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HIGHLIGHTS

o Nitrogen diffusion enhancement by atomic attrition of Xe, Kr, and Ar.
e Atomic attrition modifies the microstructure well deeper than the ion implantation range.
e The stress is compressive in the implanted zone and tensile underneath over few 100 s nm.
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The low energy (~50—350 eV) noble gases ion bombardment of the steel surface shows that the pre-
treatments increase nitrogen diffusion by modifying the outermost structure of the material. The sur-
face microstructure and morphology of the studied samples were characterized by Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM). The crystalline and chemical structures in the
outermost layers of the surface were analyzed by grazing angle X-ray diffraction (GAXRD) and photo-
emission electron spectroscopy (XPS). Temperature effusion studies of the implanted ions are used to

ﬁii/rvi\;oer;is: elucidate the noble gases site localization in the network. The local compressive stress induced by the
Diffusion nearby iron atoms on the core level electron wave functions of the trapped noble gases are studied by

XPS photoemission electron spectroscopy (XPS) and interpreted considering a simple mechanical model.
Nano-hardness measurements show the dependence of the material elastic constant on the energy of the
implanted noble gases. Although the ion implantation range is about few nanometers, the atomic
attrition effect is larger enough to modify the material structure in the range of micrometers. Two
material stress zones were detected where the outermost layers shows compressive stress and the
underneath layers shows tensile stress. The implanted noble gases can be easily removed by heating. A
diffusion model for polycrystalline-phase systems is used in order to discuss the influence of the atomic
attrition on the N diffusion coefficient. The concomitant effect of grain refining, stress, and surface
texture on the enhancing nitrogen diffusion effect is discussed.

© 2013 Elsevier B.V. All rights reserved.

Mechanical properties
Surfaces

1. Introduction

Plasma nitriding is based on low energy nitrogen ion implan-
tation and temperature activated diffusion [1-3]. The technique is
broadly used for increasing hardness, corrosion resistance and
improving tribological properties of a number of metallic alloys for
technological applications. The process time span from few hours
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up to several days and diminishing the relative long processing
times is a challenge if we want to increase the applications of the
technique. The efficiency of the process and the final material
properties are strongly dependent on defects at the surface created
by ion impact. Recently, it has been shown that adequate combi-
nation of low energy nitrogen ions and substrate temperature
modified the kinetic of the surface phenomena, decreasing the
process time [4]. Also, mechanical attrition (“shot-peening”)
generating stress, plastic deformation and defects modify the sur-
face chemical kinetic of the reactions, shortening nitriding process
[5,6]. Similar effects were reported bombarding the samples with
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relative low energy xenon ions (“atomic attrition”). Indeed,
increased hardness up to ~40% was reported by choosing a suitable
set of the bombardment ion parameters [7]. The increasing number
of boundary paths in the refined grain structure of the surface is
probably the main cause of shortening the time in the nitriding
process [8]. Results reported by Abrasonis et al. suggest that the
effect of bombarding the material after nitriding has profound
consequences on N diffusion in metals [9]. In a recent fine experi-
ment Zhang et al. have shown that low energy (500 eV) Ar' ion
irradiation significantly increased the Ni diffusion in Cu at distances
much deeper than the affected radiated surface [10]. Finally, Mar-
tinavicius et al. showed the influence of ion irradiation on nitrogen
diffusion in stainless steel [11]. These authors invoke highly
anharmonic localized excitations (such as a Discrete Breath) which
can propagate distances well beyond the ion penetration depth to
explain generation of deeper defects and thus probably increasing
the effective diffusion coefficient.

In this paper, by employing various techniques we have
extended our previous work with Xe to a comprehensive investi-
gation on the surface properties of steel bombarded with other low
energy ions (Xe, Kr, and Ar). Specifically, the effect of the atomic
attrition on the in situ posterior nitriding process is discussed. The
microstructure and morphology of modified surface were corre-
lated to the crystalline and chemical structure of the outermost
layers. Finally, applying a standard model of poly-phase diffusion
mechanism, the N equivalent diffusion coefficient due to the atomic
attrition effect is estimated and compared with those values ob-
tained in not pre-bombarded samples.

