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Abstract

Ti6Al4V specimens have been irradiated at different temperatures with 200 keV He ions. Microhardness and elastic
modulus of the unirradiated and irradiated specimens were measured by means of the nano-indentation technique and
analyzed using the Oliver–Pharr method. The indentation depth of all samples is 700 nm, which is comparable in magni-
tude to the ion range. The subsurface structure of the Ti6Al4V specimens was investigated by the X-ray diffraction tech-
nique. The measurements indicate that the microhardness increased with the irradiation temperature from room
temperature to 600 �C while the elastic modulus almost monotonically decreased. The Irradiation at 700 �C, however,
caused softening and slight increase of the elastic modulus within the surface layer of the specimens. The hardening
and reduction of the elastic modulus of the Ti6Al4V alloy under irradiation conditions used in this study is tentatively
explained by a model based on the presence of point defects and dispersed obstacles of b-precipitates. The softening
and slight increase of elastic modulus of helium-irradiated Ti6Al4V at 700 �C might be related to the coarsening of
b-precipitates and formation of the hybrid c-TiH phase in a-phase.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Titanium alloys are being considered as struc-
tural materials for fusion reactor applications [1–
3]. Among the reasons for their selection are the
high strength-to-weight ratio, high electrical resistiv-
ity, good mechanical and thermal properties and
0022-3115/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.jnucmat.2006.06.009

* Corresponding author. Tel.: +86 28 84079015; fax: +86 28
84079074.

E-mail address: chensh@cdut.edu.cn (S.H. Chen).
exceptional corrosion resistance. Moreover, they
have low swelling tendency under a wide variety
of irradiation conditions and fast induced radioac-
tive decay (>10 years after shutdown after V and
Cr, Ti exhibits the third fastest decay rate), compat-
ibility with coolants such as helium and water [4,5].
The latest design of the next fusion reactor includes
the use of titanium alloys in specific parts of the
structure. In particular, the (a + b) alloy Ti6Al4V
has been proposed to be used in flexible supports
between the ITER blanket modules and the vacuum
vessel [6,7].
.
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One of the most important technical issues for
the titanium alloys as fusion structural material is
the influence of the transmutant helium production
on the irradiation-related mechanical property
changes. Until now, there are limited data available
on the irradiation behavior of these materials. For
example, Rodchenkov et al. [8] irradiated an
(a + b)Ti6Al4V alloy with neutrons up to a dose of
0.35–0.42 dpa at temperatures between 240 and
260 �C. They showed that irradiation to a dose level
of about 0.4 dpa resulted in changes of the mechan-
ical properties of the Ti6Al4V alloy. The effects of
irradiation depend on test temperature and material
structure. At 20 �C the radiation hardening was less
significant than that at 260 �C. The irradiation
caused significant reduction in fracture toughness
of the Ti6Al4V alloy and a slight decrease of low
cycle fatigue in the range of large strain amplitudes.
The mechanical properties (tensile, fracture tough-
ness and fatigue) change differently due to irradia-
tion of the different material structures. For the
simulation of the fusion neutrons, Marmy and
Leguey [9] have carried out the tensile and fatigue
performance of a two-phase (a + b)Ti6Al4V alloy
and a a-Ti5Al2.5Sn alloy using 590 MeV protons.
They showed that the unirradiated tensile perfor-
mance of both alloys is roughly identical. However,
irradiation hardening is much stronger in the
(a + b)Ti6Al4V alloy compared to the a-alloy, and
the ductility is correspondingly strongly reduced.
The fatigue resistance of the Ti5Al2.5Sn alloy is
slightly better than that of the Ti6Al4V alloy. Irradi-
ation did not significantly affect the fatigue perfor-
mance of both alloys, except for high-imposed
strains, where a life reduction was observed in the
case of the Ti6Al4V alloy. Higashiguchi and Kayano
[2] irradiated pure titanium with fast neutrons to
fluences up to 3 · 1019 n/cm2 and at a temperature
below 150 �C. Their tensile tests were carried out
at temperatures between that of liquid nitrogen
and 135 �C. They showed that the ductility at liquid
nitrogen temperature was enhanced by irradiation
and did not decrease significantly at the higher
test temperatures. The corresponding hardening
increased up to 100% of the initial flow stress of
the relatively soft titanium studied. Kohyama
et al. [10] irradiated pure Ti and Ti6Al4V with
neutrons at fluences up to 5 · 1020 n/cm2 at 260 �C.
They observed in pure Ti a saturation of hardening
at a fluence of 1.2 · 1020 n/cm2, and a hardening
of approximately 35% of the initial flow stress.
No saturation of hardening was observed in the
Ti6Al4V alloy and the irradiation hardening and
corresponding loss of ductility were more significant
than in pure Ti.

