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Ion implantation is a surface modification process that can improve the wear, fatigue, and corrosion resis-
tance for several metals and alloys. Much of the research to date has focused on ion energies less than
1 MeV. With this in mind, Ti–6Al–4V was implanted with Al2+, Au3+, and N+ ions at energies of 1.5 and
5 MeV and various doses to determine the effects on strengthening of a high energy beam. A post heat
treatment on the specimens implanted with Al2+ samples was conducted to precipitate TixAl type inter-
metallics near the surface. Novel techniques, such as nanoindentation, are available now to determine
structure-mechanical property relationships in near-surface regions of the implanted samples. Thus, nan-
oindentation was performed on pre-implanted, as-implanted, and post heat treated samples to detect
differences in elastic modulus and hardness at the sub-micron scale. In addition, sliding wear tests were
performed to qualitatively determine the changes in wear performance. The effect of this processing was
significant for samples implanted with Al2+ ions at 1.5 MeV with a dose higher than 1 � 1016 ions/cm2

where precipitation hardening likely occurs and with N+ ions.
� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Advanced titanium alloys are utilized in a wide variety of appli-
cations due to factors such as superior specific modulus and
strength, corrosion resistance, and biocompatibility. Ti–6Al–4V is
an important nonferrous alloy that has found use in fields ranging
from aerospace structures to biomedical implants. Improvements
in hardness, wear, and fatigue properties are necessary to optimize
performance in these applications. The effects of ion beam modifi-
cation on the mechanical properties of several metals and alloys
has been noted in past research [1,2], which has focused mainly
on low energy (�keV) treatments. Results from high energy mod-
ification and the results of post-processing remain largely un-
known. Additionally, tools such as nanoindentation are currently
available to better assess implantation effects that were not avail-
able for much of the previous work in this area. This study aims at
investigating the changes in mechanical properties when Ti–6Al–
4V is implanted with Al2+, Au3+, and N+ ions at MeV energies and
then heat treated (Al ion implantation only) to promote interme-
tallic precipitation.

Possible strengthening mechanisms due to implantation in-
clude solid solution strengthening, secondary phase formation,
amorphization, and induced residual stress. The dominant mecha-
nism for a given system is highly dependent on experimental con-
ditions such as target material, ion species, beam energy, and dose.
For example, with certain ion-material combinations, amorphiza-
ll rights reserved.

son).
tion may be induced at the surface of a material, thus inhibiting
slip band crack formation during fatigue [3]. This was believed to
be a possible strengthening mechanism in the gold ion implanted
samples because of their large size and the large number of vacan-
cies they create in a Ti–6Al–4V matrix as predicted by the Stopping
Range of Ions in Matter Program (SRIM-2000 and SRIM-2008) [4].
For the nitrogen implanted samples, it was expected that strength-
ening would be due to solid solution strengthening due to their
large size misfit with the matrix material [5]. Another possibility
is that N+ ions form TiN precipitates above some critical dose of
ions [6,7].

Recent work [8] found that the Ti3Al and TiAl phases could be
precipitated from commercially pure titanium at keV energies with
high doses. This precipitation at the surface is helpful for improv-
ing wear resistance, as the phases formed are harder than the bulk.
The enhanced microstructure is also more resistant to fatigue crack
growth, as it may assist in slip band homogenization where dom-
inant slip band nucleation and growth is significantly hindered.
The optimal condition to ensure this requires a uniform dispersion
of fine precipitates that remain close to the surface [1]. Substitu-
tional solid solution strengthening is also possible for both the
Al2+ and Au3+ implanted specimens.

The degree of strengthening due to possible solid solution
strengthening, surface amorphization, and precipitation is assessed
in this investigation using N+, Au3+, and Al2+ ions. The initial
hypothesis was that the implantation of N+ ions would result in so-
lid solution strengthening and precipitation strengthening, the
implantation of Al2+ ions would mainly produce precipitate or
intermetallic strengthening after a prescribed heat treatment,
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and the implantation of high energy Au3+ ions would possibly pro-
duce amorphous regions on the surface or solid solution strength-
ening. The hypothesis was largely supported by experimental
mechanical property measurements except for the case of the
Au3+ ion implantation.

