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This paper deals with the surface strengthening of aluminum alloys bymeans of a new process allowingmulti-
charged nitrogen ion implantation. X-ray photoelectron spectroscopy, grazing-incidence X-ray diffraction and
atomic force microscopy were used to study microstructural changes involved by implantation. This micro-
structural study revealed the formation of AlN and AlONγ due to the low nitrogen concentration gradient
obtained with multi-charged implantation. Nanoindentation and wear tests were performed to evaluate the
mechanical properties of implanted surfaces. A significant improvement of wear resistance was observed as
a consequence of the nitride protective layer formation. The observed surface hardening is attributed to
both AlONγ and AlN formations and to the precipitation-induced stress.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Aluminum alloys are well known for their low weight and good
mechanical properties. They are used in many industrial applications,
such as automotive and aeronautics. However, in some severe condi-
tions, they can exhibit a lack of wear resistance and consequently
their surfaces have to be treated to increase superficial hardness
and extend their life time.

Strain and precipitation-hardened Al-base alloys are very sensitive
to temperature conditions. Strain hardening occurs from recrystalliza-
tion processes, and precipitates coalesce, both usually at low tempera-
tures in such alloys. Consequently, thermochemical surface treatments
commonly used for steels, which involve an increase of temperature
for long periods of time, cannot be applied to these materials. As a
result, anodization is the most common surface treatment used to
improve surface wear resistance in aluminum industry. However, de-
spite the very good results that they provide, anodization techniques
are very pollutant and greener physico-chemical processes would be
advantageous substitutes.

Alternative surface treatments such as physical vapor deposition
(PVD) or in general plasma based technologies successfully achieved
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in the last decades an increase in life time products with a minimized
environment impact. Among them, ion implantation can be used to
enhance aluminum wear resistance performing immersed ion
implantation [1–4] or direct implantation, which the study presented
in this paper concerns. Many investigations have been performed on
mono or multi-energetic nitrogen (successive implantations with de-
creasing energies) implantation into aluminum. A lot of contributions
focus on microstructural modifications occurring during implantation
[5–11]. Others are concerned by functional properties of N-implanted
materials [12,13] reporting the formation of a hard nitride layer
which protects the substrate from wear [14] and corrosion [15].

In this study, we propose to correlate the evolution of microstruc-
ture to the surface strengthening of both commercial pure aluminum
(Al-1050) and aluminum alloys (Al-2024) impinged by means of
multi-charged nitrogen ions in order to identify the mechanisms
involved. To this end an implantation process based on multi-charged
ion implantation was used [16], made possible thanks to the use of
compact electron cyclotron resonance (ECR) ion source as particle
supplier and accelerator [17]. The obtained results are also used to com-
pare traditional single/multi-energetic N-implantations with multi-
charged implantations. Microstructural analysis is firstly presented
and confronted with results obtained by hardness and wear tests.
Then, we discuss the different phenomena responsible for the surface
properties modifications induced by the implantation. Most of the
results shown in this study concern Al-1050 but complementary exper-
iments performed on Al-2024 help the comparison between strain
(Al-1050) and structural (Al-2024) hardening behaviors.
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Fig. 1. AFM surface topography (600 nm×600 nm) of (a) unimplanted and (b) 20 s/cm2

implanted samples. Evolution of the surface mean line for both samples (c).
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2. Experimental procedure

