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Abstract

Ž .The age-strengthening 2024 aluminum alloy was modified by a combination of plasma-based ion implantation PBII and
solution-aging treatments. The depth profiles of the implanted layer were investigated by X-ray photoelectron spectroscopy
Ž . Ž .XPS . The structure was studied by glancing angle X-ray diffraction GXRD . The variation of microhardness with the indenting
depth was measured by a nanoindenter. The wear test was carried on with a pin-on-disk wear tester. The results revealed that
when the aluminum alloys were implanted with nitrogen at the solution temperature, then quenched in the vacuum chamber
followed by an artificial aging treatment for an appropriate time, the amount of AlN precipitates by the combined treatment were
more than that of the specimen implanted at ambient temperature. Optimum surface mechanical properties were obtained. The
surface hardness was increased and the weight loss in a wear test decreased too. Q 2000 Published by Elsevier Science S.A. All
rights reserved.
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1. Introduction

Apart from the conventional ion implantation tech-
nique, the PBII method is of increasing importance
due to several advantages such as the homogeneity of

w ximplantation for targets with complex geometry 1 . In
addition, many specimens can be implanted at the
same time making it a cost-effective approach for the
surface modification. Therefore, it seems appropriate
to apply this promising technique to improve the sur-
face properties in industry.

Nitrogen implanting into aluminum has been widely
investigated in the past few years because of its poten-

w xtial industrial applications 2]4 . Since the solubility of
nitrogen in aluminum is very low, and the reactivity of
nitrogen with aluminum is high, formation of an AlN
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w xprecipitate is favored 5]7 . The surface modification of
aluminum alloys by ion implantation offers the possibil-
ity of widely using aluminum in applications with a
combination of high wear resistance and low weight
w x8]10 . Up to now, the phenomenon and its conse-
quences on the mechanical properties of pure
aluminum have been extensively studied, but the effect
on surface structure, hardness and wear resistance of
aluminum alloys must be investigated further. It is well
known that the surface mechanical properties are
mainly influenced by the implanted layer, but the ma-
trix is another important factor too. The 2024 aluminum
alloy is a typical age-strengthening alloy. By combining
the solution treatment of aluminum alloy with PBII
treatment, the surface layer and its matrix can be
strengthened at the same time. The aim of this work
was to study the mechanical properties of the com-
bined treatment on 2024 aluminum alloy. The results
presented in this paper suggested a new approach to
the PBII treatment of aluminum alloys in general.
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2. Experiment details

The 2024 aluminum alloy specimens were carefully
ground with SiC abrasive papers and polished with
diamond paste to a grit size of 0.25 mm, and then
cleaned ultrasonically before ion implantation. The ion
implantation experiment was carried out on a DLZ-01
plasma-based ion implanter at Harbin Institute of
Technology. Firstly, the specimens were biased by a
negative voltage pulse of 60 kV with a pulse duration of
45 ms and a repetition rate of 100 Hz for 3 h. The

Žspecimens were kept at 5008C the solution tempera-
.ture of 2024 aluminum alloy during ion implantation,

and this process resulted in a retained dose 6=1017

Nq cmy2 . The residual vacuum in the implantation
chamber was 1=10y4 Pa, and the working vacuum
was 3=10y2 Pa. When the implantation was finished,
all the specimens were pushed into oil to quench
immediately by a manipulator in the vacuum chamber.
Finally specimens were aged for 10 h at 1708C to reach
the peak-age in a vacuum furnace. As a reference, a
specimen was only implanted at ambient temperature
to 6=1017 Nq cmy2 .

ŽThe depth profiles were measured by XPS PHI
. Ž .ESCA 5700 with Mg Ka 1253.6 eV radiation. A high

vacuum of 10y6 Pa was maintained throughout the
measurement. The Arq ion beam of 3 keV and 30 mA
was used for depth profiling. For the depth profiling,

Ž .time was varied keeping a constant current 30 mA .
The sputtering rate was approximately 3.5 nm miny1.

The phases present in the modified layer were de-
Ž .termined by GXRD Drmax-rB X-ray diffractmeter

with Cr Ka radiation, vanadium filter at voltage 30 kV,
current 80 mA, glancing angle 18, step-scanning mode
Ž y1 .step 0.018, speed 4 s step .

The variations of microhardness with the indenting
depth were measured on the Nano IndenterTM II. The
wear test was carried out with a pin-on-disk wear
tester. The specimens implanted with nitrogen were
used as the disk and a 5-mm diameter cylinder 52100
bearing steel with a hardness of HRC63 was used for
the pin. The wear test was unlubricated, used a 5-N
load, the sliding speed of 180 mm sy1, and wear time

Žwas 10 min at ambient environment room temperature
.208C, humidity 25]30% .