2. Experimental procedures

The Stopping Range of Ion in Matter (SRIM) program [4], a
Monte Carlo simulation of ion transport phenomena, was used to
predict ion range and collision event distributions for the experi-
mental implantation processes. A program such as this is necessary
for predicting post-implantation behavior because it contributes a
physical understanding of the process with empirical results that
allows proposed mechanisms for modified properties to be identi-
fied for high dose implantation [9]. SRIM was also instrumental in
determining the effects of varying parameters such as ion energy
and angle of incidence to the target material.

With the task of improving the surface wear and hardness, opti-
mal conditions were selected that retained the ions close to the
surface, created a broad distribution, and maximized collision
events without significantly losing ions due to backscattering.
According to the SRIM predictions, the angle of incidence had a
large effect on this. An angle of 60� between the beam and the
sample surface normal was most accommodating to these consid-
erations, and was chosen for each set of experiments. Implanta-
tions were carried out at the William R. Wiley Environmental
Molecular Sciences Laboratory at Pacific Northwest National Labo-
ratory, a U.S. Department of Energy facility located in Richland,
Washington. A total of five sets of experiments were carried out
at room temperature, as outlined in Table 1. The variations be-
tween sets involved altering the ion energy, dose, and ion species.
One specific comparison to note is the Al2+ implantation experi-
ments with 1.5 MeV beam energy. One set was implanted with a
dose of 1.5 � 1016 ions/cm2 and the other set was implanted with
a dose of 5 � 1016 ions/cm2; these will be called the ‘low dose’ and
‘high dose’ conditions for comparison throughout the rest of the
paper.

Post-implantation annealing was used to precipitate TixAl type
intermetallics in the implanted region while retaining the bulk
microstructure. Literature review [8] found that this precipitation
occurs at temperatures above 665 �C. Since titanium readily oxi-
dizes above 600 �C, treatment was restricted to an inert atmo-
sphere. The samples were heated in a tube furnace to 700 �C for
1 h in an argon atmosphere and furnace cooled.

Nanoindentation was performed under load control for each
material and implantation condition using a Hysitron nanoinden-
ter equipped with a diamond Berkovich tip; the indentation depth
may exhibit some scatter at each applied load due to material
inhomogeneities. Before the indentation experiments, the indenter
tip was calibrated to standard specimens such as tungsten and
Fe3Si to obtain the contact area for the tip as a function of depth;
this contact area function is used in both the hardness and modu-
lus calculations. It is important to note that although the same in-
denter was used for all conditions, the indentation experiments
Table 1
Conditions selected for 5 experimental sets.

Set Ion Energy
(MeV)

Dose
(ion/cm2)

Current
(nA)

Temperature
(�C)

Angle
(�)

1 Al2+ 1.5 1 � 1016 250 25 60
2 Al2+ 5 1 � 1016 250 25 60
3 Al2+ 1.5 5 � 1016 250 25 60
4 N+ 1.5 2.5 � 1016 500 25 60
5 Au3+ 5 2.5 � 1016 500 25 60
were conducted at different times over the course of a year and
thus, the indenter tip radius and contact area function changed.
The data in the same plots in this figure were taken at the same
time, so the indenter tip radius and contact area function are the
same for each individual plot, allowing the data in those plots to
be compared.

Samples from all three conditions were prepared by polishing
through 0.05 l alumina powder or polished with 0.05 lm silica
on a vibratory polisher prior to implantation, and the surface was
left untouched after implantation was complete. SEM analysis con-
firmed that the implantation experiments and heat treatment had
minimal effect on the surface roughness of each of the samples. In
other words, the surface roughness change due to implantation
was not large enough to strongly affect the calculated nanoinden-
ter contact areas used for deriving the hardness and modulus val-
ues. The elastic modulus and hardness of the samples were
monitored and plotted as a function of the hemispherical plastic
zone size underneath the indenter tip, as calculated from the
indentation contact area using Eq. (1) below. This is valid for mate-
rials within a range of strain hardening exponents of which Ti–
6Al–4V is considered acceptable.

