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stigate the structure of the modified austenite fcc phase due to ion implantation
and called “expanded austenite” using grazing incidence angle X-ray diffraction (GIXRD) measurements
combined with the application of a model for simulating X-ray diffraction peaks. Ion implantation of different
atomic elements (N, Cr, Mo, Ag, Xe and Ar) have been carried in the near surface region of an austenitic
316LVM stainless steel (the implanted layer thickness did not exceed 60 nm). Mild ion implantation
conditions were chosen to avoid the structural transformation of the steel: no ferrite and no amorphous
phase were formed. The structure of the implanted layers was investigated by GIXRD at different incidence
angles. A original model was proposed to simulate the X-Ray diffraction peaks. This model took into account
the incidence angle, the ion implantation conditions (fluence and energy) through the concentration depth
profile and finally the nature of the implanted ion through a k coefficient. All the recorded X-ray diffraction
peaks were simulated with this model.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Ion implantation of austenitic stainless steel induces chemical and
structural modifications of the steel in the implanted layer which,
depending on ion implantation conditions, undergoes several types of
transformation: expansion of the austenite [1,2] with the appearance
of a new austenitic phase generally called expanded austenite,
appearance of new phases: ferrite or nitride [3–5] and amorphisation
[6–8]. The expansion of austenite and the nature of expanded
austenite in particular in the case of nitriding were largely explored
by X-ray diffraction. However, interpretations drawn from the
observed diffractograms are not all convergent. In fact, the structure
of expanded austenite has been interpreted in different ways and
remains under controversy [3,9–14]. The goal of this work is to
investigate using GIXRD the structure of expanded austenite. An
austenitic stainless steel was thus implanted with several elements
with different properties – miscible elements: chromium and
molybdenum which substitute steel elements and nitrogen which
goes in insertion in the lattice, – immiscible elements: metallic
Vayer).
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elements which are not soluble in austenitic steel such as silver and
rare gases: argon and xenon. The implanted ions were also chosen to
have a wide range of radii, smaller or larger than the steel elements
ones. The implantation conditions (energy and fluence) were chosen
to limit the transformation of implanted layer and to form at the most
small amount of ferrite. Moreover, the conditions are selected in order
to have an implanted element concentration enough to be detected by
Rutherford backscattering spectrometry (RBS) and to enable obser-
vable modifications in grazing incidence X-Ray diffraction (GIXRD).
The structure of the implanted layer was explored using GIXRD at
different incidence angles. Theoretical diffractograms were con-
structed using the method proposed in a previous paper for Mo-
implanted austenitic steel [14], compared and adjusted to the
recorded experimental ones. New insights into interpretation of X-
ray diffraction spectra of expanded austenite will be given.

2. Materials and methods

2.1. Materials

The material used in this study was AISI 316LVM cold-rolled
stainless steel which atomic composition is 18.71 Cr, 13.08 Ni, 1.72 Mn,
1.61Mo,1.03 Si, 0.29 N, 0.07 C, 0.04 P and balance Fe. Samples cut from
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Fig. 1. Element concentration depth profiles as calculated for implanted samplespresented
in Table 1. N, Ar, Cr, Xe implantation (a); Ag implantation (b); Mo implantation (c).
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a bar were mechanically polished up to obtain a mirror-like surface
with a 2 nm (rms) roughness. Its density was 7.922. This steel
presented an austenitic structure with a lattice parameter a0 in bulk of
0.36002 nm.

2.2. Ion implantation

Ion implantations were performed at room temperature in CSNSM
(Orsay, France) in the accelerator IRMA with the isotopic separator
SIDONIE. The ion implantation conditions led to truncated Gaussian
element concentration depth profiles with maximal atomic concen-
tration Cmax at Rp (Table 1).

Samples were implanted with N, Cr, Ar, Xe, Mo and Ag at an ion
acceleration energy to keep the implanted element depthprofile close to a
Rp of 25 nm. A fluence of 2·1016 ions cm−2 was used for N, Cr, Ar and Xe to
have Cmax close to 7%. Mo and Ag ion implantation were performed with
different fluences and energy.