2.1. Samples preparation

Two aluminum alloys were studied in this work: commercially pure
Al-1050, used essentially for packaging applications, and to less extent
Al-2024, one of the most used alloys in industry because of its larger
mechanical properties due to precipitation hardening. Al-1050 sheets
contained 99.5% in weight of aluminum and were annealed at 673 K
for 10 h in order to remove strain-hardening coming from cold-
rolling, and to obtain a recrystallized structure. A 20 μm average grain
size was measured by light microscopy image analysis and confirmed
by EBSD. Al-2024 rods were used as received. Samples (thickness:
10 mm, diameter: 30 mm) were mechanically ground with SiC paper
and polished to a mirror grade with diamond paste. Electrochemical
polishing was performed on samples for nanoindentation and X-ray
diffraction measurements. A mix of 2-butoxyethanol and perchloric
acid (60%) as electrolyte was used, and a 20 V bias voltage applied be-
tween sample and cathode for 20 s. A pure AlN sample (thickness:
0.25 mm, length: 10 mm, width: 10 mm) was treated as received to
obtain aluminum nitride intrinsic properties (hardness andwear tests).

2.2. Implantation procedure

Nitrogen implantation was performed using a micro-implanter
described elsewhere [18]. The set-up is based on a compact multi-
charged ion source and a small vacuum chamber. The ion source is
an ECR type named Microgan from Pantechnik. It is 30 cm in height,
15 cm in diameter and weighs 11 kg. It operates at a frequency of
10 GHz. It is able to provide beams of multicharged ions in several
mA ranges and charge states up to 4+ in the case of nitrogen ions.
The average charge is around 1.4+. The beam is extracted and
accelerated under a bias voltage of 40 kV. The resulting average im-
plantation energy due to multiple accelerations was around 60 keV.
Using multi-charged N-ions makes the creation of a low concentration
gradient along the sample thickness possible. The projected range Rp of
ion implantation was calculated with the help of the S.R.I.M. software
[15] giving a value of about 120 nm. The maximum depth reached by
nitrogen ions is approximately 400 nm. Implantation durations ranged
between 10 and 60 s/cm2, which corresponds to ion fluencies in the
range of 5·1017–3·1018 ions/cm2. These values do not consider
saturation effects shown by Miyagawa et al. [19]. As a consequence,
indicated fluencies are implanted ones but not retained ones. Using
the previous fluence and voltage ranges, typical thermal loads between
0.2 and 2.5 kW/cm2 are expected. In order to avoid the harmful effects
of this heating, a cooling system is integrated inside the sample holder.
Temperature measurements on samples were made during implanta-
tion to ensure they did not exceed 373 K. The pressure in the vacuum
chamber during the implantation stage was maintained at approxi-
mately 10−6 mbar in order to avoid oxygen contamination and to
maintain a good ion transport to the target.

2.3. Microstructural investigations

Microstructural studies were performed in details on Al-1050
samples. Chemical composition and ion species identification were
obtained with XPS analysis using a VG Escalab 220XL instrument
working with energy value of 1486.6 eV. A 4 keV argon-ion beam
allowed us to obtain concentration depth profiles.

Grazing incidence XRD (GIXRD) patterns of implanted and pristine
samples were measured on a four-circle INEL diffractometer equipped
with a curved position sensitive detector (CPS120) able to span at once
the whole 2θ range of interest. We used the CuKα radiation and treated
the data using the Material Analysis Using Diffraction (MAUD)
software [20]. The incidence angle was set to 1° in order to obtain
data principally from the implanted volume. These results were
obtained by Rietveld refinement [21] using MAUD software [22]. The
isotropic mean crystallite size of AlNα (mean coherently scattering do-
mains considered as spheres) was refined from direct Fourier analysis
[23] on the whole-powder pattern. Instrumental broadening was
determined using the NIST LaB6 660srm standard powder and
deconvolved from the experimentally measured diagram. We used
the AlNα structure as available on the Crystallography Open Database
[24].

Surface topography was studied by atomic force microscopy using
a NanoScope device in tapping mode with a Si3N4 tip. A 600×600 nm
area was scanned for each sample.
2.4. Mechanical properties testing

Superficial hardness profiles were obtained with a MTS XP nanoin-
dentation device using the continuous stiffness measurement mode.
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On each sample, two matrixes of indents were performed with a Ber-
kovich tip (25 indents — 5×5‐; X–Y-space: 100 μm; indentation
depth: 2 μm). Tribological tests were performed with a CSM trib-
ometer, using a 6 mm diameter 100C6 ball. A 0.25 N load was applied.
The rotation speed was fixed to 0.1 mm/s. Residual tracks profiles were
determined with profilometry measurements.