Plastic Zone Size ¼ 2:3
ffiffiffiffiffiffiffiffiffi
A=p

p
; ð1Þ

where A = contact area of indentation.
Sliding wear tests were performed on the pre-implanted and

Al2+ implanted specimens. The apparatus consisted of a pin on disk
setup [10] using a low carbon steel disk. The disk speed was set to
48 rpm, with an applied load of 122.4 g. Vickers hardness indenta-
tions were made on the sample faces; the indent diagonals were
measured at regular time intervals during the wear tests and re-
lated to the amount of material removed using the known 3-
dimensional geometry of the indent. This allowed indentation
dimensional changes to be correlated with amount of material re-
moved as a function of time. The geometrical relationships of the
indent were conserved through the process.
3. Results and discussion

Fig. 1(a) shows the starting microstructure of the Ti–6Al–4V al-
loy used in these experiments. It consists of large, equiaxed grains
of lamellar a and b phases; the bulk microstructure did not change
with implantation at scales resolvable with high resolution scan-
ning electron microscopy. The spacing between the lamellae is
approximately 0.75–0.8 lm. Fig. 1(b) shows an AFM image of in-
dents in an ion implanted specimen, which is representative of
all the implanted specimens. The indenter usually made first con-
tact with the a phase due to its much larger volume fraction but
sometimes had initial contact with the b phase. Despite the differ-
ence in mechanical properties between these two phases, the plas-
tic zone, which is much larger than the indenter depth, sampled
the material uniformly; therefore, all of the results presented re-
flect the implantation effects on the overall microstructure and
not just on individual phases.

The most interesting nanoindentation results were observed for
the high dose aluminum implanted samples as well as the nitrogen
implanted samples. An improvement in elastic modulus and hard-
ness is observed for the high dose Al2+ samples that have been heat
treated to produce an intermetallic phase. The indentation results
are shown below in Fig. 2.

While there is a small improvement in hardness and modulus
for the implanted specimens without heat treatment, the effect
of post heat treating is significant. There is a sharp increase of elas-
tic modulus and hardness when the plastic zone depth is approxi-
mately 500 nm. The fact that this effect is observed only as the
plastic zone penetrates the implanted layer suggests that the



Fig. 1. (a) SEM image of Ti–6Al–4V microstructure of as-received material and (b)
AFM image of nanoindents in an implanted microstructure.
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Fig. 2. Elastic modulus and hardness vs. plastic zone depth for the high dose
(1.5 MeV, 5 � 1016 ions/cm2) Al2+ implantation experiments.
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actual strengthening effect is even more dramatic. Due to these
sharp local increases, it may be deduced that a TixAl type interme-
tallic has been formed, although the exact phase has not been iden-
tified. The SRIM predictions for the peaks in the ion projected range
appear to be close to the peaks in mechanical properties from the
indentation data. Fig. 2 displays peaks around 500 nm, where the
Fig. 3. SRIM predictions of the ion range distributions. On the left, the peak aluminum co
high doses, and 636.6 nm for the N+ ion implantation on the right.
SRIM model predicted a peak in the stopping range distribution
of 589.5 nm, as shown below in Fig. 3.

Note that there is a small decrease in hardness towards the sur-
face for all of the conditions shown in the figure. Since there is not
a corresponding change in modulus, this effect is not due to the
contact area calibration. Instead, it is likely due to the self-similar-
ity of the indenter. At small depths, the properties extracted are
largely affected by the spherical tip of the Berkovich indenter
ncentration value occurs at 589.5 nm for the 1.5 MeV Al2+ implantations at low and
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and the strains induced by the spherical shape are less than those
that would be induced by a self-similar Berkovich tip; therefore,
the hardness values extracted are low at the small depths, which
is solely due to indenter geometry [11]. The radius of the spherical
ball at the indenter tip affects the depth at which this occurs and
changes over the course of the tip lifetime. Even though the values
at the small indent depths are not the true properties of the mate-
rial, a qualitative comparison between the three conditions can
still be made.

A similar but even more definitive effect is shown in the nano-
indentation results from the implantations using with N+ ions
(Fig. 4). It is believed that this strengthening effect is due to inter-
stitial solid solution strengthening in the Ti–6Al–4V matrix due to
atomic size mismatch [5] and precipitate strengthening due to the
formation of TiN precipitates [6,7]. Solid solution strengthening
can be attributed to the interaction between dislocations moving
on first order prism planes and stationary interstitial solute obsta-
cles, based on the Fleischer–Friedel model [5]. The elastic modulus
can also be enhanced in Ti alloys with interstitials, such as N, that
increase the charge density between matrix atoms [12]. Fig. 4 dem-
onstrates that the increases in hardness and modulus are substan-
tial. While there may be somewhat of an indentation size effect
[13] at the low values of indentation depth that artificially inflate
the mechanical property values, a comparison with the pre-im-
planted and Au3+ implanted specimens (Fig. 5) shows that the
amount of strengthening due to nitrogen implantation is signifi-
cant in similar indentation depth ranges. Once again, there is a
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Fig. 4. Elastic modulus and hardness vs. plastic zone depth for the nitrogen
implanted specimens.
small decrease in hardness at the surface in Fig. 5 for the same rea-
son that there is the decrease in hardness as explained for Fig. 2.