3. Results and discussion

3.1. Depth profiles

Fig. 1 shows the depth profiles of 2024 aluminum
alloy measured by XPS. The content of nitrogen in the
aluminum matrix presents a Gaussian-like distribution

Ž .with a peak atomic concentration of 30% at approxi-
mately 105 nm from the outer surface, and the maxi-

Fig. 1. XPS depth profiles of 2024 aluminum alloy implanted with
6=1017 Nq cmy2 at 60 kV.

mum thickness of the implanted layer is approximately
175 nm. It is well-known that the solution of nitrogen

Žin aluminum is very low from 0.0002 to 0.001% in
.solid , so after ion implantation, not only is there a fine

dispersion of AlN precipitates but also a supersatu-
rated solid solution of nitrogen is formed. These effects
increased the surface hardness of the aluminum matrix
w x6,8 . The solid solution of nitrogen may be another

w xstrengthening mechanism of the surface layer 10 .

3.2. Structure

The direct evidence indicating the formation of the
ŽAlN precipitate was obtained by GXRD studies inci-

.dent angle of 18 . Fig. 2 shows the XRD patterns of a
2024 aluminum alloy surface implanted with Nq. The
diffraction peaks of AlN appeared at 2us50.38, 54.88
and 57.78, respectively. The corresponding D-values
were 0.271, 0.250 and 0.238 nm, respectively. These

Ž . Ž . Ž .D-values agreed well with the 100 , 002 and 101

Fig. 2. Glancing angle X-ray diffraction of 2024 aluminum alloy
implanted with nitrogen ions to 6=1017 cmy2 at different implanta-
tion temperatures at glancing angle 18.
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Fig. 3. Glancing angle X-ray diffraction of the specimen implanted
with nitrogen ions and annealed at 4008C for different time at
glancing angle 18.

planes of AlN crystal with a hcp structure, compared
with the ASTM card.

Fig. 2 also shows that after the combined treatment
Žimplanted at solution temperature, then artificial ag-

.ing , the amount of AlN precipitates were more than
that of the specimen only implanted at ambient tem-
perature. The higher implantation temperature was

w xadvantageous to form AlN precipitates 11 , in agree-
w xment with other researchers 12 . In addition, the for-

mation of AlN precipitates was favored by prolonging
w x Žthe annealing time after ion implantation 13 as shown

.in Fig. 3 .

3.3. Microhardness

Nanohardness results are shown in Fig. 4a. The
nanohardness of unimplanted regions shows a slight
peak at the surface and reaches a plateau close to

Ž .aluminum alloy hardness 1.2 GPa . This peak is
probably a combination of both the real effect of native
oxide at the surface or an effect of the polishing
procedure, and an artefact of the shape indenter tip for
small indents. The nanohardness measured inside the
implanted area showed a broad peak with a maximum
in the vicinity of 80 nm and an FWHM of approxi-
mately 200 nm. It was clear that the maximum surface

Ž .hardness of the specimen approx. 9.8 GPa obtained
by the combined treatment is higher than that of the

Ž .specimen approx. 8 GPa only implanted at ambient
temperature.

The calculated results of the elasticity module are
shown in Fig. 4b, also indicating that in the implanted
layer, the elasticity module of the specimen obtained by

Ž .the combined treatment 190 GPa is higher than that
Ž .of the specimen by normal implantation 162 GPa .

3.4. Wear test

It is important to note that, nitrogen ion implanta-
tion is used to convert the surface of aluminum alloys
to a thin, continuous surface layer of AlN precipitates.
Since AlN is a ceramic material with different proper-
ties from metals, different wear behavior is observed.

Ž .The implanted layer 0.2 mm is thinner than the
Ž .contact diameter 10]150 mm between the specimen

and the wear disk. Therefore, the wear behavior is
determined by a combination of the mechanical
properties of the implanted layer and the matrix.

Fig. 5 shows the relationship between the weight loss
in a wear test and the implantation parameter. It
reveals that after the wear test, the weight loss of the
specimen obtained by combined treatment is approxi-
mately 0.15"0.02 mg, it is lower than that of the

Žspecimen implanted at ambient temperature approx.
.0.19"0.02 mg .

Fig. 4. Variation of nanohardness, elasticity module with the pene-
Ž 17 q 2 . Ž .trating depth 6=10 N rcm . a The relationship between

Ž .nanohardness and penetrating depth. b The relationship between
elasticity module and penetrating depth.
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Fig. 5. Variation of weight loss in a wear test of 2024 aluminum alloy
with the implantation condition.

It is clear that optimum mechanical properties could
be attained by the combined implantation PBII and
solution-aging treatment.

4. Conclusion

The age-strengthening 2024 aluminum alloy was
modified by the combination of plasma-based ion im-
plantation and solution-aging treatments. The depth
profiles of the implanted layer were investigated by
XPS. The surface structure was studied by GXRD. The
variations of microhardness with the indenting depth
were measured by a nanoindenter. The wear test was
carried out on a pin-on-disk wear tester. The results
revealed that when the aluminum alloys were im-
planted with nitrogen at the solution temperature, then
quenched in the vacuum chamber followed by an arti-

ficial aging treatment for appropriate time, the amount
of AlN precipitates by the combined treatment were
more than that of the specimen only implanted at
ambient temperature. Optimum surface mechanical
properties were obtained; the surface hardness was
increased and the weight loss in the wear test de-
creased too.
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