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The effect of silicon ion implantation upon the corrosion resistance and structure of the
surface layers formed during the implantation in the Ti6A14V titanium alloy was examined.
The silicon doses were 0.5, 1.5, 3.0 and 4.5× 1017Si+/cm2, and the ion beam energy was
100 keV. The corrosion resistance of the samples exposed to a 0.9% NaCl solution at a
temperature of 37 ◦C was measured using electrochemical methods. The structure of the
surface layers formed during the implantation was examined by a transmission electron
microscope (TEM). The results of the corrosion resistance examinations have shown that
the unimplanted and 0.5× 1017Si+/cm2 implanted samples undergo uniform corrosion. At
higher silicon doses, the samples show pitting corrosion. The highest corrosion resistance
was shown by the alloy implanted with 0.5× 1017Si+/cm2. It has been found that, after a
long-term (1200 h) exposure to a 0.9% NaCl solution, the corrosion resistance of the
samples is greater than that observed after a short-term exposure. TEM examinations have
shown that, beginning from a dose of 1.5× 1017Si+/cm2, the surface of the Ti6A14V alloy
samples becomes amorphous. Heating of the 1.5× 1017Si+/cm2 implanted samples at 200
and 500 ◦C does not change their structure, whereas after heating at 650 ◦C, the amorphous
phase vanishes. C© 2000 Kluwer Academic Publishers

1. Introduction
Metallic materials intended for use as implants into the
human body should have a high corrosion resistance,
be biocompatible and show good mechanical proper-
ties. Among the materials that fulfill these requirements
we can mention titanium and its alloy designated as
Ti6A14V. The application of titanium and its alloys is
limited to a certain extent by the low wear resistance
of these materials. To obviate this drawback, it is nec-
essary to modify their surface properties. In the recent
years, several research works have been carried out with
the aim to improve the wear properties and the wear
resistance of titanium alloys by ion implantation using
nitrogen [1–11], boron [12] or carbon [13] ions. The au-
thors of these works suggest that the observed improve-
ment of the wear resistance is due to the nitride, car-
bide and oxide precipitates that form within the surface
layer during the implantation since these precipitates
increase the surface hardness and decrease the friction
coefficient. The studies mentioned above are chiefly

concerned with the effect of ion implantation upon the
mechanical properties of titanium and its alloys and do
not mention how the implantation affects the corrosion
resistance of these materials. Becdelievreet al.[14] and
Leitāoet al.[15] report that the corrosion resistance of a
titanium alloy increased after implanting nitrogen ions
into its surface. In similar experiments with titanium,
Krupaet al.observed an increased corrosion resistance
after the implantation of nitrogen ions [16] and oxygen
ions [17]. Nielsen and Fox [18] describe the advanta-
geous effect of the silicon content upon the mechanical
properties of titanium alloys, in particular the tensile
strength and creep strength at high temperatures.

The aim of the present work was to find how the
implantation of silicon ions affects the structure and
corrosion resistance of the Ti6A14V titanium alloy.

2. Experimental details
The material examined was the Ti6A14V titanium al-
loy. Its chemical composition is given in Table I. The
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TABLE I The chemical composition of the Ti6Al4V alloy (wt. %)

C Al V N2 Fe

0,01 6,4 4,05 0,006 0,09

samples in the form of 14 mm-diam. disks were cut of
a sheet 3 mm thick. The samples were mechanically
polished on one side to a mirror finish.

The sample surfaces were implanted with silicon
ions of energy of 100 keV using the following doses:
0.5× 1017, 1.5× 1017, 3.0× 1017 and 4.5×1017Si+/
cm2. The implantations were conducted at the De-
partment of Ionic Techniques, IEMT, Warsaw, using a
Balzers MPB-202RP implantator. During the implan-
tation, the sample temperature did not exceed 70◦C.
After the implantation, a certain number of the samples
were heated in vacuum at a temperature of 200, 500 or
650◦C for 1 hour. The corrosion resistance was mea-
sured in a non-aerated 0.9% NaCl solution at a temper-
ature of 37◦C. Before the measurements, the samples
were immersed in the solution for 24 hours in order
to stabilize the corrosion potentialEcorr. The corrosion
resistance was also examined after a long-term expo-
sure in the solution for 1200 hours. The polarization
resistanceRp was determined by the Stern’s method.
The anodic polarization curves were determined using
the potentiodynamic method; the polarization potential
was increased at a rate of 1 mV/s, starting from the cor-
rosion potential, until the current reached a few mA.
After the measurement, the samples were examined in
an optical microscope and a SEM.

Structural examinations were performed with a
Philips EM300 electron microscope. The samples im-
planted with doses of 0.5× 1017, 1.5× 1017, 4.5 ×
1017Si+/ cm2 and unimplanted samples were examined.
Test samples were cut by the electric spark method and,
then, thinned on the unimplanted surface until a perfo-
ration occurred. The some of the samples implanted
with 1.5 × 1017Si+/cm2 were heated at 200, 500 or
650◦C in vacuum before structrual examination.

