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Molybdenum ions are implanted into aluminium with high ion flux and high dose at elevated temperatures of
200°C, 400°C and 500°C. Due to the high temperature and high flux of vacancies and interstitial atoms, the atom
diffusion and chemical effects are enhanced during the ion implantation. The effects increase with increasing ion flux
and dose, so that new phase formation and phase transition emerge noticeably. X-ray diffraction analysis shows that
when the aluminium is implanted with Mo ions at a low ion flux (25uA /cm?), the AlsMo alloy is formed. The atomic
ratio of Mo/Al of the AlsMo phase is close to 20%. When the aluminium is implanted with Mo ions at a high ion flux
(50pA /cm?), the phase transition from AlsMo to AljaMo appears, and the latter is dominant, which is determined to
be the final phase. The ratio of Mo/Al in AljaMo is 7.7%. Rutherford backscattering spectroscopy indicates also that
the Mo/Al atom ratio is ~7% to ~8% in Mo-implanted aluminium. The atomic ratios of the constituents in AlsMo and
Ali12Mo are of stoichiometric composition for these alloys. The thicknesses of the Al;2Mo alloy layers for Mo-implanted
Al with ion doses of 3% 1017/cm2 and 1x10'8 /cm? are 550nm and 2000nm, respectively. The pitting corrosion potential

Vp increases obviously. It is clear that due to the formation of AljosMo alloy layer, the pitting corrosion resistance is

enhanced.
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1. Introduction

The research and application of ion implantation
have been widely developed in China.[!~* Aluminium
alloys have attracted much attention due to their im-
portance for industrial applications. These alloys en-
joy good corrosion and wear resistance. Among the
existing preparation techniques, ion implantation is
especially well suited to preparing surface alloys on
the aluminium matrix with special properties. Surface
synthesis of Cr—Al, Ti-Al, Mn—Al and Mo—-Al alloys
by implantation has been reported.[>¢! Ton implanta-
tion has been used as an important tool for surface
modification.[®! However, the projected range of the
metal ions introduced by the conventional ion implan-
tation can reach only one or two hundred nanome-
tres. New processing techniques are always desired to
achieve a much thicker modified layer, and this pur-

pose can be reached by implantation with high ion

flux and high dose.["®!

The metal vapour vacuum arc (MEVVA) ion im-
planter can produce various metal and compound ions
with large ion flux and high charge state. It has been
used in the modification of aluminium and steel,[®—11]
and improvements of their mechanical and chemical
properties have been observed. In this paper, we study
the phase transition of Mo-implanted aluminium with
high ion dose and ion flux. A thicker Mo—Al alloy layer
is obtained by Mo ion implantation into aluminium
without annealing using the MEVVA implanter. The
pitting corrosion behaviour is studied for the first
time, as far as we know. The mechanism of the phase
transition and pitting corrosion improvement in Mo-

implanted aluminium is discussed.
2.Experiment and methods

The samples used are 0.2mm Al plates with a pu-
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rity of 99.99%. Molybdenum ions are implanted using
a MEVVA implanter at an average energy of 112keV
in the dose range from 1x10'7 to 1x10'® /cm?. The
ion fluxes are 25, 50, 67 and 125uA /cm?. Temperature
rises of the samples are 200, 400, 510 and 585°C dur-
ing Mo implantation, respectively. The phase analysis
was carried out by x-ray diffraction (XRD). Ruther-
ford backscattering spectroscopy (RBS) was used to
determine the Mo atom distribution in the aluminium.

The implanted conditions are listed in Table 1.

3. Results and discussion

3.1. The relation between the target tempera-
ture rise and ion flux

The relation between the target temperature rise
and ion flux for Mo implantation into aluminium is
shown in Fig.1. It is shown that the target tempera-

ture rise increases with increasing implantation time;

when it reaches 800s, the target temperature rise in-
creases to the saturation temperature. The saturation
target temperature rise increases with increasing ion
flux; when the ion fluxes are 25, 50 and 67uA/cm?,
the saturation target temperature rises are 200, 400

and 510°C, respectively.
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Fig.1.
implantation time and ion flux for Mo-implanted
aluminium: a, 3x10'7/cm?, 25uA/cm? (3mA); b,
6x10'7/cm?, 50uA/cm? (6mA); ¢, 3x10'7/cm?,
60pA /cm? (TmA).

