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9 MeV Au ion implantation into Ti and Ti-6Al-4V
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Titanium and Ti-6Al-4V alloy samples were implanted with 9 MeV Au ions at room
temperature with fluences up to 6.5× 1020 ions/m2. The results were analyzed using
Rutherford backscattering, X-ray diffraction, glancing angle X-ray diffraction, and SEM. The
glancing angle diffraction patterns show peaks corresponding to a new phase in both
materials, presenting an hcp structure with larger lattice parameters than the unimplanted
material. This phase is formed mainly by structural damage produced by the beam, and not
by the formation of compounds. Modifications of the grain size and microstrain were
measured using the Williamson-Hall method. C© 2001 Kluwer Academic Publishers

1. Introduction
Titanium and its alloys are some of the best cur-
rently available materials for surgical implants. They
present excellent corrosion resistance and biocompati-
bility, good ductility, low elastic modulus and low den-
sity. In particular, the alloy Ti-6Al-4V has high tensile
strength and fatigue resistance [1–4]. At room temper-
ature, pure titanium is normally found in theα phase,
which is a hcp structure. Above 1155 K there is a trans-
formation to the bccβ phase, and at high pressures it
transforms to a simple hexagonalω phase. Theω phase
has also been reported as a result of high energy ion ir-
radiation [5, 6].

Ion implantation has numerous advantages for treat-
ing biomaterial surfaces. One is the selective surface
modification without affecting bulk properties; another
is the possibility of performing the process at low tem-
peratures. It is known that implantation of certain types
of ions into titanium hardens the surface, reduces fric-
tion, and improves the wear resistance. The hardening
is attributed primarily to the formation of hard phase
(carbide, nitride and oxide) precipitates [4].

As part of a program to improve the surface proper-
ties of Ti and its alloys for medical applications, and to
understand the mechanisms involved in these changes,
here we present the results of 9 MeV Au ion implan-
tation into Ti and the alloy Ti-6Al-4V. At this beam
energy, the implanted ions affect the first 1.5µm below
the surface of the metal. The relatively low sputtering
yield reduces the surface damage which is normally
present in low energy implantations, so it is possible
to study the final distribution of implanted species and

structural damage, unhindered by surface removal ef-
fects. Most previous studies of ion implantation into
titanium have been made at low energies, and studies
have been made of very high energy ion irradiation of
Ti, leading to a phase transformation [5, 6].

2. Experiment
The Ti samples were 99.6% purity, the main impuri-
ties quoted by the manufacturer (Goodfellow) being
Al, Cr, Mn, Ni, and V at 500 ppm. They consisted
of slices cut from 9.5 mm diameter rods which were
annealed in argon at 675◦C by the manufacturer. Af-
ter cutting, they were polished with Emery paper and
0.05µm alumina. Titanium normally has a hcp crys-
tal structure with lattice parametersa= 0.2950 nm and
c= 0.4686 nm [7]; this was verified by x-ray diffraction
on untreated samples in the present experiment. For the
unimplanted samples, metallographic and SEM images
in the present experiment show a large-grain structure
with an average size of the order of 100µm. Small angle
x-ray diffraction measurements indicated an additional
mosaic structure with sizes of 56 nm at 1µm depth,
obtained with the Williamson-Hall method described
later.

The Ti-6Al-4V alloy samples were similarly cut from
10.0 mm diameter rods, also purchased from Good-
fellow, and polished with Emery paper and 0.05µm
alumina. The maximum impurity quoted by the man-
ufacturer is 650 ppm of oxygen. Scanning electron
microprobe and x- ray diffraction measurements were
carried out on untreated samples, showing 10–15µm
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Figure 1 Calculations of final Au ion distribution and vacancy distribu-
tion, for 9 MeV Au ions striking a Ti target.

diameter, V-depletedα phase grains (hcp with
a= 0.2925 nm andc= 0.4670 nm) in a V-enriched
β phase matrix (bcc witha= 0.3230 nm) which sur-
rounds theα phase grains. These values are in agree-
ment with the literature [8]. The size of the mosaic
structure at 1µm depth was determined with the
Williamson-Hall plot to be 71 nm.