2. Experimental

The experiments were performed in mirror polished, rectan-
gular samples, 20 x 10 mm and 1 mm thick, prepared from the
same commercial AISI 4140 steel lot (C: 0.4, Si: 0.25, P: <0.04, S:
<0.04, Mn: 0,85, Mo: 0.20, Cr: 1, Fe: balance). The noble gases
bombarding and nitriding experiments were carried out in a high-
vacuum system (<1077 mbar) attached to an ultra high vacuum
chamber (<2 x 102 mbar) for XPS analysis. The deposition
chamber contains a 3 cm diameter DC Kaufman ion source. Details
of the apparatus are described elsewhere [12].

All the studied samples were introduced in the IBAD chamber
after 10 min cleaning in acetone ultrasonic bath. Before starting the
implantation of each NG, the samples were also cleaned by five (5)
minutes, 1 keV ions (Ar", Kr', or Xe") sputtering, at room tem-
perature. We note, also, that the low background oxygen partial
pressure in the IBAD (<10~8 mb) chamber makes unnecessary de
use of hydrogen as reducing agent [13].

Before nitriding, the surface of the substrate is textured as a
consequence of NG bombardment (atomic attrition) during 30 min at
room temperature with fixed energies selected between 50 and
350 eV and ion current density of 1 mA cm 2. Immediately after this
pre-treatment, the substrate temperature is raised to the working
nitriding temperature (380 + 5) °C. This process takes approximately
15 min. Subsequently, the sample is irradiated with a pure nitrogen
ion beam of 1 mA cm~2 and constant energy (200) eV during 30 min.
The substrate temperature is measured at the surface of the sample
by an optical pyrometer (Raiomatic 20, IRtec, Eurotron) focused on
the sample surface by a He—Ne laser. A thermocouple located on the
substrate holder gives a signal feeding proportional—integrator—
differential (SPH Temperature Controller, England) feedback systems
controlling the temperature of the substrate holder.

The morphology of the samples before and after the atomic
bombardment was analyzed by field emission gun-scanning elec-
tron microscopy (FEG-SEM), atomic force microscopy (AFM), and
optical microscopy. In order to study the activation energy barrier

during isochronal temperature effusion of the NG atoms trapped in
the steel matrix, a set of samples were irradiated with the Xe™, Kr*,
and Ar" at room temperature and afterward annealed for a
controlled degasification. All the treated samples were routinely
characterized by XPS [14]. The hardness profiles and nano-
indentation module were obtained by nano-indentation using a
Berkovich diamond tip (NanoTest-300). The load—displacement
curves were analyzed using the Oliver and Pharr method [15]. In a
previous work, the nitrogen profiles of nitrided samples (without
pre-treatment) and nitrided after Xe™ bombardment were obtained
by Secondary Neutral Mass Spectroscopy (SNMS) [7]. These results
were further analyzed in order to obtain the nitrogen diffusion
coefficient in the material. The cross section of the samples treated
with Kr* and Ar* was studied by FEG-SEM after a 10 s attack with
Nital solution (5% nitric acid in ethanol). For comparison purposes,
the cross section of the sample bombarded with Xe™ and studied by
FEG-SEM was reproduced and adapted from the work by Ochoa
et al. [7]. For the phase identification and stress studies, both
normal and grazing X-ray diffraction experiments were performed
using synchrotron radiation. The evolution of the nitrides phases
due to the noble gases pre-bombardment treatment was gathered
at a § = 2° grazing angle in a Bragg—Brentano X-ray diffraction
configuration and a monochromatized Cu-Ko radiation line (Shi-
madzu, LAB X-XRD-6000). For residual stress analysis the XRD
experiments were performed using grazing synchrotron radiation
in the Seemann—Bohlin (SB) geometry [16]. The method used for
the study was the “g-sin®y method’, where y is the angle between
the diffracting planes and the sample surface [16—18]. In order to
study the N diffusion in the bombarded samples, we apply the
classical Fick’s laws to nitrogen diffusion process in steel, consid-
ering it as polycrystalline multiphase system [19].