2.3. Grazing incidence X-ray diffraction

2.3.1. Recording the diffractograms
The crystallographic structure of the implanted layer was

characterized by asymmetric in plane Grazing Incidence X-ray
diffraction (GIXRD) using a Philips X'pert parallel horizontal beam
diffractometer. Cu Kα (λ=1.54056 Å) source was used as incident
beam. Incidence angles were between 0.4° and 3.0°. The peak
positions were evaluated after correction of refraction effect due to
grazing incidence. Angles were measured with a 0.03° precision that
means 5 ·10−4 nm precision for the lattice parameter. The diffracto-
gramswere first recorded for 2θ diffraction angles between 35 and 95°
and then more precisely between 72 and 76°. For the samples which
are composed of austenite and ferrite, the relative proportion of ferrite
Pf was determined with the ratio of the intensities of the X-ray
diffraction peaks γ(111) and α(110) at 0.5° incidence angle corrected
by the theoretical ratio between the two peaks.

2.3.2. Simulating the austenite X-ray diffraction peak
The austenitic γ(220) peak was chosen to be simulated here since this

peak is relatively intense and its position (2θ) at 74.5° has two advantages.
There is no influence of another peak and the lattice parameter increase
due to sinθ, i.e. small changes in lattice parameter induces larger changes
in 2θ, has a higher effect than for other peaks at lower positions. Stresses
(uniformor/andnonuniform) have an effect onpeakposition andonpeak
shape. The γ(220) peak correspond to an angle of ≈36.5° between the
diffraction vector and the surface. If we assume a Poisson's ratio for
stainless steel of 0.3, the value for the angle at which the stress free lattice
parameter occurs is when the diffraction angle is at 42.8° to the surface.
The γ(220) peak is near the stress free position and consequently the
stresses effect on this peak is very weak.
Table 1
Ion implantation conditions: Rp depth of the maximal concentration, maximal
concentration Cmax, Pf ferrite amount in the implanted layer

Ion Energy
(keV)

Fluence
(ions cm−2)

Rp
(nm)

Cmax

(at.%)
Pf
(%)

N 28 2 ·1016 31 5.4 –

Ar 75 2 ·1016 29 5.5 –

Cr 90 2 ·1016 25 5.7 –

Xe 190 2 ·1016 21 6.8 30
Ag 170 1 ·1016 27 3.5 –

1.5 ·1016 26 4.9 –

2 ·1016 21 6.6 9
Mo 49 8·1015 8 6.2 –

150 1 ·1016 22 3.3 –

2 ·1016 21 6.1 10
3 ·1016 16 8.7 16
The austenitic γ(220) peak obtained with GIXRD were simulated
following a procedure proposed in a previous paper for Mo-implanted
austenitic steel [14].
Fig. 2. Lattice parameter a(z) depth profiles for implantation of 2 ·1016 ions cm−2 of Cr at
90 keV (k=0.03); Xe at 190 keV (k=0.06); Ar at 75 keV (k=0.07); Mo at 150 keV
(k=0.15); N at 28 keV (k=0.17); Ag at 170 keV (k=0.23) (a0=0.3597 nm).



Fig. 3. Relative intensity (I/I0) of diffracted X-ray signal for a 316LVM stainless steel
versus depth for α=0.5, 0.7 and 1.0°.
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The different steps and assumptions are summarized here:

1. The ion concentration depth profile c(z)was known. The implanted ion
concentration c(z) as a function of depth z was non uniform and was
simulated using the probability of presence of implanted ion as a
function of depth and the ion sputtering coefficient determined by
SRIM2003 computer program [15]. The simulated concentration depth
profiles were confirmed by RBS. Fig. 1 presents concentration depth
profiles for the implanted samples displayed in Table 1.

2. The lattice parameter a(z) at the depth z was supposed to be linearly
linked to the atomic fraction c(z) of the implanted element at the depth
z following: a(z)=a0⁎(1+k⁎c(z)) where a0 is the original lattice
parameter. This relationship could be linked to the difference of atomic
volume between substituted steel element and substituting implanted
element as in a Vegard law [16,17] or to insertion of implanted element
into the lattice (N or H), and to the stresses or defects induced by ion
introduction [18,19]. Both effects have to be considered. Lattice
parameter depth profile a(z) was established supposing the value of k
as shown on Fig. 2. The effects of texture, grain size are not taken in
consideration. This profile was converted in diffraction angle depth
profile 2θ(z) through the Bragg law (Fig. 2).