The 9 MeV Au ion (3+) implantation was per-
formed at room temperature using the Instituto de
Fı́sica 3 MV 9SDH-2 Pelletron accelerator. Typical
target currents were 1 to 3µA, and the beam was
rastered over 4 cm2, with which flux densities of
0.5 to 1.5× 1016 Au ions/m2s were obtained. Vari-
ous fluences were studied, the maximum fluence being
6.5× 1020 Au ions/m2. According to TRIM [9] calcu-
lations, the projected range of 9 MeV Au ions in Ti
is 1.37µm, with a straggling of 0.22µm. The same
calculation indicates that a fluence of 1020 Au ions/m2

corresponds to 0.35 atomic % in the peak of the im-
planted Au ion distribution.

Although the final Au ion distribution is calculated
to be a slightly skewed Gaussian, damage occurs all
along the ion trajectory, as shown in Fig. 1, which is
a smoothed calculation of the vacancy distribution and
the final ion distribution, using TRIM, with arbitrary
vertical scales. A measure of the amount of structural
damage produced by nuclear stopping is the average
number of displacements each atom of the material
suffers during the total bombardment. For a fluence of
1020 Au ions/m2, the number displacements per atom
(dpa) was calculated to be above 30 in the peak of the
vacancy distribution at a depth of about 1.2µm. The
calculations corresponding to the Ti-6Al-4V alloy yield
very similar results.

Conventional (XRD) and grazing angle x-ray diffrac-
tion (GXRD) were used to analyze the samples. The
grazing angle measurements were performed on a
Siemens D5000 diffractometer with a grazing inci-
dence attachment and LiF crystal monochromator in the
secondary beam path, using the CuKα radiation. The
diffraction patterns were taken with the sample fixed
at the angles of incidenceα= 0.5◦, 1◦, 1.5◦, 2◦, 2.5◦,
and 3◦, and with a scintillation detector moving from
2θ = 30◦ to 80◦ with a step of 0.02◦ at each angle of
incidence. The collection time at each value of 2θ was

5s. Hereθ is the diffraction angle. The angle of inci-
dence 0.5◦ is slightly above the critical angle for total
external reflection, when the x-rays start to penetrate the
material; by increasing this angle the penetration depth
is gradually increased. For example, atα= 1◦, 90% of
the scattered intensity comes from a depth smaller than
≈1µm.

3. Results
Using the same Pelletron accelerator, the backscatter-
ing (RBS) of4He ions was performed in order to deter-
mine the final position of the implanted Au ions. In this
technique [10], the measured energy spectrum of the
backscattered He ions is used to determine the depth of
the Au ions below the surface of the sample. Conven-
tionally, RBS measurements are done with 2 MeV He
ions, but in the present case at 2 MeV the Au peak in the
RBS spectrum was hidden beneath the continuum due
to the thick Ti. Therefore it was necessary to raise the
He ion energy to 6 MeV at which energy the signal from
the Au implants was separated from that of the solid Ti
in the spectra. Fig. 2 shows a spectrum of backscattered
4He on Ti implanted with 1020 Au ions/m2. The RBS
spectrum from the Ti-6Al-4V alloy was essentially the
same. The measured profile of the Au implant turned
out to be approximately Gaussian; it was fit with the
code RUMP [11] with a Gaussian distribution with a
mean depth of 1.50µm and a FWHM of 0.62µm.
The measured mean depth is in reasonable agreement
with the calculated value (1.37µm), but the measured
width is about 2.5 times greater than the calculated one
(0.22µm).

When ion implantation is performed at lower ener-
gies (100–200 keV), there is frequently a combination
of a small ion range and a large sputtering yield. This
leads to a modification of the implanted species depth
profile, as the eroded surface recedes as much as, or
even more than the initial ion range. It also places a
limit on the number of ions that can be implanted,
since initially implanted ions may be sputtered away
at a later stage. In the present experiment, all the spec-
tra obtained from RBS similar to Fig. 2 indicate that

Figure 2 RBS spectrum of 6 MeV alpha particles scattered from tita-
nium implanted with 9 MeV Au ions. The implanted Au ions are found at
a mean depth of 1.50µm with a FWHM of 0.62µm. The arrow indicates
the position where the Au peak would appear if it were on the surface.
There is a carbon contamination and a thin oxygen surface peak.
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this effect does not occur, for the Gaussian distribution
is well defined, and it appears at the correct depth. This
is consistent with a small sputtering coefficient, which
for the present case of 9 MeV Au on Ti, was calculated
with TRIM to be between 2 and 3.

