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Abstract: Al 99. 6% purily planted with nitrog Lo a lotal dose of 6 10" 2 al different
temperalures (from 50 C 1o 400 C) by plasma based ion implantation (PBIT). The surface microsiructure was inveslr

galed by glancing angle X-ray diffraction (GXRD), X-ray photoelectron spectroscopy ( XPS) and cross seclional Lransmis

sion electron microscopy (XTEM). The results of GXRD and XTEM showed that there was an amorphous layer on the

ouler surface, and f(ine dispersion of AIN precipilates was found under the amorphous layer. The size of AIN precipilates

strongly depended on the targel tlemperalure, with the increase of Lhe largel lemperature, Lhe size of AIN precipilates be

came larger. The excess nilrogen aloms can diffuse or migrale Lo the lower nilrogen concenlralion regions by radiation-

enhanced diffusion. The results of XPS further indicated that it was easier Lo form AIN precipitates al a higher targel Lem-

peralure, and the depth profile of nitrogen broadened.
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1 INTRODUCTION

Apart from the conventional ion implantation
technique, the specimens with a complex geometry

can be implanted directly at all orientations by the

PBII method, so the PBII method owns a wider fore-
ground in industry applications' .

The AIN precipitates may form in the surface
layer after nitrogen ions are implanted into alu-
minum, and the surface hardness and relative wear
resistance can be increased notably. These provide the
possibility of using aluminum alloys widely in modern

. It has already been observed that the

industry'*”
shape and thickness of the formed layer strongly de
pend on the implantation dose for a given energy at
room temperature, but the effect of implantation pa-
rameters, especially the target temperature on the
distribution of implanted ions and microstructure of a
luminum must be investigated further' > 7. Since the
solubility of nitrogen in aluminum is very low (<

0.001%), and the reactivity of nitrogen with alu-
minum is high, not only the AIN precipitates but also
supersaturated solution of nitrogen is formed after ni-

trogen implantation[ S 101, Up to now, the effect of
target temperature on the supersaturated solution of

nitrogen has not been reported.
2 EXPERIMENTAL

The pure aluminum specimens ( 99. 6% purity,
d20mm X 5 mm) were carefully ground with SiC
abrasive papers and polished with diamond paste to a

grit size of 0. 025 Bm, then cleaned by an alcohol ul-
trasonic cleaner before ion implantation. The ion im-
plantation experiment was carried out on a DLZ-01
plasma immersion ion implanter. The sample was bi-
ased by negative voltage pulses of 5S0kV with a pulse
duration of 45 Hs and a repetition rate of 100Hz, and
the residual vacuum in the implantation chamber was
1x 10 * Pa. This process resulted in a retained dose
of about 6% 10" em™ ?. During the implantation, the
sample was heated from 50 C to 400 C by energy
transferring of implantated ions. The temperature of
sample was measured by a thermocouple fixed in the
core of the sample. In order to get samples at differ
150, 300 and
400 C), the average current density and the implan-

ent target temperatures ( 50, 100,

tation time were varied.

The phase present in the modified layer was de-
termined by GXRD ( D/Max- ¥B) with CuKq radia-
tion at 30kV voltage, 80mA current, 3° glancing an-
gle and 0. 005(°) /s scanning speed.

The depth profile and the binding energy spec
troscopy of Al2ps/2 were measured by XPS (PHI ES-
CA 5700) with MgKq( 1253. 6eV) radiation. A high

vacuum of 10”7 Pa was maintained throughout the
measurement. The Cls line ( 284. 6eV) was used for
the calibration purpose. The Ar ion beam of 3 keV
and 30 HA was used for sputtering. For the depth
profiling, the current was kept constant (30 HA)
while the sputtering time was varied. The sputtering
rate was about 3. 5 nm/ min.

The surface microstructure was investigated by

XTEM (JEM 200CX). Firstly, the PBII treated
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sample was carefully thinned from the untreated side
to a thickness of 1 mm, with the modified surface
carefully protected. Secondly, the thinned sample
was sliced into 2 mm wide strips, which were subse-
quently sandwiched using epoxy, with the treated
surfacing each other. The specimen sandwich was
then cast into a brass tube of 3mm outer diameter us-
ing epoxy. Thirdly, dises 1 mm thick were sectioned
from the tube assembly by spark eroding, then care-
fully ground with SiC abrasive papers to 80 Bm. Fi
nally, the discs were thinned in a chemical solution to
30 Bm, then iomrbeam thinned to the XTEM specr

mens.
3 RESULTS AND DISCUSSION

The direct evidence indicating the formation of
AIN precipitate was obtained by GXRD studies ( inci-
dent angle of 3°). Fig. 1 shows the XRD patterns of
aluminum surface implanted by nitrogen ions. The
diffraction peaks of AIN appeared at 20= 33. 2°,
35.8%, 37.8 and 65. 8. The corresponding D values
are 0. 270, 0.249, 0.237 and 0. 141 nm, respective
ly. These D values agree well with the ( 100},
(002), (101) and ( 103) planes of AIN crystal with
hep structure. Comparing the spectroscopies of the
sample implanted at 200 'C and 400 C, it is clear
that the amount of nitride precipitation increased with
the increase of temperature. The GXRD pattern also
shows diffraction peak is widened because ion implan-
tation can produce large collision cascades which e
volve into high density of defects in the matrix.
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Fig. 1 Glancing angle XRD patterns ( incident
angle of 3°) obtained from original aluminum and

specimens treated at S0kV, 200 C and 400 C

Fig. 2 shows the depth profile of nitrogen at dif-
ferent temperatures, the content of nitrogen in the a
luminum matrix presents a Gaussiamr like distribution
with a peak and the profile became rectangular when
implanted at higher temperatures. T his indicates that
at higher temperatures, the nitrogen can migrate or
diffuse to the lower nitrogen concentration regions by
radiatiorrenhanced diffusion. The maximum depth

was about 200 nm when implanted at 400 C, while
180nm at 100 C. As a consequence, the maximum
concentration of nitrogen decreased, and it was about