3. The intensity of diffracted X-rays decreased with the origin depth in
matter following an exponential law. The intensity of X-rays beam I(z)
at a depth zwas defined by I(z)=I0⁎exp (−τ⁎z) where I0 is the intensity
of X-ray beam impinging on the sample and an τ is the absorption
functionwhich depends on the incidence angleα. τ is calculated using
Fresnel's and Snell's laws. As the incidence angle was less than 3°, the
absorptionof thediffractedbeam inmatterwasnegligible compared to
those of incident beam. Consequently, τ only depended on the incident
angle α (1/τ called information depth equals 27, 51 and 81 nm
respectively for 0.5, 0.7, 1.0°). The relative intensity of X-ray diffracted
Fig. 4. Theoretical spectra of the γ(220) peak of 316LVM steel implanted with
2 ·1016 ions cm−2 of Ar at 75 keV (k=0.07), N at 28 keV (k=0.17)and Ag at 170 keV
(k=0.23) (a0=0.3597 nm) for α=0.5°, 0.7° and 1.0°.
signal as a functionof thedepth is represented in Fig. 3 for the incidence
angles used.

4. The theoretical spectrum I(θ) was constructed by convolution of
the inverse of diffraction angle depth profile 2θ(z), the X-ray
intensity depth profile I(z) and to the instrumental broadening
function. This latter function was determined by recording the
diffracted X-ray peaks of a polycrystalline silicon sample at the used
incidence angles and in the same diffraction angles range that the
studied steel X-ray diffracted peaks. The X-ray Si γ(311) peakwhich
appears at 2θ=76° was chosen for the simulation of the 316LVM
stainless steel γ(220) peak (2θ=74°). Examples of theoretical
spectra obtained is shown in Fig. 4 for the γ(220) peak of austenite.
The signal coming from the implanted layer had a higher intensity
than the signal coming from the volume for an incident diffraction
angle of 0.5°. The opposite was observed for 1° incidence angle.
With a continuous repartition of element into the implanted layer,
the X-ray peak presented completely different shapes depending
on α. In grazing incidence X-ray diffraction, the diffraction peak
shape can be confusing and two peak components have not to be
systematically attributed to the presence of two different phases
but can be due to a continuous variation of lattice parameter.
Unambiguous interpretation of X-ray diffractograms needs the
records of at least 2 or 3 diffractograms at different incidence
angles.

5. The calculated spectra were compared with experimental spectra. A
Fortran programwaswritten to construct theoretical spectrum Ical(α,θ)
knowing the incidence angle α, the original lattice parameter a0, the
implanted iondepthprofilec(z) and thek coefficient. The reconstructed
spectrumwas adjusted to the experimental spectrum Iexp(α,θ) using a
least squares minimization method by varying the k coefficient.
Fig. 5. X-ray diffraction spectra of the 2θ region for unimplanted and implanted samples
between 40 and 80° for 0.5° incidence angle.
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The quality of the adjustment was evaluated through a correlation
factor fc defined as

fc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
θ

Ical α; θð Þð Þ2− Imoy αð Þ� �2� �

∑
θ

Iexp α; θð Þ� �2− Imoy αð Þ� �2� �

vuuut

where Imoy(α) is the average intensity over the considered peak. The
adjustment was reasonable when fc was greater than 0.98.

3. Results

3.1. Structural modifications induced by ion implantation

At 0.5° incidence angle and within the selected experimental
conditions, ion implantation induced mainly modification austenite
peaks in shape and in position (Fig. 5). Small amounts of ferrite were
observed as put in evidence by the presence of α(110) peaks in the 2θ
range 44–45° in some cases as for Mo at 3·1016 ions cm−2 at 150 keV
(Fig. 5). The experimental conditions were voluntarily restricted to ones
where no amorphisation was observed and less than 30% of ferrite was
formed in implanted layer (Table 1). Fig. 6 displays the γ(220) peak for an
incidence angle of 0.5° and the selected ion implantation conditions. Ion
implantation induces a broadening and/or a shift of austenite peaks
towards lower diffraction angles (see as example 2·1016 Cr cm−2 at
90 keV), and in some cases splitting of the peak into two components, one
at the peak position of the unimplanted sample and the other at a lower
Fig. 7. Experimental γ(220) peaks of 316LVM stainless steel implanted with 1 ·1016 Mo
cm−2 (a), 2 ·1016 Mo/cm−2 (b), 3 ·1016 Mo cm−2 (c) at 150 keV at different incidence
angles.