Figure 1 Microstructure (a) and diffraction pattern (b) of Ti6Al4V alloy.

The chemical composition profiles of the surface lay-
ers of the Si-implanted samples were determined by
secondary ion spectrometry (SIMS) using an Ar+ ion
beam of energy of 4 eV. The scanned area was about
1 mm2, and the material was removed at a rate of about
0.15 nm/s.

The microhardness was measured by the Vickers
method. The load applied to the indenter was 0.05 N so
that the relative hardness measured was designated as
HV0.005. The measurement time was 10–15 s. For each
sample, average values of the indentation diagonals
were determined from 5 to 8 separate measurements.

3. Results
3.1. TEM results
The microstructures of the surface layers formed during
silicon ion implantation are shown in Figs 1 to 5. Fig. 1a
shows the microstructure of an unimplanted sample.
We can see that the density of dislocations ‘decorated’
with small precipitates is high. The diffraction pattern
is shown in Fig. 1b.

Implantation with a dose of 0.5× 1017Si+/cm2 re-
sults in the formation of nanocrystallites of a silicide
phase (the dark points in Fig. 2a and ring fragments
in Fig. 2b) and in the random reorientation of the ma-
trix subgrains (the reflexes blurred into arc fragments).
A dose of 1.5× 1017Si+/cm2 gives the same structural
changes as mentioned above and, in addition, causes
the surface layer to become amorphous (Fig. 3).

All the samples implanted with a dose of 4.5×
1017Si+/cm2 had relatively thick, spalling, surface lay-
ers (Fig. 4a). When observed at a greater magnification,
these layers showed a uniform granulation. The diffrac-
tion pattern in Fig. 4b indicates that the surface layer
formed is fully amorphous: the rings visible in the pat-
tern are due to the diffraction on the amorphous phase.

After subjecting the 1.5× 1017Si+/cm2 implanted
samples to heating at a temperature of 200◦C, the mi-
crostructure of the surface layers formed during im-
plantation remains unchanged. Heating at 500◦C for
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Figure 2 Microstructure (a) and diffraction pattern (b) of silicone implanted Ti6Al4V alloy for the dose of 0.5× 1017Si+/cm2.

Figure 3 Microstructure (a) and diffraction pattern (b) of silicone implanted Ti6Al4V alloy for the dose of 1.5× 1017Si+/cm2.

Figure 4 Microstructure (a) and diffraction pattern (b) of silicone implanted Ti6Al4V alloy for the dose of 4.5× 1017Si+/cm2.
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Figure 5 Microstructure (a) and diffraction pattern (b) of silicone implanted Ti6Al4V alloy for the dose of 1.5× 1017Si+/cm2. After implantation
specimens were annealed 1 h at 650◦C.

1 hour gives a small increase of the size of the silicide
phase nuclei, but the amorphic phase does not vanish.
It is only heating at 650◦C which causes the amorphic
phase to vanish and small (of the order of 100 nm)
silicide phase precipitates to appear (Fig. 5).

3.2. Corrosion resistance
The results of electrochemical examinations after a
short-term (24 h) and long-term (1200 h) exposure in
a 0.9% NaCl solution are given in Tables II and III,
respectively. Figs 6 to 8 show the anodic polarization
curves for the Ti6A14V alloy implanted with various
Si doses; the curves were determined, prior to the elec-

TABLE I I Results of electrochemical experiments (after 24 h
expositions)

Dose Ecorr Rp icorr Enp

(× 1017Si+/cm2) (mV) (MÄ× cm2) (nA/cm2) (mV)

Non-implanted 50 5.6 15.6 No pits
Non-implanteda −50 0.1 870 No pits
Non-implantedb 123 16.2 5.36 3100
0.5 131 10.15 8.57 No pits
1.5 247 15.8 5.5 2400
1.5a 75 9.1 9.6 2400
1.5b 146 16.2 5.36 3300
3 130 16.1 5.41 3400
4.5 160 10.5 8.30 3300

aAfter implantation specimens were annealed 1 h at 200◦C.
bAfter implantation specimens were annealed 1 h at 500◦C.

TABLE I I I Results of electrochemical experiments (after 1200 h
expositions)

Dose Ecorr Rp icorr Enp

(× 1017Si+/cm2) (mV) (MÄ× cm2) (nA/cm2) (mV)

Non-implanted 270 49.1 1.77 No pits
0.5 143 83.7 1.04 No pits
1.5 346 56.1 1.55 2600
3 292 35.0 2.49 3600
4.5 137 36 2.42 No pits

trochemical examinations, in a 0.9% NaCl solution at a
temperature of 37◦C: Fig. 6—after the short-term (24 h)
exposure, Fig. 7—after the long term (1200 h) expo-
sure; Fig. 8 shows how heating affects the course of the
polarization curves in 1.5× 1017Si+/cm2—implanted
and unimplanted samples. Examples of surface dam-
age done during the potentiodynamic measurements are
shown in Figs 9 and 10.