These results are not unexpected when a comparison is made to
implantations using nitrogen ions by Oliver et al. [7]. They per-
formed ion implantations at 90 keV with a current density of
50 mA/m2 and a dose of 3.5 � 1017 ions/cm2 and reported a dou-
bling of the base material hardness at a 50 nm indentation depth.
Fig. 4 shows that the hardness at 50 nm is also approximately 2�
the value of the hardness plateau at large indentation depths de-
spite the difference in implantation conditions. In other words,
the increased dose in [7] and the increased energy in this work re-
sult in a similar effect at the given indentation depth of 50 nm. A
hardness profile is not given in the work by Oliver et al. so the ef-
fects of the dose and beam energy differences cannot be compared
at the surface or larger depths. For example, we may expect that
higher hardness values would be observed in this work at larger
depths due to the higher beam energy and larger ion projected
range, and a higher hardness is possible in [7] at the surface due
to the combination of the lower beam energy and higher dose.

Implanting with Au3+ ions does not result in any significant
changes in hardness or elastic modulus whatsoever (Fig. 4). Either
the amorphous layer formed by the Au3+ ions does not increase
surface mechanical properties, or the Au3+ ion is not an effective
substitutional solid solution strengthener in Ti–6Al–4V because
the size and modulus mismatch effects for Au in a Ti matrix are
negligible. A SRIM simulation with full damage cascades was as-
sessed upon reviewing the data to aid in the interpretation of the
results. It was determined that the Au3+ ions likely induce a high
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sputtering yield that causes smooth erosion of the surface through-
out the process. A high proportion of nuclear collision cascades as
calculated by SRIM also suggest that a small amorphous layer
forms. Constant milling of the surface through the process would
mean that the final amorphous layer is too thin to measure or offer
any practical benefits. The final distribution of ions is determined
by the balance of the sputtering rate and the range of implantation
of incoming ions. Another noted observation was that the Au3+ im-
planted samples experienced a slight color change at the surface,
which supports the hypothesis that the surface had gradually sput-
tered into previous implantation depths.

The low dose Al2+ implanted experimental sets do not display
such a large increase in elastic modulus and hardness as the post
heat treated condition (Figs. 6 and 7). It is likely that they were
not provided with the minimum amount of aluminum to precipi-
tate an intermetallic (�9 wt% for Ti3Al). This effect is observed
for both the 1.5 and 5 MeV beam energies, indicating that the pre-
cipitation of the TiAlx phase is a purely related to accumulating a
critical dose of ions. A small increase in hardness and modulus is
noted in these experiments for the as-implanted condition, which
may be due to solid solution strengthening and lattice distortion.
Upon annealing, the elastic modulus and hardness decreases due
to possible irradiation enhanced diffusion and vacancy annihila-
tion, but there is relatively little change in hardness. The change
in modulus is especially obvious for the specimens implanted with
a beam energy of 5 MeV. A large number of vacancies are created
for this high beam energy, which makes the effects of irradiation
0 100 200 300 400

0

20

40

60

80

100

120

200 400 600 800 1000 1200 1400

Indentation Depth (nm)

El
as

tic
 M

od
ul

us
 (G

Pa
)

Plastic Zone Depth (nm)

Pre-implanted

Implanted Pre-Heat 
Treatment
Implanted Post-Heat 
Treatment

0 100 200 300 400

0

1

2

3

4

5

6

7

8

200 400 600 800 1000 1200 1400

Indentation Depth (nm)

H
ar

dn
es

s 
(G

Pa
)

Plastic Zone Depth (nm)