Fig. 6. X-ray diffraction spectra of the 2θ region for unimplanted and implanted samples
between 72 and 76 for 0.5° incidence angle.
diffraction angle position (see as example 2·1016 N cm−2 at 28 keV). The
austenite transformation depended–on the implanted element (compare
N at 28 keV, Cr at 90 keV and Ag at 170 keV same concentration depth
profile, same fluence (2·1016 ions cm−2) and adapted energy) – on the
fluence (compare Mo at 150 keV, for 1·1016 ions cm−2, 2·1016 ions cm−2

and 3·1016 ions cm−2). Higher fluences went through deeper transforma-
tion as seen in Fig. 6 and Table 1.

As shown in Fig. 7, the shape of the γ(220) peak at different
incidence angles was strongly dependant on the incidence angle.

3.2. Simulation of the γ(220) peak of implanted sample

For all the examined samples, implanted element concentration
depth was known and austenite γ(220) X-ray diffraction peaks
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recorded at 0.5, 0.7 and 1° incidence angles were simulated with the
procedure presented above by means of the adjustment of k. The
results are presented in Figs. 8, 9 and Table 2. For all the examined
samples within the selected conditions and incidence angles, fc values
were higher than 0.98. There is consequently an excellent agreement
between experimental peaks and the simulated peaks. The proposed
model was adequate to simulate the experimental peaks.

For each implantation condition (element, energy and fluence), the
k coefficients for the 3 incidence angles (0.5, 0.7, 1) were similar. Thus,
the k coefficient was independent of the incidence angle and the
retained k value was the mean value of the three values for the
incidence angles 0.5. 0.7 and 1.0°.

For Mo implantation at 150 keV and Ag implantation at 170 keV,
the effect of the fluence was studied. The adjusted values for kwere
the same for the fluences 2 · 1016 and 3 ·1016 ions cm−2. The values
determined for 1 · 1016 ions cm−2 were slightly weaker. Moreover,
Fig. 8. Theoretical and experimental γ(220) peaks at 0.5°, 0.7° and 1.0° for 316LVM implanted
(c), 2 ·1016 Xe cm−2 at 190 keV(d), 2 ·1016 Ag cm−2 at 170 keV(e), 2 ·1016 Mo cm−2 at 150 keV
the k coefficient for Mo 49 keV, 8 · 1015 ions cm−2 was similar to the
ones obtained at 150 keV (Table 2). From this observation we
concluded that the k coefficient was independent of the incidence
angle, of the ion fluence and ion energy and only dependent on the
implanted element. This was only true when the major part of the
implanted layer remained austenite. This model was based on the
fact that the implanted element was in the austenite phase. When
ferrite formation or amorphisation took place in the implantation
layer, this was not true since implanted element was also
incorporated to ferrite and amorphous phase.

4. Discussion

The k values determined by peak adjustment were compared to
the ones given in the literature, which concern mainly N implantation
and also to calculated theoretical values.
with 2 ·1016 Cr cm−2 at 90 keV (a), 2 ·1016 Ar cm−2 at 75 keV (b), 2 ·1016 N cm−2 at 28 keV
(f).