3. Results and discussion

3.1. Morphology of samples before and after ion bombardment by
SEM and AFM imaging

As remarked above, atomic attrition can induce grain refining
from micrometric particles up to fractions of a micron on the
bombarded surface sample. As an example of in cross-section
microstructure modification, Fig. 1a, b1 and c1 shows the FEG-
SEM micrographs of Xe*t, Kr', and Ar" ion bombarded samples
with energies of 125 eV, 150 eV, and 100 eV, respectively. As we
shall show below (Section 3.2), these energies produce the
maximum local stress around the implanted NG. In order to analyze
further the influence of atomic attrition in the material micro-
structure, the pristine sample in cross-section was studied by FEG-
SEM where neither atomic attrition nor nitriding treatments were
performed (please, see Fig. 1b2 and c2).

On the one hand, the pristine sample shows a characteristic
microstructure of ferrite and pearlite for a low-alloy steel as AISI
4140. In both Fig. 1b2 and c2, one can see that ferrite and pearlite
grains are the same, in terms of microstructure and morphology,
either near surface or deeper in depth. On the other hand, the FEG-
SEM images in Fig. 1a, b1 and c1 shows a pattern of layered
structures formed mainly by micrometric and sub-micrometric
grains where the original microstructure of ferrite and pearlite
was totally degraded. Indeed, it is clearly seen in Fig. 1b1 and c1 that
the lamellas of the original pearlite structure are smaller and
shorter with a random distribution. Fig. 1a—c shows that the atomic
attrition modifies the microstructure of the original material in the
range of micrometers. This relatively high depth outcome cannot be
explained by cascade effect of the so call “replacement collision
sequence”. This effect has been evoked as causing stress in thin
films growth [20]. Indeed, molecular dynamics studies have shown
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that such sequences occur along no more than a hundred atomic
distances, which is far below the order of a micrometer experi-
mentally observed effects [21]. As we shall see below, the hardness
of the material is also in depth modified by the bombardment
(Sections 3.3 and 3.6).

Fig. 1d1 shows the AFM images of a sample bombarded with Ar™
ions (150 eV) energy. Fig. 1d2 is a detail of the same sample. One can
note that several different direction periodic patterns are displayed

on the picture. The direction of the pattern periodicity depends on
the grain crystalline orientation, i.e., the ionic bombarding gener-
ates a periodic arrangement following the crystalline orientation of
the grains. This behavior is explained by the Ehrlich—Schwoebel
instability model [22]. Roughly speaking, the combined effect of
sputtering and surface diffusion barriers in metals induces the
formation of periodic structures following the crystalline grain
orientation as those observed in Fig. 1.

Fig. 1. FEG-SEM images in cross-section of Xe™ (a), Kr* (b1), and Ar" (c1) bombarded sample with 125 eV, 150 eV, and 100 eV, respectively. The enlarged micrograph (a) clearly
shows modified structure induced by Xe* bombardment (adapted from Ref. [7]). The chosen bombarded energies are those producing maximum local stress (Section 3.5). Pictures
(b2) and (c2) are two different regions of the same pristine sample (without any treatment) where a characteristic microstructure of ferrite and pearlite is apparent. In (a), a couple
of the refined grains are rounded by a dashed loop. A fracture produced by the bombardment is indicated by a wavy dashed line. Larger grains less affected by the bombardment are
rounded with a continuous line. (d1): AFM image of a sample bombarded with Ar* ions 150 eV energy; (d2): detail from the same sample.
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Table 1

ng/rr and rng/ro: ratios between the NG (rng, covalent radius) and in-
terstices sites radii rr and ro. rr = 0.29 and ro = 0.15 are the radius of the «
(bcc) tetrahedral (T) and octahedral (O) interstices sites in iron atomic radius
units, respectively (the covalent radii ryg of the NG atoms is adopted for
comparison purposes) [27].