Pre-implanted

Implanted Pre-Heat 
Treatment

Implanted Post-Heat 
Treatment

Fig. 6. Elastic modulus and hardness vs. plastic zone depth for the specimens
implanted with the lower dose of Al2+ (1 � 1016 ions/cm2) and a beam energy of
1.5 MeV.
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Fig. 7. Elastic modulus and hardness vs. plastic zone depth for the specimens
implanted with the lower dose of Al2+ (1 � 1016 ions/cm2) and a beam energy of
5 MeV.
enhanced diffusion prominent upon annealing; the modulus of
the post heat treated specimen is significantly lower than the
pre-implanted and as-implanted specimens due to probable com-
positional changes at the surface during annealing. There is very
little difference in hardness profiles for the pre-implanted, im-
planted, and heat treated specimens for this higher beam energy.
Again, there is a hardness decrease at the surface that is partially
due to the same effect explained for the results in Fig. 2. However,
there is also a modulus decrease at the surface, which implies that
there was some error in the contact area function at small indenter
depths. Nonetheless, even though the values are not the true mate-
rial properties, they can still be compared because they were ob-
tained with the same indenter.

Vickers hardness measurements were made at depths larger
than ion implantation range in the pre-implanted and Al2+ im-
planted specimens before and after heat treatment. The hardness
profiles are similar within experimental scatter, showing that the
heat treatment did not significantly change the bulk properties
and the observed mechanical properties are due to ion implanta-
tion effects. Furthermore, the bulk modulus would not change with
heat treatment since the modulus is dominated by composition
rather than microstructure.

The results from sliding wear tests for the pre-heat treated Al2+

are displayed below in Fig. 8. It is evident that the high dose sam-
ple shows significant improvement in wear properties near the
surface over the pre-implanted sample; since these results are



Fig. 8. Thickness of material removed vs. time for pin on disk sliding wear tests
performed on the aluminum implanted samples.
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for the pre-heat treated specimens, the increased wear resistance
is due entirely to solid solution strengthening. The low energy
and dose sample also display a lesser improvement. The high en-
ergy (5 MeV) samples do not demonstrate a real improvement out-
side of experimental error because the high energy of the ions
results in a significant amount of scatter in the ion distribution
and concentration through the sample thickness, which dilutes
the solid solution strengthening effect. As samples are worn past
their implantation depth (around 2 lm), the wear rates all become
parallel, suggesting that the entire implanted region has worn
away and the bulk wear resistance of the pre-implanted and im-
planted specimens is the same.

Accurate sliding wear test data were not obtained for the post
heat treated high dose samples because they only exhibited wear
in the small regions of the sample that were outside the implanta-
tion region; thus, a significant increase in wear resistance was ob-
served but it could not be measured accurately using these sliding
wear test methods. Though data is not presented here, it is ex-
pected that the specimens implanted with N+ ions exhibit
enhanced wear resistance corresponding to their high surface
hardness. Garcia et al. [6] has found that N+ implantation does sub-
stantially improve the wear resistance, though the doses they used
are an order of magnitude higher than the ones used here; how-
ever, hardness and wear resistance scaled together in their study
as it should for these materials. Oliver et al. [7] reported similar in-
creases in wear resistance due to N+ implantation.

4. Conclusions

Ti–6Al–4V samples were implanted with ions at high energies
to determine the changes in mechanical properties. A significant
increase in hardness, elastic modulus, and wear resistance was
noted for samples treated with Al2+ at 1.5 MeV with a dose of
5 � 1016 ions/cm2 following post process annealing that resulted
in the formation of an intermetallic phase on the surface. A signif-
icant increase in hardness and modulus was also noted for samples
treated with N+ at 1.5 MeV with a dose of 2.5 � 1016 ions/cm2. It is
believed that these increases were due to interstitial solid solution
strengthening with precipitate strengthening also possible. The in-
crease in hardness at the surface from both of these treatments
also has potential implications in increasing the fatigue life of Ti–
6Al–4V by inhibiting and/or homogenizing slip band crack
initiation.

Al2+ samples treated at lower doses of 1 � 1016 ions/cm2 and a
beam energy of 1.5 MeV showed moderate increases due to solid
solution strengthening, but did not experience improvements from
annealing since the critical aluminum concentration for interme-
tallic formation was not provided. The surface mechanical proper-
ties were not improved significantly using Au3+ implantation; any
possible amorphous layer produced during implantation was likely
removed by sputtering and the effects of Au ion solid solution
strengthening are small. Thus, the ion beam parameters would
have to be revised to achieve any increase in the surface mechan-
ical properties using Au3+ ions to avoid the detrimental sputtering
effect.
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