3. Results and discussion

3.1. Microstructure modifications

AFM analysis revealed an expected sputtering of the surface
resulting from a smoothing phenomenon. Fig. 1(a) and (b) shows
the surface topography before and after implantation. Acute angles
due to polishing tracks totally disappear after implantation, indicating
a decrease in the surface roughness. However, the implantation pro-
cess develops an undulation of the surface mean line, as we can see
in Fig. 1(c). Both topography changes are attributed to the surface
sputtering occurring during implantation.

Atomic concentration profiles of aluminum, nitrogen, carbon and
oxygen obtained by XPS analysis of the 40 s/cm2 implanted sample
are plotted in Fig. 2. As expected, the implantation of multicharged
ions forms a low gradient of nitrogen concentration directed to the
large depths (corresponding to the higher sputtering times). The
nitrogen concentration profile is quite similar to the one obtained by
Leblond et al. [25] using successive multi-energetic implantations
(40 keV, 25 keV and 10 keV). A comparison with virgin sample spectra
confirms the inexistence of carbon or oxygen pollution due to the im-
plantation process. The high oxygen concentration measured near the
surface region is the result of natural passivation of aluminum surface
leading to the formation of aluminum hydroxide Al(OH)3. Maximum
nitrogen atomic concentration is obtained after 90 min of sputtering
for all studied samples and is respectively 0, 34, 35 and 40% for pristine,
10 s/cm2, 30 s/cm2 and 40 s/cm2 for implanted samples.

The analysis of chemical shifts on elemental spectra provides inter-
esting results concerning the chemical species contained in the
samples. The Al(2p) spectrum of the virgin sample (Fig. 3(a)) clearly
exhibits two peaks located at 76.6 eV and 73.2 eV corresponding to
Al\O (surface region) and metallic Al (core region) bonds, respective-
ly. After a 10 s/cm2 implantation (Fig. 3(b)), a third peak appears at an
intermediate depth with an energy level of 74.5 eV. According to the
nitrogen atomic concentration obtained and to other works [9,25–28]
dealing with nitrogen implanted unalloyed aluminum, this peak
Fig. 2. Concentration profiles of Al, N, O and C for the 40 s/cm2 implanted sample. Maxima
of nitrogen concentrations are also plotted for unimplanted, 10 s/cm2 and 30 s/cm2

implanted samples (XPS analysis).

Fig. 3. Al(2p) spectra for (a) unimplanted, (b) 10 s/cm2 implanted and (c) 40 s/cm2

implanted samples.
might be associated with Al\N bonds. Another peak appears after
40 s/cm2 at an energy of 78.4 eV for the shorter sputtering times
(Fig. 3(c)).

Fig. 4 showsO(1s) andN(1s) spectra obtained after 5 min of sputter-
ing on the virgin sample and on 10 s/cm2 and 40 s/cm2 implanted

image of Fig.�2
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Table 1
Comparison of elements concentrations measured by XPS on an implanted Al-1050
sample (near the surface region) and elements concentrations measured by EDS on
sintered AlONγ by McCauley et al. [30].