The measured width of the implanted Au distribu-
tion is larger than expected from the calculations. This
could be due to diffusion arising from local heating
of the material during bombardment. However, it will
be seen that radiation damage during the implantation
caused considerable changes in the crystal structure and
grain sizes, so the accompanying strain could very well
account for the observed increase in width.

The microstructure of both Ti and the Ti-6Al-4V al-
loy before implantation, was revealed with a solution
of 10% HF, 5% HNO3 and 85% H2O, and then the sam-
ples were observed with SEM and optical microscopy.
Fig. 3 shows the surface of unimplanted Ti, where the
microstructure corresponds toα–Ti and presents a large
grain size (∼100µm). The dark and light grains are
bothα; the contrast is caused by the dependence of the
etching effect on the orientation of the crystal [12].

Fig. 4 is the corresponding image of unimplanted Ti-
6Al-4V. The microstructure in this case consists of two
phases,α andβ; the dark regions correspond to theα
phase, and the light regions to theβ phase surrounding
theα phase regions [13]. An electron microprobe study
showed theα phase to be depleted in V, while theβ
phase is rich in V.

The Au ion implantation process revealed the mi-
crostructure on the surface of both metals, so it was
not necessary to chemically etch the samples in order

Figure 3 SEM micrograph of reference Ti, showing the large grain structure in the original material, revealed by chemical etching.

to view the grain structure. In the case of Ti (Fig. 5),
the boundaries of the large grains were strongly re-
vealed with a fluence of 6.5× 1020 Au ions/m2, and
an accumulation of matter at the boundaries is evident.
In addition, on the surface of the grains, new parallel
structures were revealed, suggesting twinning. In the
Ti-6Al-4V case there is no evident change in the mi-
crostructure for 6.5× 1020 Au ions/m2, compared with
the unimplanted samples.

Vickers microhardness tests (10 grams load for
20 seconds) were performed on reference samples and
on samples implanted with different fluences of Au
ions. The results are shown in Fig. 6. In the case of
Ti, an increase of 75% in hardness is observed for a
fluence of 1020 Au ions/m2 and then a slight decrease.
For the Ti-6Al-4V alloy the increase is up to 100% for
1020 Au ions/m2 and continues to increase for a higher
fluence.

3.1. Titanium
XRD and GXRD patterns were taken from samples of
Ti and the Ti-6Al-4V alloy, both in reference samples
and in samples implanted with different values of Au
ion fluence. Although it is known that there is always
a thin oxide present on Ti and alloy surfaces, no ox-
ide lines were observed in these patterns, indicating
that the oxide is very thin. The hexagonal close packed
(hcp) polycrystalline structure of Ti was confirmed in
the reference samples by the presence of all the tab-
ulated diffraction maxima [14]. The same was true of
those implanted with 1018 and 1019 Au ions/m2. For all
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Figure 4 SEM micrograph of reference Ti-6Al-4V, showing theα (dark) andβ (light) phases, revealed by chemical etching.

Figure 5 SEM micrograph of Ti implanted with 6.5× 1020, 9 MeV Au ions/m2, showing accumulation of matter at the grain boundaries and on the
grain surface.
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Figure 6 Dependence of Vickers microhardness measurements on Au
ion fluence for Ti and Ti-6Al-4V samples.

Figure 7 Comparison of diffraction patterns from a Ti reference sam-
ple and from samples implanted with 1020, 3.5× 1020, and 6.5×
1020 Au ions/m2, with glancing angleα= 1◦.

these cases the GXRD patterns taken at different val-
ues of grazing angleα showed no relevant change in
the near-surface properties.

Fig. 7 shows a comparison of patterns from a
reference sample and from samples implanted with
1020, 3.5× 1020, and 6.5× 1020 Au ions/m2, with
α= 1◦. In the reference sample pattern the pure Ti lines
are indicated. For a fluence of 1020 Au ions/m2 there
is evidence of a decrease in the lattice parametera of
0.2% and an increase inc of 2%. As can be seen in the
figure, the relative intensities of lines (100) and (002)
were modified for the higher fluence, indicating that the
implantation induced a change in crystal orientation.