The relations among target temperature,

Table 1. Relations among implantation conditions, experimental results (dose D, ion flux &, target

temperature T;), retained dose Dg, and the peak concentration N of Mo atoms.

No Dt Dgr T Np [ D
/(107 /cm?) /(1017 /cm?) /°C /% /101%cm =257 /(pAcm™2) /107 13cm?s 71
AMA41 1 0.64 (64%) 400 7 2.81/(50) 0.093
AM43 3 2.0 (66%) 400 7 2.81/(50) 3.24
AMS53 3 2.1 (70%) 500 7-8 4.37/(70) 7.78
AM25 5 2.0(40%) 200 19 1.56/(25) 0.27
AM46 6 4.5 (75%) 400 7 2.81/(50) 6.56
AM410 10 7.9 (79%) 400 6-7 2.81/(50) 11.50

3.2. Mo atom concentration distribution

In Mo-implanted aluminium the Mo atom pro-
file shape is different for different ion fluxes. The Mo
atom profile shape is Gaussian-like for an ion flux of
25uA /cm? (see curve a in Fig.1), and the Mo atom
peak concentration is about 20%. The atomic ratio of
Al to Mo is of the stoichiometric composition of the
AlsMo alloy. It can be seen that the Mo-implanted
Al probably forms the AlsMo alloy layer. However,
if the ion flux of 50uA/cm? is used to implant, the
Mo atom profile shape in Mo-implanted Al with a
higher dose is always close to a platform over a wide
region of depth distribution (see curves b, ¢ and d in
Fig.2). The penetration depth increases with increas-
ing ion dose. The peak concentrations for Mo in the

implanted aluminium at different ion doses with an

ion flux of 50uA /cm? are always close to 7%—8% (see
Table 1). The atomic ratio of Al/Mo is of the stoichio-
This indicates
that the Al;sMo alloy layer is formed in the implanted

metric composition of AljsMo alloy.

layer during the ion implantation. It is shown that
the thickness of the MoAl alloy layer increases with
increasing ion dose. The layer thicknesses for samples
AMo41, AMo46 and AMo410 are 200nm, 800nm and
1100nm, respectively. The results show that a tran-
sient enhanced diffusion takes place due to the effect
of the large number of point defect fluxes (vacancies,
interstitials and clusters) induced during the ion im-
plantation. These point defects facilitate the motion
of Mo atoms. Therefore, the diffusion is enhanced sig-
nificantly during Mo implantation into Al with high
ion flux and high dose (see Table 1). The phase for-

mation and phase structures are strongly affected by
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radiation damage, radiation segregation and the en-
hanced diffusion of Mo ions.[”8] The peak concentra-
tions of Mo atoms in Mo ion implantation into Al are
given in Table 2.
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Fig.2. Concentration profiles of the Mo atoms in Mo-

implanted aluminium: curve a, 3x107 /cm?2, 25uA /cm?;
curve b, 3x10'7 /cm?, 50uA /cm?; curve ¢, 6x107 /cm?,
50uA /ecm?; curve d, 1x10'8 /cm?, 50uA /cm?. The energy
of these samples is 112keV.

3.3. Enhanced diffusion

According to the above experimental results the
enhanced diffusion coefficients can be calculated using

the following equation!'?

D
(@n(AR2 1 2D1))1/2

—(z - Rp)°
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where R, and AR, are the projected range and strag-

N(z,t) =

gling, respectively. Dv is the ion dose, D is the dif-
fusion coefficient and ¢ is the implantation time. This
equation is suitable for ion implantation with high ion
flux and high dose, at elevated temperatures and post

annealing. For D=0, the Mo atom distribution is as

_(m_Rp)2
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follows

D
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This formula is suitable for low ion flux and low
dose implantation. The diffusion coefficient D can be
obtained using both the above equations, and it is ex-

pressed as(!3]

where Az = z9 — ;. Usually, Q = Ny (z2,t)/Np2
= Ny(z1,0)/Np1=0.5, Ny and Nz are the peak con-
centrations corresponding to Egs.(1) and (2), respec-
tively. Nj(z1,0) and Na(zo,t) are the atom concen-
trations at @=0.5, corresponding to Egs.(1) and (2),

respectively. x5 and x; are the coordinates on the
z-axis corresponding to Egs.(1) and (2) at @=0.5, re-
spectively.