Element XPS measurement
Present study

EDS measurement of AlONγ
[30]

Al 42% 41%
O 49% 51%
N 9% 8%
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samples. The chemical shift of O(1s) peak, from533.3 eV to 534.5 eV in-
dicates that the oxygen bonds are modified under irradiation at 10 s/
cm2 and 40 s/cm2 and are no longer simple Al\O ones. The N(1s) spec-
trum exhibits two peaks (around 400 eV and 407 eV) for the 40 s/cm2

implanted sample whereas only one (around 400 eV) is visible for the
10 s/cm2 implanted sample, this latter corresponding to N\Al bonds.
These results demonstrate that nitrogen is present in the near surface
of our implanted samples, with two kinds of bonds. The larger binding
energy of the second peak indicates that nitrogen is more oxidized for
this bond. This observation could be associated to the existence of the
previously observed peak located at 78.4 eV in the Al(2p) spectrum of
the 40 s/cm2 implanted sample, which could therefore be linked to
the formation of Al\O\N bonds. Such chemical shift of N(1s) peak
have already been observed by Figueroa et al. [29] for N-implanted Al
and have been attributed to N\O bond.

A comparison between the atomic concentrations measured on the
surface region of the 40 s/cm2 implanted sample and previous experi-
ments performed by EDS on AlONγ byMcCauley et al. [30] is presented
in Table 1. It confirms the existence of AlONγ after nitrogen implanta-
tion. The interpenetration of nitride and oxide layers, allowed by the
low nitrogen gradient, has led to the formation of this intermediary
compound. The examination of oxygen concentration profiles does
not show any progressive oxygen content toward the core region
Fig. 4. (a) O(1s) and (b) N(1s) spectra of unimplanted, 10 s/cm2 implanted and 40 s/cm2

implanted samples near the surface region (sputtered time of 5 min).
during implantation. We can also assume that the oxynitride phase is
formed in the first 10 nm of thickness, where the oxide layer is initially
present.

Using grazing incidence X-rays at a 1° incidence angle, XRD scans
allows the crystallographic characterization of the implanted surface.
Under these asymmetric conditions, Eq. (1) gives the general expres-
sion for the depth x from which the observed diffracted intensity
comes.

x ¼ − 1
μRXM

ln 1− I
I0

� �
ð1Þ

I0 is the incident intensity, μRX is the linear absorption coefficient of
aluminum for the used radiation (μXR=12,966 m−1) and M is a geo-
metric factor which depends on the angles used for the measurements
[23].

In our experimental settings, around 23% of the incident intensity
is diffracted in the implanted depth (~400 nm). This is confirmed by
the diffraction spectra (Fig. 5) of the 40 s/cm2 implanted samples,
clearly displaying broad peaks corresponding to the existence of
hexagonal close-packed aluminum nitride AlNα [31]. All spectra of
implanted samples reveal these peaks in which expected positions
are reported in Table 2. However, it was impossible to detect the pres-
ence of AlONγwith GIXRD. If we assume that AlONγ is only present in
the first 10 nm of thickness, the ratio I/I0 coming from this area falls to
a value of 0.6%.

The broadening of AlN diffraction peaks is due to the small size of
the crystallites, coherent scattering domains of this phase. The study
of others samples implanted with different fluencies allowed us to
affirm that the size of AlN crystallites tends to be larger for higher
fluences and falls between the range of 4 and 7 nm (Table 3). These
results are in good agreement with previous studies [6,12,27,28,32,33].

Despite of the broadening of the Al diffraction peaks, due to the
combined effect of aluminum grain size (d=20 μm) and grazing inci-
dence diffraction [23], the relative evolution of the aluminum lattice
parameter aAl during implantation can be estimated (Table 3) from
whole-pattern fitting analysis. Details of this technique can be found
in a recent article concerning Ba(Sr, Ti)O3 thin films [34]. The obtained
results qualitatively illustrate the evolution of the residual strain state
of the matrix. A first step of expansion of the matrix is highlighted
followed by a relaxation and the apparition of a compressive state. At
40 s/cm2, a second relaxation seems to be initiated.