NG 'ng/Tr ng/To
Xe 448 8.66
Kr 3.79 7.33
Ar 3.34 6.46

3.2. Chemical environment study by XPS

The interaction among the implanted NG atoms and the nearby
atoms of the network is manifested as an energy shift A¢ (“chemical
shift”) of the binding energies associated with the core-level elec-
trons of implanted atoms [23]. Therefore, the XPS spectra reflect the
local influence of the nearby host atoms on the trapped NG and the
obtained information comes from ~50 A, i.e., the escape mean free
path of the ejected photoelectrons [23]. As we shall discuss it in
Section 3.5, after a few collisions, the projectile probably occupies
an interstitial site in the « (bcc) host crystal, causing a local stress
related to the atom size misfitting [24]. In Fe atomic radius units,
the size of the « (bcc) tetrahedral (rr) and octahedral (rp) interstitial
sites are 0.29 and 0.15, respectively (Table 1) [25]. They are
compared in Table 1 with the NG covalent radii. Therefore, due to
the stress caused by the misfitting atoms in the host crystal, the
binding energy (BE) of the Xe 3ds; electrons changes [26,27].
Moreover, the observed chemical shift decreasing the binding
electron energy indicates a compression of the electronic cloud
density of the implanted NG, i.e., higher electronic density in-
creases the electron repulsion making it easier to eject an electron
from the element core level.

Fig. 2a shows the spectra corresponding to the electrons Xe 3ds;
2 and Xe 3ds; for different implantation energies. Similar curves
are obtained for Kr* and Ar* bombarded samples (not shown). The
expected position energies for the corresponding levels in the gas
phase are indicated in the figure [28]. Fig. 2b shows the corrected
chemical shift AE = Ae — RE vs. implantation energy for the Ar 2s, Kr
3p3j2 and Xe 3dsp; electron levels of all the studied samples (note
that, in this plot, the work function is not included). A local
maximum in this curve is observed in this figure compatible with
stronger interaction of the NG with the host crystal, phenomenon
associated with the material stress induced by trapped NG. In fact,
the fitted curves in Fig. 2b were obtained by applying a model
which will be discussed latter at the end of Section 3.5, which
supports the dependence of material stress on trapped NG. On the
other hand, for greater bombardment energies, the interaction
leads to material relaxation. As observed in the plot, all these effects
are stronger in the case of Xe due its larger atomic radius. Indeed,
Fig. 2 shows that the chemical shift depends on bombardment
energy and the type of projectile.

3.3. Mechanical properties I. Nano-indentation studies

Fig. 3 shows the hardness and nanoindentation module as a
function of the implantation energy of Xe ions obtained by nano-
indentation measurements at fixed depth of 100 nm, i.e.,, much
deeper that the region probe by XPS ( ~5 nm). Moreover, according
to simulations using TRIM, the projectile implantation zone (IZ) in
the Fe matrix is around ~5—10 A [29,7]. Consequently, the
replacement collision sequence effects during ion implantation
could explain both hardness and nanoindentation module behav-
iors far away from IZ [7]. As we shall see in Section 3.6, the atomic
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Fig. 2. (a) XPS spectra for the core levels Xe 3ds;, and Xe 3ds, of xenon for different
implantation energies. The shifts of peaks are taken with respect to the corresponding
gas phase energies. (b) Experimental binding energy shifts AE = A¢ — RE of the selected
electron core levels (relative to the gas phase) of NG vs. implantation energy. The
relaxation energy of the system was considered as explained in the text. Note that in
this plot the work function is not included. The solid line corresponds to the fitting of a
theoretical stress expression resulting by the knock on implanted atoms and thermal
spikes relaxation (see Section 3.5).

attrition modifies the material up to ~1.5 um in depth. This result
suggests two things. First, the ion implantation process penetrating
up to 10 Ain depth induces deeper changes in the material (at least
~100 nm). Second, the hardness of the material has also a
maximum value at the same bombarding energy giving the largest
chemical shift (Fig. 2). We also note that the nanoindentation
module obtained from the nano-indentation experiments are
higher than the ~200 GPa value normally reported for the studied
AISI 4140 steel [30]. A similar behavior to the one described for the
samples treated with Xe* is observed in samples bombarded with
Art and Krt albeit less intense (not shown). We shall come back to
the hardness profile of the studied samples in Section 3.6.
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Fig. 3. Nano-hardness (at 100 nm depth) and nanoindentation modulus vs. implan-
tation energy of Xe ions. The dashed line is a guide for the eyes.
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Fig. 4. Residual stress on the iron lattice for Ar*, Kr, and Xe* treatments obtained
from synchrotron X-ray diffraction measurements. The compressive stress (circle with
a cross) of the original material is also shown.