Even though Ti6Al4V has been thoroughly stud-
ied and used in a number of large structures, it has
not been used in fusion components and requires
additional research before large prototypical com-
ponents can be fabricated. There is also a lack of
information on the mechanical properties of the
helium irradiated titanium alloys at higher tempera-
tures. In this work, a candidate (a + b)Ti6Al4V alloy
has been irradiated with 200 keV helium ions at
room temperature and between 400 and 700 �C.
Due to the small range of helium ions of about
700 nm only a very thin subsurface layer less than
1 lm is affected by irradiation. Changes in hardness
and elasticity in this subsurface layer under ionirra-
diation were therefore measured by means of the
nano-indentation technique.

This paper describes the helium irradiation
effects on the nano-indentation properties of an
(a + b)Ti6Al4V alloy, with the objective of assessing
embrittlement of the helium irradiated titanium
alloy at different temperatures. Grazing incidence
X-ray diffraction (GIXRD) and laser scanning
confocal microscopy (LSCM) were undertaken
and were related to the observed changes in the
mechanical properties.

2. Experimental details

2.1. Materials, specimens and irradiation

parameters

The Ti6Al4V samples were provided by AAB
Company, which has a duplex structure composed
of equiaxed primary a-grains of about 4–10 lm size,
together with colonies of elongated secondary a-
grains of �0.5 lm width and 3 lm length. They
are surrounded by the intergranular b-phase. The
total content of b-phase was estimated to be about
9 vol.%.

Prior to helium irradiation, all the Ti6Al4V spec-
imens were mechanically polished using increasingly
finer polishing material. Final polishing was done
with diamond paste. The specimen size was
10 mm · 10 mm. Implantation of 200 keV He ions
was done at different temperatures between RT
and 700 �C at FZ Rossendorf, Germany. The mean
ion flux was 1 · 1017/cm2 and the irradiation tem-
peratures were room temperature, 400 �C, 500 �C,
600 �C and 700 �C. The depth profiles of damage



28 S.H. Chen et al. / Journal of Nuclear Materials 358 (2006) 26–34
and helium ions were calculated using the TRIM 85
code [11]. The damage peak and stopped-ion peak
were at about 700 nm below the surface.

2.2. Indentation and hardness profiling

Nano-indentation is one of the few characteriza-
tion methods by which the surface mechanical prop-
erty can be evaluated without interference of bulk
material characteristic [12]. Two mechanical proper-
ties most frequently evaluated from load and depths
of indenter penetration are the elastic modulus, E,
and the hardness, H, which are calculated by the fol-
lowing equations [13]:
H ¼ P max

Ac

; ð1Þ

1

Eeff

¼ 1� m2

E
þ 1� m2

i

Ei

: ð2Þ
In Eq. (1), the parameter Pmax and Ac represents the
peak load and the projected contact area between
the indenter and specimen, respectively. The term
m, mi in Eq. (2) is Poisson’s ratio of the specimen
and the indenter respectively, and Ei is the elastic
modulus of the indenter. Eeff is linked to Ac and
the unloading stiffness S of the specimen by the
following relation:
Eeff ¼
ffiffiffi

p
p

2

S
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In this work, the nano-indentation hardness
was measured in an instrumented nano-indenter
(CSEM, Switzerland) having a Berkovich type
diamond tip with a face angle of 142.38�. Before
the experiments, the indenter shape was calibrated
by a standard indentation procedure in fused silica
between 0.1 and 100 mN. To reduce the point-to-
point data scatter because of probable influences
of inhomogeneous dislocation microstructure,
crystallographic orientation and anisotropic micro-
structures, 14 penetration depths between 50 nm
and 700 nm were chosen and 15 measurements were
repeated at each depth in a direction normal to
the irradiated surface of each sample. Therefore,
210 data were obtained for each sample. At each
test, the loading speed was adjusted to keep 30 s
loading time, 2 s delay at peak load and 30 s unload-
ing time. An improved version of the Pharr tech-
nique [14] was used to minimize statistical errors.
2.3. XRD analysis of surface layers