30% when implanted at 400 C, while 38% at
100 'C. In addition, the peak position of the nitrogen

concentration shifted to the surface.
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Fig. 2 Depth profile of nitrogen in
aluminum implanted at different temperatures

Fig.3 shows the XPS Montage spectra of
Al12ps32, Nls and Ols, it gives the relationship a
mong chemical binding energy, intensity and the
depth in the implanted layer. The content of nitrogen
in the aluminum matrix presents a Gaussianlike dis
tribution. With the increase of depth, the content of
oxygen decreased. It is clear that the binding energy
of A12p3/, was shifted at the depth of 120 nm corre-
sponding to the maximum content of nitrogen. In ad-
dition, a little shift of the binding energy of N1s and
Ols also takes place. It is revealed that the chemical
state of the element changed in the implanted layer.
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Fig. 3 XPS Montage spectra of Al2p;3, 2,
Nls and Ols

Fig. 4 shows the A12ps 2 XPS spectra at different
depths of the sample implanted at 200 C. Figs. 4( a)
~ (¢} refer to different nitrogen concentrations as in-
dicated on the depth concentration profile ( Fig. 2) of
the corresponding sample. The depths are about 65,
100 and 135 nm respectively. The presence of Al in
different chemical states corresponding to Al, AIN
and Aly O3 at the binding energies of 72. 8, 74. 3 and
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Fig. 4 XPS Al2p3/» spectra at different depths of
sample implanted at 200 C

75.5eV, respectively! 'l

With the increase of sputtering time, the amount
of ALO;3; decreases, while that of Al increases. The
amount of AIN precipitates is varied, at the depth of
100 nm, the amount of AIN is the largest, which cor-
responds to the maximum content of nitrogen.

Fig. 5 gives the function between the content of
AIN precipitates and the target temperature ( about
100 nm in depth). Since the fact that the additional
activation energy supplied by the implanted ions is re-
quired to form AIN, the amount of AIN increases
with the increase of the target temperature. The re-
sults of XPS further indicates that it is easy to form
AIN precipitates at higher target temperatures.

Fig. 6(a) shows the XTEM image of the im-
planted layer. The total thickness of the surface mod-
ified layer is about 0. 2 Bm. It is composed of three
layers, the outer layer ( | ) is amorphous, about 20
nm thick. An obvious amorphous diffraction ring is
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Fig. 5 Relationship between target temperature and
content of AIN precipitates

| (a)

Fig. 6 TEM image of sample implanted with
nitrogen at 200 C

(a) —Crosssectional TEM image;

(b) —TED patterns of amorphous layer

observed ( Fig. 6 (b)), which results from ALO3
phase formed by the surface oxidation. The second
layer ( II) is about 180 nm thick composed of AIN
precipitates and matrix phase Al under the amor-
phous layer. It is identified by transmission electron
diffraction that the relationship between the alu-
minum matrix_and AIN precipitates are {0001} yy /

{111} o, 11200y Il {110}, The size of the dis-

persive AIN precipitates is about 10 nm, and it
strongly depends on the target temperature. With the

increase of the target temperature, the AIN precipr
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tates become larger. When implanted at 400 C, the
size of the AIN precipitates is about 30 nm.

There is no evidence of bubble and void forma-
tion under these experimental conditions. It is sug-
gested that the implanted nitrogen atoms are incorpo-
rated in the AIN and form supersaturated solution of
nitrogen' "' As shown in Fig. 7, the AIN precipitates
always nucleate and grow at the crystal boundary or
dislocations, and these precipitates can anchor the
crystal boundary or dislocations, as a consequence, it
is difficult for AIN phase to migrate at higher temper-
atures. However the excess nitrogen atoms can mi
grate to the deeper regions where nitrogen concentra-
tion is lowered by radiation-enhanced diffusion. The
last layer ( II) is aluminum matrix.

Fig.7 AIN precipitates formed at
crystal boundary (400 C)

4 CONCLUSIONS

The results of XRD and XTEM showed that af-
ter plasma based ion implanting nitrogen into alu-
minum, there was an amorphous layer on the outer
surface, and the fine dispersive AIN precipitates were
found under the amorphous layer. It was easier to
form AIN precipitates at a higher target temperature.
The size of the AIN strongly depended on the target
temperature. With the increase of the target tempera-
ture, the precipitation of AIN became larger. The ex-
cess nitrogen atoms can migrate or diffuse to the low-
regions by radiationr

er nitrogen concentration

enhanced diffusion. The results of XPS further con-
firmed that it was easy to form AIN precipitates at
higher target temperatures, and the depth profile of
nitrogen was broadened.
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