Tables II and III give the values of the polarization
resistance and the corrosion current densities calcu-
lated using the Stern formula on the assumption that
the slope of the Tafel portion of the cathodic straight
line is 200 mV per current decade.

3.3. SIMS examinations
The distribution of elements within the surface layer
was analysed by secondary ions spectrometry (SIMS).
The elements identified were: titanium, silicon, vana-
dium and oxygen. Their distribution was analysed as
depending on the implanted silicon dose and on the
time of exposure prior to the electrochemical exam-
inations. The concentration profiles were determined
before and after potentiodynamic examinations. Exam-
ples of the results obtained are shown in Figs 11 to 13.
We can infer from these results that the thickness of
the implanted layer ranges from 200 nm (at a dose of
1.5× 1017Si+/cm2) to 250 nm (at 4.5× 1017Si+/cm2)
i.e., it hardly depends on the silicon dose. An increase
in the silicon dose, however, increases quite signif-
icantly the signal due to the silicon present within
the implanted layer (from 2× 103 at 1.5 to 8× 103 at
4.5× 1017Si+/cm2). Fig. 11 shows the element distri-
bution in the surface layer of the titanium alloy be-
fore and after the electrochemical examinations (short-
term exposures). The element concentration profiles of
Fig. 11a and b are almost identical, which sugests that
they have not been affected by anodic polarization. This
also applies to implanted samples (Figs 12 and 13) ir-
respective of the silicon dose and the exposure time
(short- or long-term).
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Figure 6 The anodic polarization curves measured for the Ti6Al4V alloy in a solution of 0.9% NaCl after 24 h exposition. 1) non-implanted
specimen, 2) specimen implanted with a 0.5× 1017Si+/cm2 dose, 3) specimen implanted with a 1.5× 1017Si+/cm2 dose, 4) specimen implanted with
a 3× 1017Si+/cm2 dose, 5) specimen implanted with a 4.5× 1017Si+/cm2 dose.

Figure 7 The anodic polarization curves measured for the Ti6Al4V alloy in a solution of 0.9% NaCl after 1200 h exposition. 1) non-implanted
specimen, 2) specimen implanted with a 0.5× 1017Si+/cm2 dose, 3) specimen implanted with a 1.5× 1017Si+/cm2 dose, 4) specimen implanted with
a 3× 1017Si+/cm2 dose, 5) specimen implanted with a 4.5× 1017Si+/cm2 dose.

3.4. Microhardness
In all the samples examined the microhardness HV0.005
was also measured. The values are given in Table IV—
we can see that after the silicon ion implantation, the

TABLE IV Microhardness HV0.005 of Si+ implanted samples in
(N/mm2)

Annealing temperature
Dose Without
(×1017Si+/cm2) annealing 200◦C 500◦C

Non-implanted 3710 3860 3810
0.5 4260 5260 4720
1.5 5170 5700 —
3 5000 4940 5430
4.5 4400 — —

surface hardness of the Ti6A14V alloy increases. In
non-heated samples, the microhardness reaches a max-
imum at a silicon dose of 1.5× 1017Si+/cm2. With a
further increase of the silicon dose the microhardness
slightly decreases. Heating the samples at 200◦C also
increases the microhardness of the alloy compared with
that of non-heated samples. When analysing the micro-
hardness values given in Table IV, we should be aware
that, at the load (0.05 N) used in the microhardness mea-
surements, the indenter penetrates into the material to
a depth of 700–1000 nm, whereas the thickness of the
implanted layer does not exceed 250 nm.

4. Discussion
From the results presented above, it is difficult to as-
sess how the corrosion resistance of the Ti6A14V alloy
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Figure 8 The anodic polarization curves measured for the Ti6Al4V alloy in a solution of 0.9% NaCl. 1) non-implanted specimen, 2) non-implanted
specimen, annealed 1 h at 200◦C, 3) non-implanted specimen, annealed 1 h at 500◦C, 4) specimen implanted with a 1.5× 1017Si+/cm2 dose,
5) specimen implanted with a 1.5× 1017Si+/h, annealed 1 h at 200◦C, 6) specimen implanted with a 1.5× 1017Si+/h, annealed 1 h at 500◦C.

Figure 9 SEM image of the surface of the specimen implanted with a
1.5× 1017Si+/cm2 dose after the anodic polarization.