The diffusion coefficient D obtained from these
The re-

sults are listed in Table 1, and the relation between D

values can be calculated by using Eq.(3).

and ion flux is shown in Fig.3. It is found from Ta-
ble 1 and Fig.3 that the diffusion coefficient of Mo
atoms in Al increases with the increasing Mo ion
flux and dose. The diffusion coefficient of sample
AM410 is 2.6 times higher than that of sample AM43.
The maximum value of the average diffusion coeffi-
cient is 3x107*2cm? /s (Am410) and the minimum is
9.3x10 *cm? /s (AM41). The diffusion coefficient of
AMA410 is 124 times greater than that of AM41, and
42.6 times greater than that of AM25. The diffusion
coefficient of AM53 is 1.4 times higher than that of
AMA43.
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Fig.3. The relation between diffusion coefficients and

ion flux for the Mo-implanted aluminium: a, 25uA /cm?,
5x10'7 /em?; b, 45uA/cm?, 3x10'7 /cm?, 50pA/cm?; ¢,
70uA/cm?, 3x1017 /cm?.

3.4. XRD analysis

XRD analysis can give information of the new
phase formed in the Mo-implanted layer. The XRD
pattern of pure aluminium shows that diffraction
peaks of the crystal faces of (111), (200), (220), (311)
and (331) of pure aluminium are clearly shown. Af-
ter Mo implantation to a dose of 1x10'7/cm? with an
ion flux of 50pA /cm?, some small diffraction peaks of

Al;sMo and AlsMo appear in the diffraction pattern.

5
1.00x10 < AL Mo
1.00x104
0 3
g, 1.00x10
(&)
1.00x 102
1.00x 10! . . .
20 40 60 80 100
26/(°)

Fig.4. XRD spectrum of the Mo-implanted (AM46)

aluminium.
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If an ion dose of 6x10'7/cm? is used for the im-
plantation with an ion flux of 50uA/cm? (AM46),
more diffraction peaks of Al;sMo, AlMos and AlsMo
can appear in the diffraction pattern, as shown in
Fig.4. The diffraction peak intensity of the AljsMo
But the
diffraction peak intensity of the AlsMo phase is min-

phase increases with increasing ion dose.

imal, and the diffraction peak intensity of the AlMos
phase disappears already. That is to say, the phase
transition process is observed. The results are listed
in Table 2. It can be seen from Fig.4 and Table 2
that MoAls and Al;3Mo, AlMos and AlsMo phases
are formed during the implantation.

Table 2. The relation of diffusion coefficients D under the implanted conditions, with @=0.5 (dose D,
ion flux &, target temperature T;), retained dose Dg, and Mo atom peak concentration Np.

No Dt Dr T; Np P Phase
/(1017 /em?) /(1017 /em?) /°C /% /10M%em=2s71 /(uAcm—2)

AM41 1 0.64 (64%) 400 7 2.81/(50) Al12Mo, AlsMo
AM43 3 2.0 (66%) 400 7 2.81/(50) Aly2Mo
AM53 3 2.1 (70%) 510 78 4.37/(70) Alj2Mo
AM25 5 2.0(40%) 200 19 1.56/(25) Al;5Mo,Als Mo, Al8Mog
AM46 6 4.5 (15%) 400 7 2.81/(50) Al2Mo
AMA410 10 7.9 (79%) 400 6-7 2.81/(50) AlzMo

The relations between the diffraction peak inten-
sity and ion dose are given in Fig.5. Curves a and
b in Fig.5 show the relations between the diffraction
peak intensity and ion dose for phases AljsMo (101)
and AlsMo (112), respectively. It is shown that the
diffraction peak intensity for Al;3Mo increases notice-
ably with increasing ion dose (curve a in Fig.5), but
the change of diffraction peak intensity for the AlsMo
phase is minimal, as shown in curve b in Fig.5. These
results indicate that a mixed growth of phases would
occur in the case of Mo-implanted aluminium with an
ion flux of 50uA/cm?. But the phase of AljsMo is
dominant. There are some diffraction peaks of the
phases MoAl and Al;O3 in these samples. The XRD
analysis for Mo-implanted aluminium at an ion flux of
25uA /cm? shows that the mixed growth of the above
stated phases would also occur, but the phase AlsMo
is dominant (see Table 2). These results agree with

the above-mentioned RBS analysis.
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Fig.5. The relations between diffraction peak in-

tensity and ion dose for Mo-implanted samples: a,

Alj2Mo (311); b, AlsMo (111).

