% Cr ternary
alloy nitrided at 550 °C for 100 h (EPMA/GDOES analyses) [7]. “Normal” N content refers
to the precipitation of all Cr atoms as binary CrN and the equilibrium solubility of ni-
trogen in the ferritic matrix ([N]°, = 0,05 wt%).
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