The expansion step is attributed to the formation of metastable
interstitial solid solution of N into Al (Al-octahedral site radius=5 nm,
N-atomic radius=9.2 nm) forming the often called AlNβ in a fcc space
group [2,35–37]. This solution is obtained thanks to a hyperquenching
phenomenon frequently observed on irradiated materials. The proxim-
ity of AlNβ and Al diffraction peaks (Table 2) made it impossible for a
clear identification on the diffraction spectra. As N-fluence increases, in-
ternal stresses get higher and lead to crystallographic shearing on the
{111} slipping planes as usual for fcc structures. A crystallographic rear-
rangement of the substrate takes place, changing from an ABCABC… to
ABAB… stack, corresponding to Al (fcc)→AlNα (hcp) transformation
[6]. The consequence of this latter is a reduction in internal energy
and thus a matrix relaxation. This transformation leads to the existence

image of Fig.�4


Fig. 5. GIXRD spectra of (down) unimplanted and (up) 40 s/cm2 implanted Al-1050 sample showing the existence of AlNα.
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of epitaxial relationships imposed by the habitat plane Al{111} of the
transformation. The well-known Al{111}//AlNα{002} [6,27,28] epitaxi-
al relationship makes the observed growth of AlN coherent, which im-
plies the apparition of compressive stresses. The very low intensity of
an Al{111} diffraction peak (IAl{111}/IAl{200}=1/10, instead of 100/47
for theoretical isotropic aluminum) reveals an initial crystallographic
texture which could explain the absence of AlNα{002} diffraction
peak. This initial texture is closely related to the laminated state of the
pristine samples. The start of a second relaxation step could be
explained by the beginning of incoherent growth.
3.2. Hardness and wear properties

Fig. 6 shows typical hardness profiles measured on unimplanted
and implanted 1050 samples. The shape of the profile is close to the ni-
trogen concentration profile shown in Fig. 1. The hardness peak is locat-
ed between 20 nm and 40 nm from the surface edge. The 1/3 ratio
between the hardness peak and the nitrogen concentration peak posi-
tions (120 nm) have already been observed [6,25,27,28,38,39]. This
phenomenon is due to the strained area, which exceeds the indentation
depth. Even though the indentation depth is ranged in the nitride
Table 2
Lattice parameters of Al, AlNα and AlNβ, and main diffraction peak positions.

Phase a in nm c in nm 2θ positions of most important diffraction
peaks with λ=0.1542 nm (Cu Kα) in degree

Al (fcc) 0.405 – 38.47 b111> 44.73 b200> 65.13 b220>
AlNα (hcp) 0.311 0.498 33.21 b100> 36.04 b002> 37.91 b101>
AlNβ (fcc) 0.412 – 37.78 b111> 43.91 b200> 63.83 b220>

Table 3
Relative variation of the Al lattice parameter and mean isotropic sizes of AlN crystallites
for various implanted fluences.

Implanted fluence (s/cm2) Relative evolution of aAl AlN crystallite size (nm)

Unimplanted – 0
10 +0.5% 4
20 +0.5% 4
30 −1.7% 5
40 −1.2% 7
region, the aluminum bulk, which is softer, is also stressed and contrib-
utes to the mechanical response of the sample.

Average hardness peak values increase with the implanted fluence
until 30 s/cm2, where the material exhibits an average hardness peak
value of 11 GPa (Fig. 7). It corresponds to a hardness increase of
around thirty times, as shown in previous results reported by Leblond
et al. [25] using successive multi-energetic implantations. This value
is very close to the AlN hardness evaluated to 12 GPa on our reference
sample. Prolonging implantation induces a decrease in the average
hardness peak.

Tribological tests were performed in order to observe the effect of
implantation on wear resistance. Fig. 8 shows the evolution of the
friction coefficient μ during the test. For the virgin sample, μ=1 for
the whole duration of the test. 10 s/cm2 and 30 s/cm2 implanted sam-
ples have quite the same friction behavior and are not presented here.
A 40 s/cm2 implantation is necessary to modify the friction properties
of the aluminum surface. At the beginning of the test, the friction co-
efficient of this latter sample is close to that of AlN (μ=0.2) and in-
creases until the layer fracture occurring after 220 laps.
Fig. 6. Typical hardness profiles of implanted Al-1050 samples.
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Fig. 7. Evolution of the average hardness peak value with the implanted fluence for Al-
1050 alloy.