By employing a fixed low angle of incidence, the
GIXRD technique allows the depth of penetration
of the X-rays to be localized to the extreme surface
of the sample. GIXRD is therefore ideal for speci-
mens with shallow modified layers. In this work,
the thin layers of all the Ti6Al4V specimens were
characterized using GIXRD (X’Pert Pro MPD,
Philips, Netherlands) in the x/2h mode where the
grazing angle x was 1� and the range of 2h varied
between 30� and 80�. The voltage and anode current
used were 40 kV and 40 mA, respectively. CuKa-
radiation (k = 0.15405 nm) and continuous scan-
ning mode with 0.02 rad of interval and 0.25 s of
set time were used to collect the GIXRD patterns
of the samples. Further, parallel X-ray incident
beams of hybrid mirror with a divergence slit of
1/8� and diffracted beam of the parallel plate colli-
mator with Soller slit 0.04 rad and prepositional
detector were used in all GIXRD experiments.

2.4. Surface roughness measurements

A number of the inherent features of LSCM,
such as high resolution close to the theoretical limit
for optical systems, large effective depth of field, no
vacuum requirement and its ability to quantify sur-
face topography down to a few tens of nano-meters,
make the technique ideally suited to characteriza-
tion of surface roughness [15]. Therefore, to observe
the effect of helium irradiation at different tempera-
tures on the surface morphologies, the surfaces of
helium irradiated Ti6Al4V were imaged by LSCM
(Olympus-OLS-1100) and the surface roughness of
these samples was also measured by LSCM.

3. Results

3.1. Changes in hardness and elasticity

The typical load–depth curves of Ti6Al4V unirra-
diated and irradiated at different temperatures are
plotted in Fig. 1. The variations of the residual
indentation depths show their distinctions in the
material’s ability against deformation or the hard-
ness. On the load–depth curves, although the
unloading slope of all the Ti6Al4V samples are
approximately the same, the recovery depth of the
unirradiated Ti6Al4V sample is relatively small,
which suggests that the unirradiated Ti6Al4V alloy
has the largest contact stiffness and elastic modulus.
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Fig. 1. Comparison of indentation force versus indentation depth
curves for various Ti6Al4V samples in the unirradiated original
condition and after irradiation at room temperature, 400 �C,
500 �C, 600 �C and 700 �C. The indentation depth of all samples
is 700 nm. The insets (a) and (b) are the enlarged part of
corresponding (a) and (b) in the indentation depth curves,
showing recovery depths of the samples and their loading
responses at maximum load, respectively.

100 200 300 400 500 600 700 800
3000

6000

9000

12000

 RT       400  500

 600  700  Original

H
ar

dn
es

s 
(M

P
a)

Displacement (nm)

a

100 200 300 400 500 600 700 800

120

130

140

150

160

170

180
 RT   400   500  
 600  700   Original

E
la

st
ic

 m
od

ul
us

 (
G

P
a)

Displacement (nm)