3.4. Mechanical properties II. Samples residual stress obtained from
synchrotron X-ray grazing diffraction

As described in Section 2, the residual stress present in different
oriented grain populations can be obtained by X-ray diffraction
(XRD) using the Seemann—Bohlin (SB) geometry. The use of X-rays
to study the sample stress complements the information obtained
from the electron core level of the implanted NG. As discussed in
Section 3.2, the XPS is a local probe since the chemical shift is
sensitive to the local influence of the nearby Fe atoms on the
electronic cloud of the implanted NG. Moreover, as noted in Section
3.2, the XPS technique is probing electrons being ejected up to
~50 A depths [23]. On the other hand, the X-ray measurement
gives a bulk insight into the state of the tensions of the sample.
Moreover, since the grazing angle used in the experimental set up
gives information from ~1 um in depth, the measured stress rep-
resents the state of tensions of the material well below the top most
layer (~5-10 A) containing the trapped NG.

Fig. 4 shows the residual stress values obtained for the samples
bombarded with Xe™, Kr*, and Ar™ at different implantation en-
ergies following the procedure outlined in Section 2. For compar-
ison purposes, the residual stress of a pristine sample is also shown
in the graph (filled dot). From this plot, the following observation
are drawn regarding the state of the tensions of the material
beneath the surface: a) the high negative value indicates that the
raw samples originally have a compressive residual stress, prob-
ably due to the cutting and polishing process [31]; b) the residual
stress below the thin implanted surface (i.e., >>5 A) of the samples
changes from compressive to tensile due to the ion bombardment;
c) for the lighter NG projectiles studied, the residual stress is barely
resolved from the experimental error; e) for Xe™, Art and Kr* there
is a trend to increase tensile stress on ion energy bombardment.
The stress obtained for the sample bombarded with 125 eV is
completely shifted from the general trends. Unfortunately the
limited time of the synchrotron radiation prevented us to repeat
these measurements. Nevertheless, although more work is
necessary, we suggest that the general trend is correct since the
majority of the calculated stresses shown in Fig. 4 are consistent.
From the information gathered, the state of the tension of the
bombarded sample is schematically represented in Fig. 5a. The
thin top most layers represent the ~5 A containing the trapped NG
submitted to a compressive stress (knock-on effect [32,33])
whereas below this implanted region, the thicker layer is sub-
mitted to a tensile stress. The compressive stress is confirmed by
the negative chemical shift of the electrons core level of the
trapped NG atoms (Section 3.2, Fig. 2b). Fig. 5b helps to understand

this comment. Assuming it is free of constrainers, the top layer is
assumed to be larger by AL = L — Ly than the original sample size
due to the presence of implanted NG (Fig. 5b, top). In order to fit
the actual sample size Ly, a parallel force to the surface is neces-
sary, i.e., the bulk substrate is applying a compressive stress to the
implanted layer (Fig. 5b, middle). Therefore, in order to satisfy the
equilibrium condition, the bulk material suffers a tensile stress
(Fig. 5b, bottom).