Table 4
Results of wear tests for unimplanted and implanted samples.

Implanted fluence
(s/cm2)

0 10 30 40 50 60

Number of laps before fracture – – – 220 50 70
Wear rate after 40 laps
(mm3/Nm−1)

0.034 0.087 0.097 nwea 0.021 0.035

a nwe = no wear evidence
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Implanting 50 s/cm2 and 60 s/cm2 leads to the same tendency but
with shorter layer longevity as we can see in Table 4. This table also
indicates the wear rates measured after a tribological test stopped
at 40 laps. The decrease of the friction coefficient observed for the
40 s/cm2 implanted sample has the expected positive effect on sur-
face wear. Moreover, wear is more intensive for insufficiently
implanted samples (10 s/cm2 and 30 s/cm2) than for the pristine
samples.

SEM observations of damaged and undamaged regions interface
for unimplanted and 40 s/cm2 implanted samples, after the layer frac-
ture, are presented in Fig. 9(a)–(b). They clearly establish the appari-
tion of cracks in the protective layer revealing the brittle behavior of
the implanted surface. The virgin sample shows a very clean interface.
After the fracture of the layer, abrasive particles appear, as evidenced
in Fig. 9(c).

3.3. Origin of hardening and wear resistance enhancement of implanted
Al-1050 alloy

The surface hardening and corresponding decrease of both friction
coefficient and wear rate are strongly linked to the formation of a
Fig. 8. Evolution of the friction coefficient for virgin and implanted Al-1050 samples.
Pure AlN friction coefficient is given for comparison.
protective nitride layer on aluminum alloys. Fig. 10 sums up the pre-
vious experimental results in a synthetic way. It illustrates the evolu-
tion of AlN crystallites size, Al-matrix lattice parameter a, hardness
Fig. 9. SEM observation of the interface between damaged and undamaged zones after
wear tests for (a) virgin and (b) 40 s/cm2 implanted Al-1050 samples. (c) Presence of
abrasive particles on the ball track of the 40 s/cm2 implanted sample.
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Fig. 10. Evolution of the AlN crystallite size, aluminum lattice parameter, maximum hardness and wear rate (after 40‐lap tests) versus the implanted fluence for Al-1050.
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profile peak and wear rate (40-lap tests) with the implanted fluence
for Al-1050.

The strong hardening observed for weak fluence values confirms
the solid solution hardening previously mentioned. The maximum
hardness corresponds to the maximum strain of Al matrix due to
coherent and generalized AlN precipitation in the implanted layer.
At its maximum, hardness almost reaches the pure AlN hardness
(12 GPa) which reveals the formation of a continuous nitride layer.
A decrease in the hardness peak follows the second relaxation of Al-
matrix probably due to incoherent AlN growth.

Regarding the tribological tests, one can observe that best results
are not obtained with the same implantation conditions as the ones
for hardness measurements. In fact, implantation must be operated
for longer times to form an efficient protective layer. In the case of
the 1050 alloy, XPS measurements have shown the presence of
AlONγ in the extreme surface, which could be responsible for the
observed wear resistance enhancement. Berriche et al. [40], have
reported that AlONγ ceramics exhibit very low friction coefficients in
the 0.2–0.5 range. It can also be observed that the effectiveness of
protective layer occurs when the second relaxation begins, whereas
maximum wear rate is obtained when the Al-matrix is strained at its
highest value. After a 30 s/cm2 N-implantation, internal stresses are
reaching so high values that the contact between 100C6-ball and the
stressed surface fractures the implanted layer and leads to the forma-
tion of abrasive particles rich in aluminum nitride, generating more
severe wear regarding to the pristine sample. The best wear resistance
behavior is therefore reached when a thin AlONγ layer covers a stabi-
lized AlN layer.