b

Fig. 2. Hardness (a) and elastic modulus (b) of Ti6Al4V samples
unirradiated (original Ti6Al4V) and irradiated at room temper-
ature, 400 �C, 500 �C, 600 �C and 700 �C, as a function of
indentation depth between 100 nm and 700 nm, respectively. The
continuous line is placed to guide the eyes through the experi-
mental points.
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As shown in Fig. 2(a), the load dependence of
nano-indentation hardness H for various samples
is different. Clearly, the samples irradiated at
600 �C experienced a strong hardening and showed
the highest hardness at all displacements compared
to the samples irradiated at other temperatures,
namely from 12.1 GPa at a displacement of 100 nm
to 6.6 GPa at 700 nm. The hardness value of the
samples irradiated at 500 �C is lower than that of
the sample irradiated at 600 �C, but higher than that
of the sample irradiated at room temperature and
400 �C at almost all displacements, although it is
difficult to compare the measured hardness values
of the samples irradiated at room temperature and
400 �C because of the fluctuation of the hardness
data in the depth range between 100 nm and
700 nm. However, after irradiation at 700 �C, the
nano-hardness reduced sharply to the hardness
value irradiated at room temperature and 400 �C.
The hardness values of all irradiated specimens are
always larger than the hardness of the unirradiated
samples (�4.7 GPa). It is worth noting that a more
stable plateau in nano-hardness and Young’s
modulus were obtained after the first 500 nm inden-
tation depth, as shown in Fig. 2(a). In comparison
with the nano-hardness measurements in Fig. 2(a),
where the maximum values occurred at a depth of
100 nm, the elastic modulus of all the samples
reached its maximum between 150 nm and 200 nm,
as shown in Fig. 2(b), where the elastic moduli of
Ti6Al4V samples irradiated at various temperatures
are plotted. In Fig. 2(b), the hardness values of all
the specimens at the depth of 50 nm are omitted,
since the scattering of the data is too large at such
small indentation depth due to the increasing influ-
ence of surface effects, e.g., of the surface roughness.

3.2. XRD and GIXRD measurements

Fig. 3(a) shows the GIXRD patterns of Ti6Al4V
specimens both in the unirradiated condition and
after irradiation at different temperatures. The b-
Ti phase could not be detected in the unirradiated
specimens. This might be due to an insufficient vol-
ume amount of the b-Ti phase in the sample surface.
The amount of b-phase increased after irradiation at
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higher temperatures, permitting the b-phase to be
measured by GIXRD (Radiation-enhanced diffu-
sion might stimulate the precipitation of the b-phase
[9,16]). In comparison to the b-Ti peak of the sam-
ples irradiated at temperatures lower than 700 �C,
the width of the b-Ti peak of the sample irradiated
at 700 �C also decreased indicating an increase of
the grain size of the b-phase.

A further striking result in Fig. 3(a) is the pres-
ence of an additional diffraction peak at 2h = 39.5�
after irradiation at 700 �C. This peak indicates that
a new phase existed in the irradiated Ti6Al4V sample
at 700 �C. However, it is difficult to identify this new
phase, since no other new strong peaks are observed.
Another question is if this new phase resulted from
helium irradiation at 700 �C or not. The normal h–
2h XRD patterns of all the unirradiated and irradi-
ated specimens were therefore recorded at both sides
of all the irradiated samples. The results showed
that the additional 39.5� diffraction peak was only
observed on the sample irradiated at 700 �C
(Fig. 3(b)). However, for the unirradiated side of
the sample irradiated at 700 �C, except the diffrac-
tion peak at 39.5�, the other two peaks at 36.9�
and 44.6� were also relatively strong (Fig. 3(b)).
These peaks are corresponding to the reflection
(002), (111) and (200) of c-TiH phase, respectively.
A comparison of the XRD and GIXRD patterns in
Fig. 3(a) and (b) showed clearly that the occurrence
of this c-TiH phase was a direct result of heat treat-
ment effect and may not related to the helium irradi-
ation at this temperature.

3.3. Changes in surface roughness

Fig. 4 shows typical images of the specimens after
irradiation at different temperatures. It can be seen
that there are many flakes on all the irradiated sam-
ples and we ascribe them to helium bubbles on the
sample surface [17]. The extent of blistering resulting
mainly from helium bubbles formation after irradia-
tion from room temperature to 600 �C is similar. The
quantitative measurements have shown that the
average surface roughness of the specimens after
irradiation at room temperature, 400 �C, 500 �C,
600 �C and 700 �C are 0.3381 lm, 0.5960 lm,
0.5035 lm, 0.6210 lm, 0.9582 lm, respectively.
Therefore, the surface roughness of the Ti6Al4V
specimen increases severely when the irradiation
temperature is increased from 600 �C to 700 �C. Fur-
ther, the surface morphology of the sample irradi-
ated at 700 �C is quite different from that of the
samples irradiated at other temperatures and may
be an indication of the formation of c-TiH phase.