In the samples with 3.5× 1020 and 6.5× 1020 Au
ions/m2 additional lines are observed. The sequence
of new maxima can be explained as due to a new hcp
structure with values of lattice parametersa andc of
0.3268 nm and 0.5184 nm, respectively, obtained from

TABLE I Indices of the new diffraction maxima observed in Ti and
the alloy Ti-6Al-4V, at a fluence of 6.5× 1020 Au ions/m2, assuming an
hcp structure

in Ti in Ti-6Al-4V
hkl d(nm) d(nm)

100 0.2829 0.2803
002 0.2595 - - -
101 0.2484 0.2464
102 0.1912 0.1901
110 0.1630 0.1618
112 0.1381 0.1371
201 0.1364 0.1355

the measured values of interplanar distanced shown in
Table I. Of the whole sequence pertaining to the new
structure, the only maximum not observed (002) would
be located underneath a strong peak (100) of the original
structure. Both parametersa andc present an increase
of approximately 10.7% with respect to the original
Ti lines. The only line that does not belong to either of
the hcp sequences is a weak one located at 2θ = 43.54◦,
and coincides with the line of maximum intensity of the
compound AuTi3 [15]. The other reflections of this mi-
nority phase would be hidden in the background. There
is the possibility that the new lines consistent with an
hcp structure could be associated with an orthorhombic
phase, but the corresponding parameters would be too
large to be likely.

The analysis of the random microstrain and particle
size broadening effect on the diffraction maxima of the
original structure was performed by the Williamson-
Hall plot method [16]. An example is shown in Fig. 8,
which is a plot ofβ cosθ vs. sin2 θ/β cosθ for each of
the successive diffraction maxima in a spectrum, where
θ is the Bragg angle andβ is the total width of each
line. Only well resolved maxima were considered, and
a straight line was fit to the experimental points. On the

Figure 8 Example of a Williamson-Hall plot. The grain size is calculated
from the intercept of the straight line with the vertical axis, and the rms
value of the microstrain is obtained from the slope.
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Figure 9 Values of grain size vs Au ion fluence, obtained from the
Williamson-Hall plots corresponding to spectra of Ti and the Ti-6Al-
4V alloy.

plot, the grain size is calculated from the intercept of the
straight line with the vertical axis, and the rms value of
the microstrain is obtained from the slope. Plots from
each of the samples indicate that both the grain size
and the root mean square (rms) value of microstrain
increase with depth in the reference sample, while in
the sample exposed to the fluence of 1× 1020 m−2 only
the grain size increases, though less markedly, and the
microstrain decreases with depth.

The Williamson-Hall plots were obtained for the
diffraction maxima of the original hcp structure of sam-
ples implanted with 1, 3.5 and 6.5× 1020 Au ions/m2.
The results are shown in Figs 9 and 10. In the case of Ti,
the grain size increases to more than twice the original
value at 1020 Au ions/m2, and at higher fluence it drops
to less than the original value. The microstrain, on the
other hand, increases monotonically with fluence, and
does not exceed twice the original value.

3.2. The alloy Ti-6Al-4V
These same kinds of measurements were also per-
formed on the alloy Ti-6Al-4V samples. Fig. 11 shows
the corresponding diffraction patterns for the same val-
ues of fluence as the case of Ti (1020, 3.5× 1020, and
6.5× 1020 Au ions/m2, with α= 1◦). The reference
sample diffraction patterns are in agreement with the
known structure [13] of V-depletedα phase grains (hcp
with a= 0.2925 nm andc= 0.4670 nm) in a V-enriched
β phase matrix (bcc witha= 0.3230 nm).

Four lines (110, 200, 211 and 220), of which only
one is visible in Fig. 11, but appear in other diffrac-
tion patterns, allow the identification of theβ phase in
the reference samples. These lines show a gradual shift
in XRD patterns for fluence values of 1018, 1019, and
1020 Au ions/m2, corresponding to a decrease in the lat-

Figure 10 Values of microstrain vs Au ion fluence, obtained from the
Williamson-Hall plots corresponding to spectra of Ti and the Ti-6Al-4V
alloy.

Figure 11 Glancing angle diffraction patterns from the Ti-6Al-4V alloy
for reference samples and samples implanted with 1020, 3.5× 1020, and
6.5× 1020 Au ions/m2, with α= 1◦. The peak marked with an arrow is
one of the bcc lines of theβ phase; the other three are not visible in this
spectrum.

tice parameter a of 1.5% at 1020 Au ions/m2. The same
was observed in GXRD with a decrease ina of 1.2%.
At the higher fluence of 6.5× 1020 Au ions/m2 these
lines were either hidden by one of the stronger peaks
or in the background.