Table 2
k coefficients, correlation factors (fc), mean values of the k coefficients kmean determined
by adjustment of the theoretical X-ray diffraction γ(220) peaks to the experimental
ones

Element Energy
(keV)

Fluence
(ions cm−2)

α
(°)

k fc kmean

N 28 2 ·1016 0.5 0.172 0.984 0.17
0.7 0.172 0.994
1.0 0.172 0.996

Ar 75 2 ·1016 0.5 0.069 0.991 0.07
0.7 0.069 0.997
1.0 0.069 0.997

Cr 90 2 ·1016 0.5 0.033 0.997 0.03
0.7 0.033 1.000
1.0 0.033 0.998

Xe 190 2 ·1016 0.5 0.064 0.994 0.07
0.7 0.064 0.997
1.0 0.064 0.999

Mo 49 8·1015 0.5 0.155 0.976 0.15
0.7 0.155 0.976
1.0 0.155 0.976

150 1 ·1016 0.5 0.128 0.991 0.12
0.7 0.117 0.997
1.0 0.130 0.999

2 ·1016 0.5 0.139 0.992 0.14
0.7 0.147 0.999
1.0 0.150 0.999

3 ·1016 0.5 0.139 0.996 0.14
0.7 0.144 0.993
1.0 0.147 0.990

Ag 170 1 ·1016 0.5 0.194 0.984 0.19
0.7 0.192 0.992
1.0 0.197 0.996
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The implanted elements were divided in three classes.

–Thefirst classwas constitutedbyelementswhicharemiscible in steel
andwhich are small enough to go in insertion in octahedral site in the
austenite lattice. A theoretical value was calculated using the relation
ktheo=4[(R+R0)−2√2R]/R0, where R is the radius of the implanted
element and R0 the mean atomic radius of 316LVM stainless steel
(R0=0.12714 nm). This was the case of nitrogen (RN=0.075 nm) which
is well-known to go in insertion in steel, when it is in limited quantity.
The calculated value of ktheo for nitrogenwas 0.25. This valuewas close
to the experimental one (kexp=0.17) and in the same range than the
experimental values between 0.17 and 0.30 reported in the literature
(0.17 [22,23], 0.20 [5], 0.21 [24], 0.22 [2] 0.27 [25] 0.30 [6]).
– The second class was constituted by elements which are miscible
in steel and form a substitution solid solution (Cr, Mo). ktheo was
calculated following the relation ktheo=(R−R0) /R0 where R is the
radius of the implanted element (RCr = 0.1288 nm)and R-

Mo=0.1405 nm) and R0 the mean atomic radius of 316LVM stainless
steel (R0=0.12714 nm). The calculated values for Cr and Mo were
respectively equal to 0.01 and 0.10. Experimental values were
respectively equal to 0.03 and 0.15 and were close to the calculated
values of k and to the ones given in the literature (0.0143 for Cr and
0.0843 for Mo [16]).
– The third class was constituted by immiscible elements which
segregated in steel. The rare gas atoms Ar and Xe are known to
form solid nanocrystallized precipitates when they are implanted
Fig. 9. Theoretical and experimental γ(220) peaks at 0.5° for 316LVM implanted with
1 ·1016, 1.5 ·1016 , 2 ·1016 Ag cm−2 at 170 keV(a), 8 ·1015 Mo cm−2 at 49 keV,1 ·1016, 2 ·1016,
3 ·1016 Mo cm−2 at 150 keV (b).

1.5 ·1016 0.6 0.247 0.986 0.25
0.7 0.255 0.989
1.0 0.247 0.998

2 ·1016 0.5 0.230 0.992 0.23
0.7 0.225 0.999
1.0 0.225 0.997
into metals [20,21]. Ag is immiscible in steel and form small
nanoclusters when implanted in steel.
– Although, the simulated X-rays diffraction peaks are in good
agreement with the experimental ones through a k coefficient,
the effect of ion implantation could not reduced to the volume
effect of implanted elements. Ion implantation induced indeed
the presence of numerous defects or defects clusters (interstitial
loops and vacancy loops, 3D interstitial clusters) [26,27] which
were a source of internal stresses. The k coefficient results of the
volume effect of implanted element but also of the damages
induced by implantation.

5. Conclusion

The proposed model allowed the simulation of X-ray diffraction
peaks at grazing incidence angles for expanded austenite fcc phase
formed by ion implantation within selected implantation conditions
(no amorphisation and limited ferrite formation). All the observed
austenite peaks shapes resulted from the incidence angle, the ion
implantation conditions (fluence and energy) through the concentra-
tion depth profile and finally from the nature of the implanted ion
through a k coefficient. X-ray diffraction peaks with one or two visible
components can issue from the same implanted samples but with
different observation conditions (incidence angle).
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