3.5. Pitting corrosion behaviour

The pitting corrosion resistance of aluminium
is improved obviously by Mo implantation into alu-
minium. Relations of pitting corrosion potential
and corrosion current density for aluminium, AM41,
AM46 and AM410 are measured in a solution of 0.1N
NaCl. The results are shown in Fig.6.
minium, AM41, AM46 and AM410 their pitting corro-
sion potentials are —585mV, —560mV, —450mV and
—360mV respectively. The pitting corrosion poten-
tials of AM41, AM46 and AM410 are 25, 135 and

225mV higher than that of aluminium respectively.

For alu-

The increase of pitting potential will enhance the cor-
rosion resistance noticeably. This means that a very
good passivation layer against pitting corrosion has
been formed by the Mo implantation. The passiva-
tion layer consists of Mo alloys and metallic oxides.
It is well known that the subjects for enhanced
diffusion are vacancies, interstitial atoms and defects
in solids. A high-density flux of vacancies and intersti-
tial atoms are formed during Mo implantation. When
molybdenum is implanted into aluminium at an aver-
age energy of 112keV, the vacancy density induced by
one ion can be calculated by the TRIM95 program,
and is 814 vacancies/ion. The amount of intersti-
tial atoms is also 814 vacancies/ion. If the ion flux
is 50uA /em? (2.81x10cm™2571) (see Table 1), the
vacancy flux J,=2.6x10'"cm™2s7!. It can be seen
from Table 1 that the vacancy flux and interstitial
atom flux increase with increasing ion flux. Owing

to the intense atom collision cascades, a powerful flux
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of vacancies and interstitial atoms, dislocations and a
local temperature rise are produced. Therefore, the
diffusion coefficient increases greatly due to the re-
action between these defects and the Mo atoms, and
then the motion of Mo atoms and the formation of
alloy phases are also enhanced. So the Mo atom diffu-
sion coefficient increases with increasing ion flux and
ion dose. A deeper implantation layer of 2000nm is
thus obtained during implantation with an ion dose
of 1x10'8/cm?. It can be seen that the radiation-
enhanced diffusion of Mo atoms in aluminium causes
a “long-range diffusion effect”. Therefore, the Mo re-
tained dose in aluminium increases noticeably with
the increase of the ion flux, obtained during implanta-
tion with an ion dose of 1x10'®/cm?. It can be seen
that the radiation-enhanced diffusion of Mo atoms in

aluminium causes a “long-range diffusion effect”.
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Fig.6. The relations between current density and pit-
ting potential for aluminium and Mo-implanted alu-
minium: a, aluminium; b, 1x107/cm?, 50uA /cm?;
¢, 6x10'7/cm?, 50puA/cm?; d, Mo 1x10'8/cm?2,
50pA /cm?.

4. Conclusions

The phase transition, deep alloy layer formation
and pitting corrosion behaviour have been studied.
The main results are summarized as follows.

The Mo atom profile shape is Gaussian for
the Mo-implanted aluminium with an ion flux of
25uA /cm? and a dose of 3x10'7/cm?. If an ion flux
of 50uA /cm? is used to implant, the Mo atom profile
shape is close to a platform over a wide depth distri-
bution region.

The Mo atom peak concentration is high for Mo-
implanted aluminium with an ion flux of 25uA /cm?.
When an ion flux of 50uA /cm? is used, the peak con-
centrations for the Mo-implanted aluminium at differ-
ent ion doses are always close to 7%-8%. The atomic
ratios Mo/Al of 20% and 7%—8% are the stoichiomet-
ric compositions of AlsMo and Al;3Mo alloys, respec-
tively.

The result of XRD analysis agrees with that of
RBS for the phase formation. The phase transition
process from AlsMo to Al;3Mo has been formed.

The penetration depth increases with increasing
ion flux and dose. The Al;3Mo alloy layer is formed
in the implanted layer during ion implantation, and
the layer thicknesses for samples AMo41, AMo64 and
AMo410 are 200nm, 800nm and 2000nm, respectively.

The diffusion coefficient of Mo atoms in Al in-
creases with increasing Mo ion flux and dose. The
maximum value of the average diffusion coefficient
is 3x10712cm? /s(Am410), and the minimum value is
9.3x10 **cm? /s (AM41).

After Mo implantation, the pitting corrosion re-
sistance has been improved. The pitting corrosion po-
tentials of AM41, AM46 and AM410 are respectively
25, 135 and 225mV higher than that of aluminium.
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