3.5. Effusion experiments

In the attempt to identify the localization site of the implanted
NG and its relation with electron core level energy shift measured
by XPS, we have performed isochronal annealing experiments. For
each type of implanted atom (Xe, Kr, and Ar), six samples were
studied, i.e., three sets of six samples were prepared. One at a time,
a sample of each set is then bombarded during 30 min using the
energy corresponding to the maximum chemical shift displayed in
Fig. 2b. As commented above, the XPS technique probes the surface
up to ~50 A of the material, i.e., the NG atoms are trapped within
the studied region. After bombarding, the sample is immediately
transferred to the UHV chamber for XPS measurements. Afterward,
the sample is returned to the bombarding chamber and annealed
during 5 min in the implantation chamber at 100 °C and again
transferred to the UHV for a new XPS measurement. This procedure
is then repeated for each freshly bombarded sample of each set in
increasing steps of 50 °C (i.e., 100, 150, 200 °C etc.) and maintaining
the annealing time constant (5 min). Our results have shown that
after the 350 °C annealing step practically all the implanted gases
abandoned the material preventing further measurements, i.e., the
remaining if any, is below the detection limit of our apparatus
(<0.3%). In order to simplify the analysis of this process, a simple
model considering the diffusion of holes into the sample instead of
particles leaving the sample will be considered. In other words,
introducing a hole is equivalent to extract a NG atom from the
sample. Assuming a semi-infinite plate, the amount of holes
diffused in the material at time t is characterized by the mass
M(T) = 2¢*[D(T) t]'? [34]. Here c¢* is the concentration of hole
(reservoir) assumed constant at the free surface and D(T) is the hole
diffusion coefficient. Then, the effusion rate can be studied by
isochronal annealing of the sample at a temperature T and by
measurements of the remaining band area. Therefore, the total
amount of NG atoms is a function of the area A = Ag — 2pc*[D(T) t]"/
2. where p is a proportional constant and Ag is the starting band
area, i.e, before the annealing. Now, considering that
D(T) = Dge /KT where E4 and k are the activation energy and the
Boltzmann constant, respectively, the dependence of NG in the
material on T and ¢ is:

The stronger exponential dependence on temperature allows us
to estimate the activation energy Es of the effusion process by
plotting In A vs. 1/T. In this way, one can assume that the area under
the XPS bands associated with the NG electrons core level, are
proportional to the remaining atoms concentration in the material
after the effusion procedure. Fig. 6a shows the plot for the corre-
sponding areas vs. the inverse of temperature, T\. Fig. 6b repre-
sents the activation energy of the studied implanted gases vs. the
atomic mass obtained from the Arrhenius plots. For comparison
purposes, the activation energy of implanted He" obtained from
the literature is included [35]. The nice straight line clearly suggests
that the effusion process in the studied region is controlled by the
size of the implanted noble atom.
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Fig. 5. (a) Schematic representation of the state of the tensions along the direction perpendicular to the sample. The thin implanted layer has a compressive stress (—¢) while the
bulk layer below it is submitted to tensile stress (+¢). (b) The schematic shows the origin of the stress. Top: L and Lo, expanded “free” implanted and bulk layers, respectively.
Middle: compressive stress of the implanted layer to fit the bulk material. Bottom: in equilibrium, the implanted layer is compressed and the bulk layer stretched.

The relatively low values of the activation energy suggest an
interstitial site for most of the trapped NG atoms rather than
occupying a Fe host atom, either in octahedral or tetrahedral sites.
Considering that the bonds involved in the tetrahedral sites are
stiffer than the bonds in octahedral ones, the latter cavities are a
stronger candidate to host the implanted NG.

The activation energy obtained from the effusion experiments
can be related to the core level electron binding energy shift
observed by XPS. Furthermore, the residual stress in the most top
layers is a result of competition between the knock on phenomenon
generating a stressed meta-stable site and local relaxation by
thermal spike [32,33]. Indeed, due to thermal spikes, the implanted
NG atom can suffer thermo-activated hops with activation energy
Eo given by (E/Eo)°", ie., the trapped NG has some probability to
escape into the vacuum chamber, minimizing the total network
energy [33]. Davis has shown that the fraction of trapped atoms (n/
N) strains the host material network, generating a stress ¢ is given
by ¢ ~ [Y/(1 — »)]EY?/[a + B(E/Eo)*? [33]. Here Y is the nano-
indentation modulus, E the ion energy, v the Poisson ratio and «, 8
are constants. Fig. 2b reproduced the binding energy shift vs. lon
Energy (open triangles) for the energy shifts associate to samples
bombarded with Xe". Assuming the stress being proportional to
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Fig. 6. (a) Arrhenius plot for the Ar, Kr and Xe effusion experiments. The experimental
error is of the order of the symbols. (b) E5 vs. atomic masses.

the observed chemical shift, the solid line corresponds to the fitting
the above equation for ¢, assuming Eg ~ 126 meV, i.e., the activa-
tion energy estimated from the effusion experiment (Fig. 6). The
plot shows a quite good fitting to the experimental data. Finally, it is
important to remark that this result apply to the top of the sample,
ie, ~5 A depth, region where the Xe atoms are trapped during
implantation.