4. Discussion

The hardness of the unirradiated Ti6Al4V samples
decreases with the increase of the indentation depth
(see Fig. 2(a)). This kind of depth effect is usually
called the indentation size effect [13]. The strain-
hardening effect was usually used to explain the
increase of hardness with strain [18,19]. However,
for sharp Berkovich indenter (with a curvature radius
of �150 nm) and large indentation depth, the repre-
sentative strain is only determined by the face angle
of indenter and independent of the indentation load.
This should result in a constant hardness at various
depths. Nevertheless, some possible explanations
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on the indentation size effect are reported in the liter-
ature. By applying the strain gradient plasticity
theory in indentation, Nix and Gao [20] pointed out
that the geometrically necessary dislocations could
increase the effective yield stress of the material.
The dislocation density increases with the decrease
of the indentation depth, resulting in the indentation
size effect. Froehlich et al. [21] indicated that hardness
is in fact the energy per volume of plastic deforma-
tion, including volume deformation energy and free
surface energy. The free surface area of indentation
grows up with depth to cause the indentation size
effect. Due to the complex microstructure of the
materials and the different deformation mechanisms
(elastic and plastic) during the indentation process,
the indentation size effect is still far from being
entirely understood.

All curves of irradiated samples in Fig. 2(a) show
a monotonic decay of hardness as a function of the
indentation depth, which may result in a fairly com-
plicated situation due to contributions by at least
three kinds of layers, i.e., the surface layer where
the surface effect and the displacement effect domi-
nate, the second layer where the displacement and
the helium deposition are effective, and the substrate
which is free from irradiation effects. The hardness
data for the specimen irradiated at 700 �C are less
reliable compared to the others because of insuffi-
cient surface finishing as shown in Fig. 4. For the
given irradiation condition, the hardness peak
appears at about 100 nm depth near the surface.
The reason for the occurrence of this peak is not
quite clear, although a hardness peak at about the
same depth is also reported in the literature for Si,
NiTi and He+–Ni3+ dual-ion irradiated Fe–Cr–2W
steel [22,23].

The creation of the c-TiH phase under 200 keV
helium irradiation at 700 �C is an astonishing result,
since the Ti6Al4V samples are helium-irradiated
under high vacuum conditions. However, it is
demonstrated that titanium has a strong chemical
affinity and can absorb and store large amounts of
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hydrogen [24–26], which causes embrittlement of the
material. By using backscattering spectrometry,
nuclear reaction analysis (NRA) and heavy ion elas-
tic recoil detection analysis (HERDA), Schmidt et al.
[27] and Soltani-Farshi et al. [28,29] have examined
the hydrogen content of the boron-, carbon-, nitro-
gen-, fluorine- and neon-implanted titanium and
Ti6Al4V alloy at room temperature, and found a cor-
relation between phase formation and accumulated
hydrogen. A significant hydrogen accumulation (up
to 30 at.% for carbon-implanted titanium) was
observed in the implanted layer measured by NRA.
At B-, C- and N-concentrations above 30 at.%, the
hydrogen content decreases with increasing phase
precipitation and reaches a value of less than
0.6 at.% in the formed boride, carbide and nitride
layer. No noticeable hydrogen effect was observed
for oxygen and fluorine-implanted titanium. These
authors believed that ion implantation into pure tita-
nium and titanium base alloys will lead to the distor-
tion of the lattice causing the hydrogen to diffuse into
the implantation region and can thus affect the
formation of defects, vacancies and other phases.
However, in our work, it seems that the content of
accumulated hydrogen depends mainly on the irradi-
ation temperature, since the formation of the c-TiH
phase was only detectable by XRD in the helium-
implanted sample at 700 �C. At lower irradiation
temperatures, the formation of the c-TiH phase
was not observed, which is consistent with the results
reported in the literature [30]. Further transmission
electron microscopy (TEM) experiments and other
analyses are in progress to better understand the for-
mation of the c-TiH phase in the Ti6Al4V samples
under ion implantation.