At 3.5× 1020 and 6.5× 1020 Au ions/m2 the same
additional lines are observed as in the Ti case, corre-
sponding to a new hcp structure with values of lattice
parametersa andc of 0.3242 and 0.5168 nm, respec-
tively, obtained from the measured values ofd shown
also in Table I. Again, both parameters present an in-
crease of 10.7% with respect to the original Ti-6Al-4V
lines. At the higher fluence, two lines were identified
consistent with the AuTi3 compound.
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The grain size and microstrain were analyzed in
the same way as the Ti samples, using Williamson-
Hall plots. The results for the alloy are included in
Figs 9 and 10. The changes in grain size show a be-
havior similar to the Ti case, but less marked. How-
ever, the microstrain increases with fluence to more
than three times the original value, and then levels off.
The accumulation of matter observed by SEM at grain
boundaries and surfaces does not appear in the alloy
samples.

4. Discussion
The RBS spectrum indicates that there was very little
diffusion of the implanted Au. The maximum of the
Au peak is within the error expected from the stop-
ping powers employed by the computer codes used.
The FWHM of the implanted Au, however, is larger
than that expected from the TRIM calculation (0.62µm
vs 0.22µm). This is not surprising, since the SEM mi-
crographs show that the surface was strongly modified,
and considerable roughness was introduced with the
implantation.

Table II is a summary of the measured values of the
lattice parametersa andc for the hcp structure (α phase)
in reference Ti and Ti-6Al-4V, as well as Au ion im-
planted Ti and Ti-6Al-4V. The resulting ratioc/a is
included for each case. In pure Ti, the implantation of
Au leads to the appearance of the new phase with values
of a andc 10.7% larger than the original Ti. In the Ti-
6Al-4V alloy, the same is observed in theα phase: a new
phase appears with values ofa andcagain 10.7% larger
than the original alloy. In all cases the ratioc/a is very
near 1.6, which is typical of the hcp structure. There is a
resemblance of these structures with metastable phases
obtained from ion mixing experiments leading to vari-
ous alloys in which the major constituent originally has
an hcp structure [17].

There is the possibility of the AuTi3 phase being
present, although only one peak is evident, that of max-
imum intensity, the (211) peak corresponding to a cu-
bic structure. A TRIM calculation indicates that for the
higher fluence (6.5× 1020 Au ions/m2) the Au con-
centration at the peak of the implanted Au is approx-
imately 2.3 at. %. This is one tenth of the 25 at. %
that corresponds to the AuTi3 compound, so it is feasi-
ble that the compound exists in scattered precipitates.
The conditions for a solid solution [18] of Au in Ti
are not met: the atomic radii of the two elements are

TABLE I I Values of the lattice parametersa andc for the hcp structure
(α phase) of reference Ti and Ti-6Al-4V, as well as Au ion implanted Ti
and Ti-6Al-4V, measured in this experiment. The resulting ratioc/a is
included for each case

Reference Implanted

Ti a = 0.2950 nm a = 0.3268 nm
c = 0.4686 nm c = 0.5184 nm
c/a = 1.588 c/a = 1.586

Ti-6Al-4V a = 0.2925 nm a = 0.3242 nm
c = 0.4670 nm c = 0.5168 nm
c/a = 1.597 c/a = 1.594

very different, the crystal structures are different, the
values of electronegativity differ, and they have differ-
ent valences. Therefore precipitates of AuTi3 would be
expected.

The calculated value of displacements per atom (dpa)
is sufficiently large for amorphization to occur. How-
ever, not only does the original hcp structure persist, but
at the higher values of fluence there is the advent of the
new phase, in both the Ti and the Ti-6Al-4V alloy. This
phase is formed mainly by structural damage produced
by the beam, and not by the formation of compounds.

5. Conclusions
A study of the implantation of 9 MeV Au ions into Ti
and the Ti-6Al-4V alloy has been made using various
analytical techniques (RBS, XRD, GXRD, SEM). For
both Ti and the Ti-6Al-4V alloy, at values of fluence
above 1020 Au ions/m2, structural damage leads to a
new hcp phase, with larger values of lattice parameters
a andc than the original material. In all the hcp phases
observed (reference and implanted), the value ofc/a
is close to 1.6, which is typical of the hcp structure.
There is also certain evidence of the formation of the
AuTi3 compound. No amorphization is evident in spite
of large dpa values.
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