3.6. Bombarding effect on the nitriding process

In this section we shall study the consequences of the heavy
atoms bombardment on the nitriding process. As described in Sec-
tion 2, the evolution of the nitride phases due to the noble gases pre-
bombardment treatment was gathered at a § = 2° grazing angle by
using a standard diffractometer in a Bragg—Brentano geometry. In
this case, the penetration depth is estimated to be ~0.15—0.20 um
i.e., the probed region is in the modified surface by ion bombard-
ment. Although the comparison of X-rays diffractogram intensities
must be taken carefully, we shall discuss some results that, in
conjunction with other experiments, reinforce the conclusion that
the atomic attrition enhances nitrogen diffusion. Fig. 7 shows
grazing angle diffractograms of the nitrided samples with and
without previous NG atom bombardment. In order to be able to
compare the diffractograms, care was taken in the preparation of the
samples and in the reproducibility of the diffraction measurements.
The curves are normalized to the intensity of the « reflection peak.
From this plot one can estimate that the pre-treatment enhances the
presence of the y’-FesN and ¢-Fe, 3N phases at the surface of
the material as a function of the noble gas atomic mass. Indeed, the
roughness of the surface is probably contributing to augment the
nitrogen retention on the surface during the nitriding process, as
well as the refining grains create new diffusion channels and the
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Fig. 7. Grazing angle diffractograms of samples 30 min simultaneously nitrided with
and without pre-treatment bombardment.
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Fig. 8. (a) Nitrogen profile of nitrided samples with and without previous Xe™
bombardment (125 eV) reproduced from Ochoa et al. [7]. In both cases the nitriding
time was 0.5 h; (b) Hardness vs. depth for nitrided samples (solid symbols) and non-
nitrided samples (open symbols).

surface texturization increases the nitrogen concentration at the
material surface, altogether improving the nitrogen diffusion.

It is interesting to quantify the influence of the atomic attrition
on the process and on the diffusion coefficient of N in the bom-
barded material. In Fig. 8a and b, we reproduce results previously
reported on nitrogen concentration and hardness profiles of the
nitride samples after bombarding, respectively [7]. The nitrogen
profiles were obtained by Secondary Neutral Mass Spectroscopy
(SNMS) for two nitrided samples with and without atomic attrition
pre-treatment of Xe™ ions (Fig. 8a). For completeness, the hardness
profiles obtained by nano-hardness measurements from the cited
study are also reproduced (please, see Fig. 8b). As commented in
the introduction, to estimate the effective diffusion coefficient, we
apply the classical Fick’s laws to nitrogen diffusion process in steel,
considering it as polycrystalline multiphase system [19]. This model
permits obtain the effective diffusion coefficient as an adjustable
parameter by fitting the expressions of the nitrogen concentration
given by C(x,t) = k1 + ky erf(x/2/Dt) to the experimental profiles.
Here x is the distance measured from the sample free surface, t the
nitriding process time, ky, k, constants and D the diffusion coeffi-
cient D, all of them adjustable parameters. The experimental con-
centration data dispersion makes the fitting in the region where the
e- and a-phase are expected dubious. In fact, the large standard
deviation makes uncertain the determination of the diffusion co-
efficient. Therefore, we report only the results concerning the
diffusion coefficient obtained in the nitrogen concentration range
where is expected the y-phase and the experimental profiles are
clearly resolved (Table 2).

The plot shows in Fig. 3 that the attrition per se induces a
moderate hardness increasing due, might be, to the stress gener-
ated by the ion bombardment (AA). As expected, these results are
reflected in the hardness of the studied samples (Fig. 8b). Fig. 9
shows the hardness profile for nitrided samples after pre-
bombardment at the ion energy which maximizes the chemical
shift of the implanted noble gases. We note that, under some as-
sumptions, the hardness profiles can be used to estimate the ni-
trogen concentration in the material [19,36]. In a previous paper
was shown that for the material studied in this paper the hardness
H is proportional to the in-depth nitrogen concentration, i.e.,

Table 2
Diffusion coefficient for nitrogen in the gamma line phase obtained for the nitrated
(380 °C) samples with and without pre-treatment (AA, Xe™: 125 eV, 0.5 h).