Hardening produced by irradiation depends on
the type and energy of the irradiation particle and
also on the structure and chemical composition of
the material irradiated. The behavior of the Ti6Al4V
alloy is controlled by the irradiation response of its
main component, the a-phase. An attempt to com-
pile the changes in the average nano-hardness and
elastic modulus between 500 nm and 700 nm of all
the Ti6Al4V samples as a function of irradiation tem-
peratures is made in Fig. 5(a) and (b). From these fig-
ures, it is concluded that helium irradiation at a
temperature lower than 600 �C will lead to the con-
tinuous increase of the hardness and the decrease of
the elastic modulus. A very significant enhancement
of helium irradiation hardening, i.e., a hardening
peak, has occurred at 600 �C. At around 700 �C
hardening is no longer observed. Comparable
changes were also observed in Fe–8–9Cr–2W mar-
tensitic steels under helium irradiation at 300–
500 �C and corresponding recovery of dislocation
structure in the near surface layer, typically to a
depth of �500 nm for the case of 500 �C irradiation
was observed by transmission electron microscopy
[31]. After irradiation with 9 MeV Al ions and neu-
tron irradiation to a dose level of 2.1 and 32 dpa at
temperatures between 450 �C and 700 �C, the pres-
ence of a b-precipitation in the Ti6Al4V alloy have
also been demonstrated in literatures [10,32–36].
They showed that the precipitate size is inversely pro-
portional to the irradiation temperature (between 65
and 400 nm) and the increased hardening is a direct
consequence of the precipitation of the very fine
b-precipitates in a-phase due to the presence
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of vanadium. The cause of this precipitation was
determined to be radiation-enhanced diffusion and
radiation-induced segregation of the undersized b-
stabilizing element, vanadium, to the defect clusters.
In our study, helium is insoluble in metals and is
considered as either trapped in single vacancies or
precipitated into helium bubbles. Therefore, the
microstructural defects that had been produced by
helium irradiation could be small dislocation loops,
vacancies and helium bubbles. The latter are
expected to be produced preferentially at higher tem-
peratures where helium atoms in the alloy are mobile.
The b-phase precipitates serve as obstacles for the
dislocations. Therefore, the observed irradiation
hardening lower than 600 �C could be resulted from
irradiation-induced b-phase precipitates, intersti-
tial-type dislocation loops and implanted helium
atoms. As shown in Fig. 3(a), the width of the b-
phase peak of the sample irradiated at 700 �C is smal-
ler than that of samples irradiated below 700 �C.
Therefore, the size of b-phase precipitates may
become larger after irradiation at 700 �C. Consider-
ing the fact that c-TiH is with low strength and
cleaves at stresses much lower than the parent alloy
[30], the observed softening at 700 �C may result
from coarsening of b-phase precipitates and from
the soft c-TiH phase.

The elastic modulus is considered to be physically
dependent on the interatomic bond strength, atomic
spacing and bond density. Therefore, the modulus
considered to decrease as irradiation-induced strain
is reduced at high irradiation temperatures since the
irradiation-induced defects are more stable during
low-temperature irradiation and tend to self-anneal
with increased irradiation temperature [37,38]. The
observed trends in the elastic modulus (Fig. 5(b))
can be explained based on the reduction of point
defects such as vacancies and helium bubbles from
room temperature to 600 �C, and precipitation of
the very fine b-precipitates in a-phase of the Ti6Al4V
alloy. The slight increase of elastic modulus at
700 �C may also be resulted from coarsening of
b-precipitates and from the soft c-TiH phase in
a-phase.

5. Conclusions

Ti6Al4V specimens have been irradiated at room
temperature, 400 �C, 500 �C, 600 �C and 700 �C
with 200 keV He ions. Microhardness and elastic
modulus of the specimens unirradiated and irradi-
ated at different temperatures were measured by
means of nano-indentation technique and analyzed
using the Oliver–Pharr method. The subsurface
structure of the specimens was investigated by the
GIXRD diffraction technique. The indentation
depth of all samples is 700 nm, which is comparable
in magnitude to the ion range. The measurements
indicate that the microhardness increases and the
elastic modulus decreases with the irradiation tem-
perature from room temperature to 600 �C. Irradia-
tion at 700 �C, however, caused softening and slight
increase of elastic modulus within the surface
layer of the specimens. The hardening and reduction
of the elastic modulus of the Ti6Al4V alloy under
the present irradiation conditions is tentatively
explained by the presence of point defects and b-
precipitates, which are dispersedly distributed and
serve as obstacles for the interstitial-type dislocation
loops. The softening and increase of elastic modulus
of helium-irradiated Ti6Al4V at 700 �C might be
related to the coarsening of b-precipitates and
formation of the hybrid c-TiH phase in a-phase.
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