Figure 10 SEM image of the surface of the specimen implanted with a 4.5× 1017Si+/cm2 dose a) before, b) after the anodic polarization.

depends on the dose of implanted silicon ions. This is so
since the effect of the silicon dose on the magnitude
of the corrosion current (corrosion resistance under
current-less conditions) differs from its effect upon the
alloy behaviour at higher potentials. We can see from
data of Tables II and III that the implanted silicon ions
increase the polarization resistance of the alloy and
thereby reduce the density of the corrosion current.
A maximum of the polarization resistance occurs at
doses of 1.5× 1017 and 3× 1017Si+/cm2. If the dose is
further increased, the polarization resistance decreases.
From this point of view, the optimum dose seems to be
3× 1017Si+/cm2. From the course of the anodic polar-
ization curves (Figs 6 and 7) we can infer that pitting
corrosion begins at the 1.5× 1017Si+/cm2 dose, Fig. 9.
The breakdown potentials measured are however very
high (from 2.5 to 3.4 V with reference to the potential of
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Figure 11 Silicone, Oxygen, Vanadium and Titanium concentration depth profiles. Specimen not implanted. a) before, b) after the anodic polarization.

Figure 12 Silicone, Oxygen, Vanadium and Titanium concentration depth profiles. Specimen implanted with a 1.5× 1017Si+/cm2 dose. a) before,
b) after the anodic polarization.

the saturated calomel electrode). These effects are ob-
served regularly in all the samples exposed in a 0.9%
NaCl solution prior to the electrochemical examina-
tions, irrespective of whether the exposure time is short
(24 h) or long (1200 h). Exceptions are the samples im-
planted with the 4.5× 1017Si+/cm2 dose, which, after
the long-term exposure, did not show pitting corrosion
(Fig. 7).

It should also be noted that the Ti6A14V alloy sam-
ples implanted with the 0.5× 1017Si+/cm2 dose be-
haved in a different way. Among the implanted samples,
they were the only ones that did not undergo pitting
corrosion. This can be explained by the results of struc-

tural examinations, which have shown that it is only
above 1.5× 1017Si+/cm2, when the surface layer be-
comes amorphous (Figs 3 and 4). At a lower dose (such
as e.g., 0.5× 1017Si+/cm2) the surface of the alloy does
not undergo amorphisation (Fig. 2). The observed be-
haviour of the Ti6A14V alloy can probably be related
to the dependence of the microstructure of the silicon-
implanted surface layer on the silicon ion dose. When
implanted with a dose of 0.5× 1017Si+/cm2, the sur-
face layer is composed of silicide phase nanocrystallites
distributed throughout the matrix, whereas at higher
doses, the surface becomes amorphous and strongly
cracked, which can make it liable to pitting corrosion.
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Figure 13 Silicone, Oxygen, Vanadium and Titanium concentration depth profiles. Specimen implanted with a 4.5× 1017Si+/cm2 dose. a) before,
b) after the anodic polarization.

The spalling and inhomogeneity of a layer implanted
with a 4.5× 1017Si+/cm2 can be seen in the electron
micrographs shown in Figs 4 and 10.

When subjecting unimplanted and 1.5× 1017Si+/
cm2 implanted samples to heating at a temperature of
200◦C, their corrosion resistance decreases. Heating
at 500◦C increases the polarization resistance of
unimplanted samples, but results in pitting corrosion,
whereas in samples implanted with 1.5× 1017Si+/cm2

it has no significant effect upon the corrosion resistance.
The increase of the time of exposure in a 0.9%

NaCl solution (prior to electrochemical measurements)
from 24 h to 1200 h increases significantly the polariza-
tion resistance of all the samples examined, irrespec-
tive of whether implanted or unimplanted; this effect
appears to be the strongest in 0.5× 1017Si+/cm2 im-
planted samples subjected to the long-term exposure.
Samples implanted with higher silicon doses have po-
larization resistances similar to those of unimplanted
samples.

5. Conclusions
(1) The structure of the surface layers depends on the
implanted silicon dose. At a dose of 0.5× 1017Si+/cm2,
the surface layer is composed of silicide phase nano-
crystallites dispersed throughout the matrix, whereas at
higher doses amorphous phase appears.

(2) Heating of the silicon implanted titanium alloy
samples at a temperature up to 500◦C has no essential
effect upon the structure of the surface layer, whereas
at 650◦C, the amorphous layer vanishes.

(3) The corrosion resistance of the samples and the
character of their damage depend on the microstruc-
ture of the surface layer. The maximum corrosion re-
sistance was observed in the samples implanted with
0.5× 1017Si+/cm2—under test conditions, they un-
derwent uniform corrosion. Samples implanted with
higher silicon doses showed pitting corrosion.

(4) A long-term (1200 h) exposure of the samples in
a 0.9% NaCl solution prior to the electrochemical mea-
surements results in the corrosion resistance increasing
significantly in all the samples examined, which could
be judged from the increased polarization resistance
(compared to that measured after the 24 h exposure).
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