When internal stresses start to decrease, aluminum presents a more
stable and efficient protective surface. Despite the fact that a high hard-
ness level is quickly obtained, implantation must be performed until
the implanted layer reaches a stabilized state.
The brittle fracture observed for prolonged tests confirms the hy-
pothesis that mainly the properties of AlN or AlONγ, ceramic com-
pounds, are involved in the friction behavior of the implanted sample.
Ceramic materials are known as brittle when submitted to wear tests
[41]. The unimplanted sample shows only adhesive wear which is char-
acteristic of pure (ductile) metal. One can also note that a decrease in
roughness induced by surface sputtering is another factor involved in
the wear rate decrease.

Similar tendencies are observed after implantation of Al-2024 al-
loys, with the only difference being that mechanical behavior changes
occur at larger fluencies. Hardness quickly increases at low fluencies
and reaches the maximum average hardness of 11 GPa after a 40 s/
cm2 implantation (Fig. 11(a)). The friction coefficient, initially around
a value of 0.8, is not modified for implantation lower than 60 s/cm2.
For this critical fluence, corresponding to a hardness decrease, the
friction coefficient drops down to a value of 0.2 and not sensitive
wear is longer evidenced (Fig. 11(b)).

Implantation induced hardening seems therefore to be prominent
among hardening mechanisms occurring in virgin alloys (strain harden-
ing for Al-1050 and structural hardening for Al-2024). Thus, the maxi-
mum hardness of implanted samples does not depend on composition
alloy or on initial hardening mechanism but is directly linked to nitride
phase properties. In the case of aluminum hardening by N-implantation,
the comparison of absolute hardness ismore pertinent than using relative
values as presented by several authors [38,42,43]. The same thing occurs
regarding to wear resistance enhancement which is only due to the pres-
ence of a nitride protective layer and not to the initial surface properties.
These facts signify that the presence of alloying elements only impedes
the mechanisms responsible for surface reinforcement (higher fluences
required) but does not change them. In other words, there is no new
mechanism involved due to the implantation process but only the relative
activities of the usual hard straining mechanisms are modified.
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Fig. 11. (a) Hardness profiles of virgin and 40 s/cm2 implanted Al-2024 samples.
(b) Evolution of the friction coefficient for virgin and 60 s/cm2 implanted Al-2024 samples.
Pure AlN friction coefficient is given for comparison.
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4. Conclusion

The present study, devoted to multicharged N-implantation effects
upon superficial mechanical properties of aluminum alloys, leads to
the following conclusions:

• Using a one-shot multi-charged implantation allows to obtain sim-
ilar results in terms of hardness and wear resistance than those
obtained with a three-steps and multi-energetic implantation.

• The low nitrogen concentration gradient revealed by XPS measure-
ments leads to the formation of thin AlONγ, covering the AlN layer,
at the origin of thehardening and the enhancement ofwear resistance
of aluminum.

• The original microstructure only affects the implantation fluence
required to form the AlN layer but not the absolute hardness or
wear behavior obtained after implantation. Structural-hardening
(2024) and strain-hardening (1050) mechanisms become obsolete
after implantation-hardening. Improvement in hardness and wear
resistance are only due to the intrinsic properties of the ceramic
protective layer (AlN and AlONγ).

• Internal stresses caused bymicrostructure evolution during implan-
tation directly affect hardness and wear resistance. The relaxation
of the implanted layer needs to be reached to provide a good
wear resistance and to avoid its premature brittle fracture and abra-
sive particles formation.

All of these results confirm the interest of using multi-charged ions
implantation to enhance functional properties of aluminum alloys with
a quicker and simpler way than mono-energetic implantation. This
study also indicates that specific care must be taken to determine opti-
mal implantation parameters leading to optimized microstructures,
depending on the material composition.
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