I = without Il = with Ratio II/I
pre-treatment pre-treatment (AA)
Dy (pm?s71) (0.8 +0.2) x 107> (1.7 £0.1) x 107> 2.1+06
14} ——Xe': 125eV, 0.5h nitrid.
—@—Kr': 150eV, 0.5h nitrid.
—A— Ar': 100eV, 0.5h nitrid.
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Fig. 9. Hardness vs. depth for different NG pre-treated samples. The hardness of the
raw material and that of nitride samples without pre-bombardment are also shown for
comparison purposes.

H(GPa) = m[N] + 4(GPa), where m = 0.54 and [N] are the slope and
nitrogen concentration measured in GPa/at% and at%, respectively
[7]. Therefore, the curves in Fig. 9 are approximately mapping the
nitrogen profiles of the studied samples. Thus, these curves show
that nitrogen diffusion is enhanced when heavier noble gases are
used in atomic attrition pre-treatments.

As pointed out above, TRIM simulations show that the ion
penetration is ~5—10 A [7]. However, by observing the curve in
Fig. 8b, one can see that hardness induces by the bombardment
propagates as far as ~700 nm. We note, also, that the hardness
slightly increases on increasing atomic mass of the projectile. On
the one hand, the hardness profiles in all the pre-bombarded and
nitride samples expand deeper than in those samples without
previous atomic attrition. Indeed, the bombardment “long range”
effects with high ion energies (>keV) are known and several
experimental papers are published on the subject [37,38]. On the
other hand, studies involving low energy ions bombardment like
the results reported in this paper are scarce. As commented above,
highly anharmonic localized excitations (such as a Discrete Breath)
which propagate distances well beyond the ion penetration depth
were invoked to explain creation of deeper defects enhancing ni-
trogen diffusion [9]. However, more work is necessary before
having a clear understanding of the experimental findings.

In the attempt to explain the nitriding enhancement process in
pre-treated samples we suggest that it is due to not only by one
independent effect but also by a conjunction of the following
mechanisms: first, grain refining effect of the bombardment, i.e.,
increasing inter-grain diffusion path (see Fig. 1a) [5,8,39]; second,
the texturized surface of the material probably increases the sur-
face nitrogen retention (Fig. 1d). Finally, the tensile stress discussed
in Section 3.4 can contribute to enhancing N diffusion [40]. Indeed,
tensile stress allows stretching further the crystalline unit cells of
modified layer, increasing the mean free path for nitrogen inter-
stitial diffusion.

4. Conclusions

Low energy NG ion bombardment of steel substrate at room
temperature modifies the structure of the material surface. The effect
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of the bombardment goes orders of magnitude beyond the thin
implanted zone. Ex situ scanning electron, atomic force microscopies
(FEG-SEM, AFM) and X-ray analysis show that the NG bombardment
refines the underneath grains, texturizes the surface and strains the
material. The strain is a consequence of the energy transferred by the
projectile and the occupancy of small spaces by the massive NG ions
(misfitting). The combined effect of sputtering and surface atoms
diffusion induces the formation of characteristics patterns (texture)
contributing to increase nitrogen retention at the material surface
during the nitriding process. The local stress generated by the mis-
matching trapped NG atoms is evidenced by the core level cloud
compression and decreasing binding energy associated with the NG
electrons core level levels. The strain increases as a function of the
atomic mass of the NG. By diffraction grazing angle studies, a tensile
stress in depths is observed to be orders of magnitude larger than the
physically modified underneath thin noble gases implanted layer.
This tensile stress can contribute to increase the diffusion of N by
opening the crystal network. The relatively low activation energies of
the trapped gases effusion on annealing experiments suggest the
interstitial localization of the NG atoms in the lattice. Due to these
low activation energies no traces of noble gases are found after the
nitriding process. Finally, all the associated physical modifications
(grain refining, stress, and texture) contribute to a more efficient
nitriding diffusion process, increasing the material hardness. The
experimental results obtained with the atomic attrition procedure
show that the nitriding time could be shortened.
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